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Preface 
 

On  behalf  of  the  CPOTE  2022  Organizing  Committee,  it  was  our  greatest  pleasure  to 
welcome and host you during the 7th International Conference on Contemporary 
Problems  of  Thermal  Engineering  –  CPOTE  2022.  CPOTE  2022  conference  has  been 
organized  in  Warsaw  as  a  hybrid  event  and  was  devoted  to  problems  faced  by  power 
engineers on a  way  towards sustainable  and  decarbonized  energy system. CPOTE 2022 
continues the tradition of bringing together distinguished scientists, engineers and 
professionals  as  an  outstanding  international  community  of  experts  in  the  domain  of 
energy systems and their sustainable development, energy and exergy analysis, as well as 
other research areas. 
We  are  very  grateful  to  all  the  participants  from  17  countries  who  have  decided  to 
continuously  support  the  CPOTE  conference  series  by  submitting  and  presenting  130 
original scientific papers. We hope that all our participants had the possibility to 
disseminate their work, to share and exchange opinions and knowledge within the 
conference sessions. The conference would not have been possible without all the 
excellent  papers  contributed  by  the  authors,  as  well  as  without  the  prestigious  invited 
lectures given by professors: Henrik Lund, Ibrahim Dincer, Tatiana Morosuk and 
Ryszard Białecki, dedicated to important topics: “Smart Renewable Energy Systems and 
a  fully  decarbonized  society”,  “The  Role  of  Thermodynamics  in  Innovative  Energy 
Solutions”, “Power-to-X. Exergy-based evaluation” and “Fluid flow with dispersed 
phase, simulation, and validation”.  
We  would  like  to  thank  all  the  authors  for  their  contributions  and  their  participation  in 
CPOTE 2022 conference. During the conference, 130 scientific presentations were 
scheduled,  of  which  63  have  been  presented  in  stationary  sessions,  and  67  have  been 
presented  and  discussed  within  a  conference  online  forum.  Selected  papers  presented 
within  the  CPOTE  2022  Conference  will  be  invited  to  publication  in  Special  Issues  of 
prestigious scientific journals: Archives of Thermodynamics, Energy, International 
Journal of Exergy, International Journal of Hydrogen Energy, Journal of Energy 
Resources Technology, Journal of Power Technologies and Renewable Energy. 
 
Finally, we are pleased to present the Proceedings of the 7 th International Conference on 
Contemporary Problems of Thermal Engineering containing 99 scientific articles. 
 
Prof. Wojciech STANEK 

CPOTE2022 Chairman 

Silesian University of Technology, Gliwice, POLAND
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Śliz Maciej, Czerwińska Klaudia, Lombardi Lidia, Wilk Malgorzata . . . . . . . . . . . . . . . . . . . . 135

Experience of photo-catalytic and temperature-assisted air and flue gas purification from NOx using a pilot-
scale photo-reactor
Lasek Janusz, Głód Krzysztof, Fryza Rafał, Dobras Szymon, Chwoła Tadeusz, Wu Jeffrey Chi-Sheng . . . 141



Model-based optimization of alkaline electrolysis systems for hydrogen production
Arpajou María, Oliva Diego, Mussati Miguel, Schmidhalter Ignacio, Aguirre Pio, Morosuk Tatiana, Mus-
sati Sergio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

Optimization of renewable energy-based seawater desalination systems
Pietrasanta Ariana, Mussati Sergio, Aguirre Pio, Schmidhalter Ignacio, Morosuk Tatiana, Mussati Miguel 169

Methods of increasing the efficiency of the methanol producing plant and its yield in waste-to-fuel technology
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Di Michele Nicola, Ungar Pietro, Bandinelli Romeo, Kostowski Wojciech, Manfrida Giampaolo, Fiaschi
Daniele, Talluri Lorenzo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 401

The quest for gamechangers - review of new trends and innovations in design of large scale energy systems
Kalina Jacek . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 413

Simulation based techno-economic analysis of solar cooling system for university building
Kalina Jacek, Rabiej Michał, Silva Carlos Santos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441

Technical, environmental and economic aspects of adapting the underground water infrastructure facility for
museum purposes with energy supply from the own wind turbine
Klugmann Michał, Smagło Paulina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 455

Conventional and advanced exergy analysis for an organic Rankine cycle
Fergani Zineb, Morosuk Tatiana . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467

Thermochemical co-liquefaction of fruit pomaces blends in a binary solvent system towards value-added bio-
products
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Abstract 

In 2016, approx. 45 % of the CO2 emissions and approx. 47 % of the final energy demand in Bavaria 
were connected to the heat supply. In each case, more than half of these percentages are connected to 
the heat supply of the residential building stock. This shows, the Bavarian goal to be climate neutral by 
2050 (status 2021) cannot be achieved without significant energy savings in the residential building 
sector. Previous investigations analyzed the final energy consumption of Bavaria's building stock. One 
result of previous study was that even if the building stock is fully renovated by 2050, the Bavarian 
goals for 2050 (status 2021) will not be achieved though. However, considering final energy demand, 
there is still no distinction between renewable and conventional energy supply. In this study, the existing 
building technology and heat supply infrastructure of the residential building stock will be analyzed. 
Based on Barton’s (previous investigations) forecasts of the final energy demand, three scenarios for the 
development of building technology and heat supply infrastructure until 2050 will be defined. The 
replacement cycles and innovations are also taken into account. The results aim to show what extent 
renewable energies have to substitute conventional energies in order to achieve the political goals, and 
which building technologies and heat supply infrastructures are compatible with this goal. 

1 Introduction 

The German government and Bavaria are aiming for a nearly climate-neutral building stock by 2050. 
Based on the European goals of climate neutrality of the building stock, the primary energy demand has 
to be reduced by 80 % throughout Germany and the remaining demand has to be almost completely 
covered by renewable energies [1]. The Bavarian targets are equally ambitious and can only be achieved 
through major energy savings and a shift in energy supply toward more renewable energies. The supply 

15



of heat to private households’ accounts for 26 % of the total final energy demand in Germany. Space 
heating accounts for 80 % of this and hot water supply for 18 % [2] of the total final energy consumption 
in buildings. Not only new buildings must demonstrate a high energy efficiency standard, but existing 
buildings must also be refurbished. In order to achieve the ambitious targets, the modernization rate 
must also increase significantly [3].  

The strategy on the way to a nearly climate-neutral building stock must comprise three components: 

 Reduce energy demand (building constructions) 

 Increase efficiency (building technologies) 

 Use renewable energies 

In order to make conclusions about the heat transition by 2050 in Bavaria, the building stock and its 
structure and energy consumption must first be known. In previous investigations [4] the final energy 
consumption of Bavaria's building stock has been analyzed. One result of this study has been that even 
if the building stock is fully renovated by 2050, the Bavarian targets for 2050 will not be achieved 
though. Moreover, it is hardly possible to renovate all buildings to the same energy level, as many 
buildings in Bavaria are under historical preservation or are built in special construction methods (e.g. 
Fachwerkhäuser). Additional obstacles are the lack of skilled workers and scarcity of resources.  

However, considering final energy demand, there is still no distinction in the savings between renewable 
and non-renewable energy sources. In this study, the existing building technology and heat supply 
infrastructure of the residential building stock will be analyzed. Based on previous investigations [4] of 
the final energy demand, three scenarios for the development of building technology and heat supply 
infrastructure until 2050 will be defined. The aim is to show what heat supply is installed in Bavaria in 
2019, how the final energy demand has been supplied in 2019 and how renewable energies will have to 
be developed until 2050 to achieve the climate protection goals. 

2 Methods 

To answer the questions raised, three steps have been defined. First, the balance for the heat supply of 
Bavaria in 2019 (1) has been analyzed. In the second step, the number and distribution of heating systems 
in Bavaria (2) have been considered. And third, different forecasts for the heat supply in Bavaria until 
the year 2050 (3) have been analyzed. For this purpose, reference has been made to previous results 
regarding energy savings through renovations. The results of the variants have then been compared and 
discussed with the political targets both in terms of final energy demand and greenhouse gas emissions. 
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Figure 1: Method: Balance heat supply residential buildings in Bavaria 2019 

(1) Energy data on primary and final energy supply in Bavaria were compiled from various sources, 
subdivided into transport, manufacturing and households (HH)/commerce/trade/services (CTS) in 
Bavaria (Fig. 1). For the energy demand of the heat supply, the energy data has been split up according 
to the individual conventional and renewable energies. Since the data has not been given separately for 
households (HH) and commercial, trade and services (CTS), assumptions and further derivations have 
to be made here. Thus, the balances of the previous years from 2012 to 2018 have been analyzed. In the 
balances for the years up to 2018, the data for households and tertiary sector has still been given 
separately. The ratio of the two sectors has been relatively constant between 2016 and 2018. This factor 
has been used to calculate the individual energy quantities of the energy sources for the situation in 
2019. Starting from the 2019 heat balance, heating value-based emission factors have then been used to 
calculate the associated greenhouse gas emissions. 

(2) Data on the number and distribution of heating systems in Bavaria has been compiled from studies 
by the German Association of Energy and Water Industries (BDEW) [13] and analyzed in greater detail. 
This is important in order to specify the structure of the heating systems in the building stock. Among 
other aspects, the study looked at the percentage of piped heating systems. 

(3) The last step has been to make quantitive forecasts for the use of heating systems and heat supply in 
2050. This has been based on previous investigations [4]. In this investigations, the building stock in 
Bavaria has been analyzed and divided into different categories with associated (calculated) energy 
demand. Furthermore, in this analysis different forecasts for the renovation rate and the associated 
energy demand in 2050 have been made and compared with the political targets. This paper continues 
with the developed "Rate of refurbishment enhanced" forecast. The methodology is based on two 
approaches. On the one hand, the heat supply is considered from the point of view of the supply. For 
this, the heat supply has been split into the individual energy sources in Bavaria from 2014 to 2019, in 
order to see a trend in the amount of energy but also in the development of the individual energy sources. 
On the other hand, analysis and assumptions on the heat supply in the buildings have been carried out. 
Information from the literature on the frequency of a change of the energy source and how the energy 
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source change was important. In addition, statistical data concerning sales and market development of 
heating appliances in Germany have been analyzed. These data and analyses have been combined and 
merged with the analyses of previous investigations [4] on the building stock 2016 and the forecasts 
until 2050. 

 

Figure 2: Method: Forecasts for heating systems and heat supply in 2050 

Three scenarios have been developed: 

 Continuation of current trend 

 Substantially higher use of renewable energy (80 % of new buildings with renewable primary 
heat source from 2021; 50 % of renovations will change to renewable heat sources) 

 Achievement of the political CO2 emissions targets 

The results of the three scenarios have been then used to draw conclusions about appropriate policy 
objectives. In addition, there has been an initial estimate of how the heat supply in Bavaria must change 
in order to achieve climate neutrality. 

3 Results and Discussion 

The results of the analysis of heat supply in Bavaria 2019 (1) are presented in Figure 3. The path of 
energy utilization starts from the primary energy supply and quantifies the share of the heat supply for 
households (HH) and the commercial sector (CTS). It can be seen that heat supply accounts for a large 
part of the energy supply in Bavaria and that the largest consumers are households. The last column 
shows the breakdown of heat supply for households into regenerative and conventional energy sources. 
Heat supply for households contributes 24 % to the total final energy. Renewable energy accounts for 
about 34 % of the heat supply for households.  
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Figure 3: Balance heat supply residential buildings in Bavaria 2019 

In order to quantify the contribution of the different conventional energy sources, detailed data have 
been collected in Tab. 1 [6, 11, 12]. It can be seen that natural gas with 34.748 GWh has the largest 
share in the heat supply of households, closely followed by heating oil with 26.757 GWh. In order to 
obtain the greenhouse gas emissions of the individual energy sources, calorific value-related emission 
factors are used for the calculation. When comparing greenhouse gas emissions, it is noticeable that 
heating oil dominates versus natural gas. This can be explained by the higher specific emission factor, 
resulting in higher absolute greenhouse gas emissions. 

Table 1: Heat supply for households in Bavaria 2019 split into energy sources and the associated 
greenhouse gases emissions [6, 11, 12] 

Energy source Conventional heat supply 

in [GWh]

Calorific value-related 
emission factor 

in [t CO2 / GWh] 

Greenhouse gas 
emissions
 in [t CO2]

Natural gas 34.748 201,6 7.005.196,8
Liquid gas 1.072 238,7 255.886,4
Fuel oil 26.757 287,6 7.695.131,2
Hard coal/lignite 467 351,4 164.103,8
District heating  
(conventional E.) 2.630 255,6 672.228,0

Total amount 65.674 - 15.792.728,2
 

In the second step (2), the distribution of heating systems in the Bavarian residential building stock has 
been analyzed. The results are shown in Figure 4. Once again, systems using natural gas and fuel oil as 
energy sources account for the largest shares. Furthermore, the systems are sorted by central heating 
systems, floor heating systems and individual room heating systems. Another important aspect is the 
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number of grid-bound heating systems. The grid-bound heating systems include: Natural gas heating, 
district heating, electric heat pumps, etc. In Bavaria, approximately 49,7 % of the heating systems are 
grid-bound. This data is interesting, because in the case of the grid-bound systems there is a possibility 
to change the energy source without the need to change the heating system.  

In order to make forecasts for heat supply in 2050, the heat supply for the years 2014 to 2019 has first 
been analyzed. The goal was to continue the trend of these five years until the year 2050. 

 

Figure 4: Analysis of the heating systems in Bavaria 2019 

Figure 5: Heat supply for residential buildings in Bavaria split into energy sources from 2014 to 2019 
and the projected heat demand in 2050 according to Barton et al [4] 

However, the analysis of the data has shown that the final energy demand for heat supply has increased 
in the last five years (Fig. 5). The supply of renewable energies but also of conventional energy carriers 
have both increased. The share of renewable energies has increased slightly in relation to conventional 
energies. Various reasons for the increase are cited in the Energiedaten.Bayern - Estimated Balance 
Sheet [9]. These include milder weather in 2018, cooler weather in 2019, lower price levels, and changes 
in the framework of statistical surveys. 

Figure 5 also shows the heat demand forecast of previous investigations [4] for 2050 for the "rate of 
refurbishment enhanced" scenario. It can be seen that the heat demand must decrease substantially. 
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Therefore, the rate of modernization must be significantly increased so that the buildings have higher 
insulation and efficient building technology.  

In the last step, different scenarios for the renewable share of the heat supply of Bavarian households 
until 2050 have been calculated using different sources and the results of previous investigations [4]. 
The purpose of the study was to determine which measures could be taken to meet Bavaria's greenhouse 
gas emissions targets for heat supply by 2050. Only the final energy consumption covered by 
conventional energies is relevant for fulfilling the targets set by policy. This is in contrast to the policy, 
which makes no distinction between renewable and conventional energy sources. Renewable energies 
are considered to be climate-neutral and, on this assumption, can exceed the target values for final 
energy. Figure 7 shows the energy values for final energy for heat supply from the utilities' perspective 
in 2019. Next to them are the political targets in the frame of the Bavarian climate protection initiative. 
These and the scenario "rate of refurbishment enhanced” have been adopted from previous 
investigations [4] and are used in this work as target and guideline values for determination of the future 
development in the course of the three scenarios defined above.  

In the "Continuation of current trend" scenario, the heating structure for new residential buildings in 
2021 has been adopted for the following years until 2050 [15]. For the renovations until 2050, it has 
been assumed, based on the sources [14] [16], that the energy source is changed in 4,2 % of the 
residential buildings per year. After an analysis of the conversion decisions, it has been assumed that 
only in 10 % of the cases a change to a renewable energy source would be made as the primary energy 
source. This scenario has been deliberately designed to be pessimistic. 

 
Figure 6: Demand and objective values for final energy and for CO2 emissions 

Figure 6 shows the results of the first scenario. The share of renewable energies has increased from 38 % 
to 43 %. The political targets are not be met, neither for final energy demand nor for greenhouse gas 
emissions. 

In the second scenario, a significantly more ambitious development of renewable energies is assumed. 
It is assumed that 80 % of new buildings will use a renewable primary heat source from 2021. In the 
case of renovations, 50 % of the buildings will change to renewable heat sources. The results can be 
seen in Figure 7. The share of renewable energies increases to approx. 51 %. Nevertheless, the political 
targets are still not fulfilled. 

In the last scenario, it is assumed that all new buildings are supplied with 100 % renewable energy. In 
the case of refurbishments, also 100 % of the buildings are converted to a renewable energy source. In 
an initial analysis, none of the political targets could have been met here either. Therefore, it was 
assumed that 9.176 GWh of the conventional final energy supply (natural gas and district heating) will 
be supplied by renewable energies. This corresponds to one-third of the conventional energy for natural 
gas and half for district heating. This increased renewable share can only be achieved if in addition to 
local application, also central measures (power to gas, power to heat) are applied for increasing the 
contribution of renewable sources to grid-based energy supply of district heating or gas. In this way, the 
political goals can be reached without the need for additional buildings to change energy sources on site. 
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However, this scientific work has limitations in its analysis. Two noteworthy limitations or gaps of the 
analysis are: It is not considered what secondary energy sources are available; it is assumed that the 
amounts of energy from the various energy sources are evenly distributed among the buildings, which 
is not valid in reality. There is a need for more in-depth research here, which will be addressed by future 
investigations. 

4 Conclusion 

This analysis makes initial estimates of how energy supply and related heating systems will need to 
change to achieve the policy goals (status 2021). These policy goals have been tightened up in the 
meantime, incidentally: Bavaria wants to be climate-neutral by 2040. 

The shift to renewable energy must gain much more momentum in the near future. Since the political 
goals cannot be achieved only through renovations and the switch to renewable energies at the building, 
the issue of integrated energy systems (power to X: power to gas, power to heat) must also be considered. 
However, the topic also offers more research needs. Further work should take into account the 
temperature changes in Bavaria and the related expected future cooling demand. In addition, the 
obstacles and the effort involved in changing the energy source, especially with regard to the material 
input, has to be analyzed. After all, the embodied energy in the conversion of the heat supply should 
also be taken into consideration. In order to be able to make further statements on the embodied energy, 
the systems must be examined in detail. An important point here is to examine the opportunities offered 
by grid-based energy sources.  
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Abstract 

Renewable energy resources, such as wind and solar, have been applied throughout the world on a large 
scale, taking advantage of existing potential and gradual cost reduction to finally meet global 
decarbonization targets. However, the intermittent characteristic of most of these resources usually 
culminates in energy planning with a large installed capacity to meet high-end energy dispatch. The 
consequence is an inefficient power grid and the adoption of power generation curtailments during low 
demand periods. Therefore, the penetration of intermittent renewable energy sources into power grids 
must be accompanied by a significant increase in their energy storage capacity. The analysis presented 
in this paper considers two large scale energy storage alternatives: Pump Hydro Storage (PHS) and 
Hydrogen (H2). For the PHS case, data of existing and potential plants were used as a reference, 
assuming that the same amount of pumped energy will be re-electrified afterward. It was also assumed 
that the same amount of energy available to be pumped by PHS, is electrically available to be stored as 
H2. The electrolysis process was considered for H2 production, and the power recovery (re-
electrification) was assumed to be executed by H2 burning using modern gas turbines. Energy and exergy 
analyses for PHS and H2 alternatives were performed, efficiency results are presented, and finally a 
significant advantage for PHS is observed. 

1 Introduction 

Intermittent renewable energy sources (mainly wind and solar) currently account for approximately 11% 
of the Brazilian power grid, with approximately 19 GW of installed capacity [1]. The potential of these 
energy sources is enormous in Brazil, reaching 554 GW of installed capacity, considering only onshore 
wind towers up to 100 meters high and only areas suitable for anthropogenic centralized photovoltaic 
generation [2]. However, the intermittent characteristic of these sources usually culminates in energy 
planning with a large installed capacity to meet high-end energy dispatch. The consequence is an 
inefficient power grid and the adoption of power generation curtailments during low demand periods, 
as described by [3]. In Brazil, curtailment operations still occur more frequently in hydroelectric plants, 
with the advantage that part of them can store energy in their upstream reservoirs. However, the 
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unavoidable increase in the penetration of intermittent sources (wind and solar) and the characteristics 
of new hydroelectric projects (small hydro and run-of-river plants) shall cause an excess supply of 
intermittent renewable energy for low demand periods, greater than the storage capacity of hydroelectric 
reservoirs [4]. 

It is natural that the necessary expansion of the Brazilian energy matrix is being carried out by adding 
renewable sources, taking advantage of the existing potential, aligned with the global decarbonization 
targets. At the same time, fossil energy sources, represented by thermoelectric plants that mainly act to 
cover the system's water shortage, must be gradually replaced by renewable sources. 

According to the Brazilian Energy Expansion Plan [1], there will be a penetration of 6 GW of installed 
power from wind or solar energy in the Brazilian power grid by 2025, guaranteed by auctions that 
already have been held. Additionally, the National Energy Plan 2050 [5] presents several scenarios, of 
which the most optimistic (for a 100% renewable power grid in 2050) indicates an installed capacity of 
309 GW from wind or solar.  

It is evident that the penetration of intermittent renewable energy sources into the power grid must be 
followed by the efficiency increase (minimization of curtailment operations), which is directly related 
to the need for a significant increase in the system's energy storage capacity [4] and [6]. 

2 Approach 

Among the various energy storage alternatives, this paper presents the energy and exergy analysis of 
those with the greatest potential for large-scale application in the Brazilian power grid system: 

 Pump Hydro Storage (PHS). 

 Hydrogen (H2): production by water electrolysis and power recovery (re-electrification) 
considering H2 burning by modern gas turbines. 

Therefore, the two energy routes to be evaluated must start from generation by intermittent renewable 
sources (wind and solar) and follow the steps related to energy storage, dispatchable generation, and 
final energy consumption, presented in Figure 1. 

 

Figure 1: Energy routes from intermittent generation to final consumption 

There is some difficulty in finding reliable references when comparing modern energy storage 
technologies. It is understandable that stakeholders in these markets defend views more aligned with 
their own activity areas, such as IHA (International Hydropower Association) for PHS and the 
“Hydrogen Council” for H2 technologies. An alternative is to seek scientific papers and reports from 
independent agencies such as the “U.S. Department of Energy” [7], which, in this case, presents 
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comparative data not only for PHS and H2, but also for other technologies such as batteries and 
compressed air. 

Currently, at least two methods are used to perform the electrolysis of hydrogen from water: alkaline 
electrolysis and polymeric membrane electrolysis (PEM). The first method (alkaline electrolysis) is 
more established while PEM is more flexible, making it more suitable for intermittent energy sources 
[8] and [9]. To finalize this energetic route, the re-electrification by H2 burning can be found in some 
recent other references e.g. [10], [11], [12], [13], [14] and [15].  

Pumped storage hydroelectric plants use established technology with wide application around the world. 
There are several references that approach the subject from several different perspectives and focuses. 
In [16] there is a summarized and updated bibliographic review on the subject. A deeper approach to 
the subject can be found in [17]. 

Some available references report the application of exergy analysis of thermodynamic processes 
involving hydrogen production by electrolysis, e.g. [18], [19], [20] and [21], and hydrogen re-
electrification, used as fuel [10] and [15]. Within the scope of hydroelectric generation, there are few 
references to exergy analysis studies, e.g. [22] and [23]. 

3 Methodology 

The starting point for the analysis is an assumed amount of surplus available energy in the power grid 
(with respect to the power of 100 MW, only to run the calculations). The way in which this amount of 
energy was produced at first does not make any difference to the approach of this study. Nevertheless, 
to be more aligned with long term goals of all work on this area, renewable sources should gradually be 
more and more considered. From that point on, the storage options (PHS and H2) are analysed, and the 
results are presented and compared at the end. 

3.1 PHS Considerations 

The same amount of pumped water (stored energy) was assumed to be used afterward to generate power, 
using the same installation, which is a plant designed as simplify shown in Figure 2.  

 

Figure 2: PHS typical concept 

Some references present typical values for the efficiency achieved by the hydraulic machine (pump / 
turbine). The reference [17] presents a maximum round-trip efficiency of 85%, but more common values 
of 95% and 85% for pumping and turbine operations, respectively, resulting in 80.75% of efficiency for 
round-trip. This value is aligned with the U.S. Department of Energy estimations [7], which published 
80% for the round-trip, and the average of declared values of historical U.S. PHS plants [24]: 91% for 
pumping, 88% for turbine and 80% for round-trip. Reference [25] presented different types of hydraulic 
machines used today for PHS solutions. Ternary sets with pump and turbine as separate machines, 
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assembled in a shaft, are applied for the highest heads. Deriaz turbines are applied for very low heads 
and low power. Reversible pump-turbines are those in which the same hydraulic machine works in 
turbine and pumping operations, depending on its rotating direction. A variation of reversible pump-
turbines was developed for higher heads, applying multi-stage concept. These hydraulic machines, 
especially reversible pump-turbines, work mostly with a fixed speed (synchronized with electrical grid 
frequency). Several advantages could be achieved if an asynchronous electrical generator could be 
applied, including an increase in efficiency at partial loads in turbine operation [25] and [26]. However, 
the main disadvantage of the variable speed application is its cost [17].  

The efficiency of modern electrical machines is almost not affected if it is designed to work only as a 
generator or motor-generator. The efficiencies achieved by the generators commissioned in recent years 
are published by [27], where most recently the machines indicate around 98.5% efficiency, for 100 
MVA power. In case of variable speed, the efficiency of the complete solution would decrease, and the 
total costs would increase due to the additional converter [28].  

Taking into account the references mentioned above, the efficiency values used in this work are: 
𝜂 , = 95% and 𝜂 , = 85%, for hydraulic machine to pump and turbine operations, 
respectively, and 𝜂 = 98.5% for motor-generator with its bearings, resulting in 𝜂 , = 𝜂 , ∙

𝜂 = 93.6%, 𝜂 , = 𝜂 , ∙ 𝜂 = 83.7% and 𝜂 = 𝜂 , ∙ 𝜂 , = 78.3% for pump, 
turbine and round-trip energetic efficiency respectively. 

3.2 H2 Considerations 

It was assumed that the same amount of available energy to be pumped and afterward re-electrified by 
PHS is also available to produce H2 by electrolysis. Between some possibilities (e.g., fuel cell, ammonia 
production, etc.), the energy re-electrification analysed by this study considers the stored H2 being 
burned by modern gas turbines, closing a round-trip as shown in Figure 3. 

 

Figure 3: H2 concept applying electrolysis and gas turbine 

Reference [19] presented a detailed energy and exergy analysis for the entire energetic route of the H2 
production process by electrolysis, based on current technology, divided into three stages: from 
electricity, from high temperature heat used to produce electricity, and finally from high temperature 
source used to produce heat. Data from the first stage (available electricity) were used as reference 
values in the present analysis for parameters such as power, flows, temperatures, pressures, and 
efficiency (this last one calculated as 𝜂 , = 76.92%, from available electricity up to the stored H2). 

Currently, the re-electrification by H2 burning in gas turbines is applied only in small scale, as pilot or 
research projects, normally mixed with other fuels, as proposed by [15], or in a cogeneration 
arrangement, as reported by [11]. In the case of 100% utilization of H2 and final production of electricity 
only, the references present simulations of proposed solutions. In this sense, a recent reference [14] 
considered a gas turbine in a simple Brayton cycle, where final efficiency was 𝜂 , ≈ 37.7%. Another 
reference [13] considered a modified Brayton cycle (including an intercooler, reheater and regenerator), 
combining H2 with other gases as working fluid, namely: argon, helium, methane-argon, and air. Since 
the present analysis aims to consider only the consumption of H2 (air is abundant with free supply), the 
efficiency result of the hydrogen-air combination was used (𝜂 , = 85.6%). 
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4 Development and Results 

4.1 Energy Storage by PHS 

The calculations for the PHS analysis consider water under environmental conditions defined by: 𝑔 =

9.806 , 𝑇 = 295 𝐾, ℎ = 91.75 , 𝑠 = 0.3228 , 𝑧 = 0 m, 𝑐 = 4.1829 . The main driver 

for stored energy and exergy (�̇�  and �̇� ) in this scenario, is its potential component, related to the 
elevation difference between upper and lower reservoirs, which can be calculated based on first law of 
thermodynamics (𝑖 varying for pumping and turbine processes) with available energy to be pumped 
(�̇� = 100 𝑀𝑊) and the respective energetic efficiencies, by Eq. (1), (2) and (3). 

�̇� , = �̇� ,  (1) 

�̇� , = �̇� ∙ 𝜂 ,  (2) 

�̇� = �̇� , ∙ 𝜂 ,  (3) 

Considering that the same amount of pumped energy should be used for power generation (�̇� , =

�̇� , ), the complete process energy efficiency was calculated by the Eq.(4) and the final PHS 
energy flow is presented in the diagram of Figure 4. 

𝜂 =
�̇�

�̇�
= 𝜂 , ∙ 𝜂 ,  (4) 

 

Figure 4: Energy Sankey diagram for PHS 

The electrical-hydraulic machine, operating as a pump or as a turbine, demands a cooling water system 
to dissipate its losses, using water flow from upper to lower reservoirs, which must be accounted for the 
exergy balance. The potential exergy component, as well as the physical and dissipated heat 
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components, shall be considered according to Eq. (5), (6) and (7), (𝑖 varying for pumping and turbine 
processes, while 𝑘 for inlet and outlet). 

�̇� , , =  
�̇� ,  𝑔 𝑧 , − 𝑧

1000
 (5) 

�̇� , , =  �̇� , ℎ , − ℎ − 𝑇 𝑠 , − 𝑠  (6) 

�̇� , , =  �̇�  1 −
𝑇

𝑇 ,
 (7) 

A simplified and conservative approach is to consider the total amount of generator and bearing losses 
dissipated by a cooling system [29], as shown in Eq. (8). 

�̇� =  �̇�   (1 − 𝜂 ) (8) 

Like most hydroelectric plants in Brazil, the cooling system is idealized to work in an open circuit, using 
upstream reservoir water, with typical inlet and outlet temperatures: 𝑇 = 295𝐾 and 𝑇 = 300𝐾, 
respectively. Using downstream reservoir elevation as reference (𝑧 = 𝑧 = 0 𝑚), upstream elevation 
is defined by the installation head, which was defined as the average of head values from fifteen potential 
PHS detailly studied for Rio de Janeiro state, in Brazil [30], resulting: 𝑧 = 370 𝑚. Thus, the cooling 
water flow is calculated by Eq. (9). 

�̇� , =  
�̇�  

𝑐 ∙ 𝑇 , − 𝑇 ,

 (9) 

The destroyed exergy for each step and for the complete energy storage process was calculated, applying 
Eq. (10) and (11). 

�̇� , = �̇� − �̇� , − �̇� , , + �̇� , , + �̇� , , − �̇� , , − �̇� , ,  (10) 

�̇� , = �̇� , + �̇� ,  (11) 

The exergy associated with the final product of the pumping and turbine processes, which means the 
“pumped water” and the “turbined water”, was calculated by Eq. (12) and (13). 

�̇� , = �̇� ,  (12) 

�̇� , = �̇�  (13) 

The exergy efficiency values are determined by dividing the exergy output by the energy/exergy input, 
as shown in Eq. (14) and (15), and the complete process exergy efficiency can be calculated by Eq. (16). 
The final PHS exergy flow is presented in the diagram of Figure 5. 

𝜂 , =
�̇� ,

�̇� + �̇� , , + �̇� , ,

 (14) 

𝜂 , =
�̇� ,

�̇� , + �̇� , , + �̇� , ,

 (15) 

𝜂 =
�̇� ,

�̇� + ∑ �̇� , , + ∑ �̇� , ,

 (16) 
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Figure 5: Exergy Sankey diagram for PHS 

4.2 Energy Storage by H2 

The hydrogen production process considered in this analysis is electrolysis, starting from a water flow 
(�̇� ) and available power (electricity), resulting in hydrogen flow (�̇� ), oxygen flow (�̇� ) and heat. In 
addition to the efficiency (𝜂 , = 87.88%), other process parameters applied to this analysis are 
defined based on reference [19]: 𝑇 = 𝑇 = 298 𝐾, 𝑇 = 𝑇 = 308 𝐾, 𝑇 = 315 𝐾, 𝑃 = 𝑃 = 𝑃 =

101 𝑘𝑃𝑎 and 𝑃 = 10300 𝑘𝑃𝑎. The water mass flow was assumed �̇� = 5.54 𝑘𝑔/𝑠, to keep 
comparable values for inlet power, as applied to PSH case (�̇� = 100 𝑀𝑊). 

The electrolysis process follows the basic reaction formulation of Eq. (17). Based on that, mass flow of 
outlet hydrogen and oxygen is calculated respectively by molar mass (𝑀 ) relations, used in Eq. (18) 
and (19), for 𝑖 varying for each mixture component (water, hydrogen and oxygen). 

2 𝐻 𝑂 → 2 𝐻 + 𝑂  (17) 

�̇� =
�̇�  

𝑀
∙ 𝑀  (18) 

�̇� =
�̇�  

2 𝑀
∙ 𝑀  (19) 

Molar fraction of gases (𝑌 ) are preceded by a signal that indicates the direction of the inlet (-) or outlet 
(+) flow in the following calculations. Since only chemical reaction energy is considered to be stored 
from the electrolysis process into hydrogen, only the variation of the enthalpy of formation flow 
(basically of 𝐻 𝑂) is accounted in the electrolysis energy balance Eq. (20) and (21), and the dissipated 
heat by Eq. (22). 

∆�̇� = ∆�̇� , =
𝑌 ∙ �̇� ∙ ℎ

𝑀
 (20) 
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�̇� =
∆�̇�

𝜂 ,
 (21) 

�̇� = �̇� − ∆�̇�  (22) 

Variation of the Gibbs function of formation is used to calculate the output amount of energy to be 
produced by the gas turbine in a modified Brayton cycle, considering its efficiency reference value, 
applying Eq. (23) and the dissipated heat by Eq. (24). 

�̇� = ∆�̇� ∙ 𝜂 , = ∆�̇� , ∙ 𝜂 , =
𝑌 ∙ �̇� ∙ �̅�

𝑀
∙ 𝜂 ,  (23) 

�̇� = ∆�̇� − �̇�  (24) 

The complete process energy efficiency was calculated by Eq. (25) and the final H2 energy flow is 
presented in the diagram of Figure 6. 

𝜂 =
�̇�

�̇�
 (25) 

 

Figure 6: Energy Sankey diagram for H2 

Assuming hydrogen and oxygen as ideal gases, respective specific heats can be approximated by Eq. 
(26) and (27). 

𝑐 , =
29.11 − 0.1916 ∙ 10 ∙ 𝑇 + 0.4003 ∙ 10 ∙ 𝑇 − 0.8704 ∙ 10 ∙ 𝑇  

𝑀
 (26) 

𝑐 , =
25.48 + 1.520 ∙ 10 ∙ 𝑇 − 0.7155 ∙ 10 ∙ 𝑇 + 1.312 ∙ 10 ∙ 𝑇  

𝑀
 (27) 
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Enthalpy and entropy variations were calculated respectively by Eq. (28) and (29). 

∆�̇� = �̇� ∙ (ℎ − ℎ ) = �̇� ∙ 𝑐 , ∙ (𝑇 − 𝑇 ) (28) 

∆�̇� = �̇� ∙ (𝑠 − 𝑠 ) = �̇� ∙ 𝑐 , ∙ ln
𝑝

𝑝
+ 𝑅 ∙ ln

𝑇

𝑇
 (29) 

Physical and chemical exergy flows are defined by Eq. (30), (31) and (32). 

�̇� , = 𝑌 ∙ ∆�̇� − ∆�̇� ∙ 𝑇  (30) 

�̇� , = ∆�̇� , + 𝑌 ∙ ∆�̇� −  ∆�̇� ∙ 𝑇  (31) 

�̇� , = ∆�̇� , + 𝑌 ∙ ∆�̇� − 
�̅�

𝑀
+ 𝑐 , ∙ ln

𝑇

𝑇
− 𝑅 ∙ ln

𝑝

𝑝
∙ �̇� ∙ 𝑇  (32) 

The total exergy associated with the product H2 produced by electrolysis process, the related destroyed 
exergy and its exergy efficiency, were calculated by Eq. (33), (34) and (35). 

�̇� , = �̇� , + �̇� ,  (33) 

�̇� , = �̇� , − �̇� − �̇� 1 −
𝑇

 𝑇 ,
 (34) 

𝜂 , =
�̇� ,

�̇�
 (35) 

The exergy associated with the product of gas turbine process (electricity), the related destroyed exergy 
and its exergy efficiency, were calculated by Eq. (36), (37) and (38). 

�̇� , = �̇�  (36) 

�̇� , = �̇� , − �̇� − �̇� 1 −
𝑇

 𝑇 ,
 (37) 

𝜂 , =
�̇� ,

�̇� ,

=
�̇�

�̇� ,

 (38) 

The complete process destroyed exergy and its efficiency were calculated respectively by Eq. (39) and 
(40). The final H2 exergy flow is presented in the diagram of Figure 7. 

�̇� , = �̇� , + �̇� ,  (39) 

𝜂 =
�̇� ,

�̇�
=

�̇�

�̇�
= 𝜂 , ∙ 𝜂 ,  (40) 
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Figure 7: Exergy Sankey diagram for H2 

4.3 Results Comparison 

Summarized results regarding energy and exergy efficiencies of both studied energy storage possibilities 
(PHS and H2) are presented in Table 1. 

Table 1: Comparison of results between PHS and H2: 

Description Data Unit 
PHS H2 

Pump Turbine Electrolysis Gas Turbine 
Power �̇� kW -100,000 78,346 100,000 54,639 

Stored energy/exergy �̇� = �̇�  kW 93,575 93,575 76,923 63,830 

Energy efficiency 𝜂  % 93.58 83.73 76.92 85.60 

Total energy efficiency 𝜂  % 78.35 54.64 

Product exergy �̇�  kW 93,575 78,346 67,942 54,639 

Destroyed exergy �̇�  kW 6,648 15,404 30,812 12,101 

Exergy efficiency 𝜂  % 93.33 83.54 67.94 80.42 

Total destroyed exergy �̇� ,  kW 22,052 42,913 

Total exergy efficiency 𝜂  % 77.98 54.64 

By assuming that the total amount of potential energy of pumping process is used to generate power 
(which means that cooling water system is not accounted into energy balance, as usual), the final round-
trip energy efficiency will be directly the product of pumping and turbine efficiencies. The difference 
between exergy and energy efficiencies of PHS is basically related to its cooling water system, which 
demands water (and its respective exergy) from the upper reservoir to operate, discarding it warmer in 
downstream without any net power. 

The relationship between exergy and energy efficiencies in the case of H2 is comparable to reference 
reports [18] and [19], which were based on current electrolysis technologies. This behaviour is explained 
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basically by the chemical irreversibility of the electrolysis and H2 burning processes. When the available 
energy from electrical grid to be stored as the input exergy and the final restored (re-electrified) energy 
as the output exergy are considered, the round-trip exergy efficiency will be equal to the energetic one, 
despite the differences between the electrolysis and burning process efficiencies separately.  

5 Conclusions 

First, it was possible to conclude that exergy analysis is a valid and more precise metric to establish a 
common base to compare the efficiency of the conversion processes as those studied in this work, 
applied to available PHS and H2 storage technologies. 

When results of PHS and H2 are compared, it is possible to identify higher energy and exergy efficiencies 
for the first one, which was expected, since PHS applies mainly ordered energy. However, the final 
selection between PHS, H2, or even other energy storage solutions for a specific case will also depend 
on other factors such as technology availability, installation lead time and schedule, costs, and social 
impacts 

The efficiencies advantage of PHS (whose calculations are based on real installations data) will not 
likely change when data of real large size electrolysis and H2 burning plants are used in the calculations, 
after becoming available in the literature. 
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Abstract 

Degradation of molten carbonate fuel cell fed directly with bioethanol was investigated, and the impact 
of impurities in the fuel on porous nickel-based anode and steel current collector were analyzed. 
Bioethanol used for the experiments was produced with yeast Saccharomyces cerevisiae bayanus from 
fruits that remained as waste and were not used in the winery orchard enterprise, located in moderate 
climate. The fermentation product was tested to determine the exact composition and characteristics and 
then fed directly to MCFC anode channel. Steam to carbon ratio of the biofuel has been determined 
as 5.7 what allowed for estimation of hydrogen production during steam reforming process taking place 
in the anode channel. The results in the form of I-V curve was obtained and compared with the same 
fuel cell fed with pure hydrogen, while the amount of hydrogen was defined as identical as the one after 
steam reforming of biofuel taking place in the nickel anode channel. After experiments, fuel cell was 
disassembled and anode was investigated under microscope for analysis of carbon deposition and other 
solid contaminants on the surface of electrode and current collector. Post-mortem analysis shows that 
carbon deposition is not a problem, however solid particles contamination in fermentation product 
makes it impossible to use fuel cell fueled with fermentation product for longer periods. 

 

1 Introduction 

Recently world is aiming in reducing unnecessary greenhouse gas emissions [1,2]. This is done in ways 
such as improving efficiency of energy generation of existing plants, decreasing energy consumption in 
residential and industrial buildings and installations or by storing energy gained from traditional PV, 
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wind farms or other renewable sources for later use. At the same time innovative energy sources, 
especially those based on renewable energy sources are being developed. Fuel cells are considered one 
of the most perspective energy sources, as they do not generate any greenhouse gases while working.  

The main issue is however delivering hydrogen to those devices. If the hydrogen is not produced using 
renewable energy sources, the fuel cells will not be recognized as green energy source. Nowadays almost 
80% of world hydrogen production is generated with fossil fuels reforming [3]. This means, hydrogen 
available in market today is almost all gray hydrogen produced with fossil fuels what results in much 
CO2 generation. Another problem is that pure hydrogen is available only as compressed gas or liquid 
form in very low temperatures [4]. This however requires large amounts of energy for compression and 
cooling. Even though hydrogen has high energy density with respect to mass (LHV of 120 MJ/kg), 
hydrogen in normal conditions (1 atm, 20°C) has density of 0,0834 kg/m3, what gives only 10 MJ/m3 
[4]. Usually hydrogen is transported in form of gas compressed to around 1000 bar, or in liquid form, 
what requires cooling down below -250°C and maintaining it at such temperature [5].  

There are other methods hydrogen storage, based on physical and chemical sorption – where hydrogen 
is bounded in materials. Physical sorption is based on nano spaces where hydrogen could be transferred 
increasing its density, while chemical sorption bases on bounding hydrogen in other compounds, such 
as ammonia, formic acid, metal hydrides or hydrocarbons [6]. The idea of bounding hydrogen info 
hydrocarbons is very interesting, as there are some compounds that can be gained from the environment 
in the form of renewable energy such as biogas or bioethanol. Those compounds are easy for 
transportation and storage, as biogas has almost similar composition as natural gas (mainly methane), 
so it can be transported using natural gas grid, while bioethanol can be transported in tanks in the same 
way as oil.  

Production of biogas and bioethanol are based on the natural processes using bacteria or yeast, the 
methods for biogas and bioethanol production are well known already [7,8]. There were also many 
research performed on utilizing methane and ethanol in fuel cells [9–12]. In [10] researchers investigated 
three different biogas types and methane, defining the process of steam reforming to be ideal with 97% 
of CH4 reformation. The results presented prove that all biogases and methane gives similar results with 
some advantages on the side of natural gas. On the other hand investigators in [12] analyzed using 
methane with different steam to carbo ratios and in different temperatures as the fuel cell was working 
with internal reforming process with additional catalyst put in the anode channel. Results show that S/C 
ratio has a great impact on the performance as well as temperature of the fuel cell as this represent a 
temperature of the reformer. Other investigators [11] analyzed applying CH4 to integrated reformer-
membrane-fuel cell, which is based on the separating the reformate H2 from other gases before fueling 
the fuel cell. This application is necessary in case of different fuel cells than high-temperature fuel cells, 
as CO can be devastating for low temperature fuel cells. The presented until now research were 
performed using purified fuels or with prepared composition or after proper distillation of fermentation 
product [13]. This however brings attention to other impurities that appear in the process of alcohol 
fermentation, such as solids, sugars, acids etc. Some works concerning control of bioethanol impurities 
in the fermentation process have been presented in [14]. Authors analyzed various bioethanol production 
methods, pointing out possible causes of appearance of undesired elements in the bioethanol product 
and focusing on steam reforming effectiveness compared to pure ethanol. Differences occur mainly due 
to amount of impurities, but also due to various feedstocks for bioethanol production such as sugar cane, 
corn, cereals etc. Experimental results shows that amount of impurities in real bioethanol of up to 0.2 
mol% can reduce H2 yield during ethanol steam reforming even by 60% in comparison to pure ethanol, 
mainly due to presence of fusel alcohols in the fermentation product, which cause carbon deposition and 
decrease catalyst surface effectiveness. Other works focuses on the application of dedicated catalysts in 
order to improve steam reforming of bioethanol and to reduce problems of impurities in bioethanol. In 
[15] authors analyze steam reforming effectiveness of bioethanol over RhPt/CeO2eSiO2  synthetic 
catalyst, where 120h tests shows no deactivation of catalyst by bioethanol impurities, while in [16] 
authors focused on hybrid zeolites catalysts which decrease coking and increase effectiveness of ethanol 
and methanol reformation. 
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1.1 Novelty 

Based on the available literature, the authors conclude that there are no reported research on MCFC 
supplied with bioethanol which origins directly from fruit fermentation, without pretreatment of 
fermentation product. Currently reported research focuses on the impact of main elements of bioethanol 
on the fuel cell performance, e.g. Devianto [13] examines the fuel cell operate with bioethanol (20 vol% 
of ethanol in aqueous solution).  

Thus, the main paper novelty lays in the examination of MCFC operation on the raw bioethanol, i.e. 
without either pretreatment nor cleaning. During the experiments, we supplied the same fuel cell with 
pure hydrogen and compared fuel cell performance operating on raw bioethanol.  

Outcomes of the paper not only defines the potential for supplying MCFC with raw bioethanol (i.e. fuel 
which contains all the impurities which origins from fruit fermentation), but also complete the available 
literature with new set of experimental data which contains detailed description of the experiment’s 
details and conditions, as well as technical characteristics and design parameters of cell.  

2 Theory 

First generation bioethanol may be produced by yeast from fruits without any additional treatment. Yeast 
have the ability to metabolize monosaccharides, disaccharides and trisaccharides creating ethanol and 
other hydrocarbons as a product [17]. Simple sugars Simple sugars are metabolized in the first place, 
higher order sugars in significant extent are hydrolyzed to glucose and fructose and then metabolized, 
thus usually occur in the fermentation product as leftovers if monosaccharides have not been fully 
metabolized until yeast died. 

Reaction of ethanol fermentation is exothermic and it’s equation [18] is as follows (Eq. (1)): 

C H O  →  2C H OH + 2CO  (+2ATP)     [𝛥𝐻 ≈ − 20.5 kJ/mol] (1) 

Energy balance of the equation depends on the later utilization of ATP, however assuming conditions 
as described in [19] and hydrolysis of ATP to ADP, amount of energy released can be estimated as 
𝛥𝐻 = −20.5 kJ/mol per each ATP, thus -41 kJ/mol total. Many other compounds (over hundred) can 
be spotted in usually very low but sometimes significant amounts. Most of them are organic products 
(usually hydrocarbons), very often this is methanol and higher order alcohols, such as propanol, butanol, 
isoamyl alcohol and many others, but also organic acids, esters, carbonyl compounds or sulfur 
compounds [20].  

All of the compounds occurring in the fermentation product will impact the performance of molten 
carbonate fuel cell. There are two main problems that could decrease performance: one is physical, that 
is related to the high temperature of operation of MCFC, which will lead to carbonization of compounds 
leaving solid particles in the fuel cell channels; the second is chemical, related to the steam reforming 
process and other reactions that can occur due to presence of many unwanted compounds that can react 
with each other or poison the fuel cell, by reacting with electrolyte, matrix or electrodes.. 

Those compounds also appear as a products during alcohol fermentation process. Comparison of energy 
densities have been presented in Table 1. 

Table 1: Energy density of alcohols in normal conditions compared to hydrogen storage systems 

Compound Formula Energy density [kWh/dm3] Source 
H2 (360 bar) H2 0,77 [21] 
H2 (690 bar) H2 2,1 [22] 
Metanol CH3OH 4,4 [23] 
Etanol C2H5OH 6,4 [24] 
Propanol C3H7OH 6,9 [25] 
Butanol C4H9OH 7,3 [26] 
Glycerol C3H8O3 6,3 [27] 
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Ethanol is than a perspective liquid fuel used as a carrier of hydrogen for fuel cells, and its greatest 
advantage above pure hydrogen is simplicity of its storage and transportation. It can be used directly in 
fuel cells utilizing internal steam reforming or steam reforming reactor unit can be located directly 
before anode inlet. In both cases, first stage of chemical process that has to occur is steam reforming of 
the fuel. Ethanol stoichiometric equation of the steam reforming process is shown below (Eq. (2)): 

C H OH +  3H O → 2CO + 6H             [𝛥𝐻 = + 170 kJ/mol] (2) 

The process is endothermic so it requires energy delivery, however the hydrogen with oxygen reaction 
is an exothermic process with 𝛥𝐻 = − 240 kJ/mol thus surplus heat balance in the process of utilizing 
ethanol in the fuel cell can be achieved. Not only ethanol but most of the hydrocarbons that appear in 
the fermentation product can be reformed into hydrogen and CO2, and even if they will not convert (due 
to unfavorable conditions such as too low temperature in case of higher order alcohols) they are not a 
problem for the fuel cell unit. 

Unfortunately, the steam reforming process never goes only according to stoichiometric equation, thus 
during the process many other reactions take place and many different compounds can be created. Most 
common reactions are presented in Table 2. 

Table 2: Main reactions taking place during ethanol steam reforming 

Reaction name Reaction equation 
Sufficient amount of water C H OH +  3H O → 2CO + 6H  

Insufficient amount of water 
C H OH +  H O → 2CO + 4H  

C H OH +  2H  → 2CO + 6H O 
Dehydration of ethanol C H OH  → C H + H O 
Dehydrogenation of ethanol C H OH  → C H O + H  
Ethylene steam reforming C H + 2H O → CO + CH + H  
Decomposition of acetaldehyde C H O  → CH + CO 

Acetaldehyde steam reforming 
C H O + H O → 2CO + 3H  

C H O + H O → CO + CH + H  
Dehydration of etylene C H OH → C H +  3H O 

Decomposition 
C H OH → CO + CH + H  

2C H OH → C H O + CO + H  
2C H OH →  CO + 3 CH  

Methanization of carbon monoxide CO +  3H  → CH + H O 
Methane steam reforming CH + H O → CO +  3H  
Water gas shift reaction CO + H O → CO  + H  

Carbon creation 
2CO → C + CO  
CH → C + 2H  

CO +  H  → C + H O 
Main problems that occur during steam reforming process are: generation of CO which may be 
dangerous in case the installation is not airtight and carbon deposition, that is solid carbon particles that 
sediments on the surfaces of the fuel cell elements. Those effects depends on the temperature of the 
process, catalyst applied and molar ratios of water to ethanol applied and can be decreased easily by 
using excess of water delivered to the process. It has been examined that depending on the parameters 
applied, ethanol reforming can be safely performed in the ratios of above 3:1 of stoichiometric reaction 
of water: ethanol amounts [28–30], and this is fulfilled when volumetric concentration of alcohol in 
water is less than 26%, also it depends on the temperature of the process. 

To describe real process of steam reforming of ethanol, where hydrogen is desired product, there shall 
be more than stoichiometric amount of water, thus equation will take form of (Eq. (3)): 

C H OH + 𝑛 ∗ H O → 2CO + 6H + (𝑛 − 3)H O              (3) 

Where n > 3, as 3 stands for stoichiometric reaction. 
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This also means that in the input and output stream of anode there will be significant amount of water 
that is not taking part in the chemical reaction, but has to be transferred through the fuel cell. The 
hydrogen produced in the steam reforming process acts as a hydrogen fuel for the fuel cell. The rest of 
the process describing the fuel cell operation can be found in [31]. 

3 Experimental methods and materials 

3.1 Biofuel preparation 

Bioethanol used for the experiments represent natural alcohol possible to gain through domestic methods 
of bioethanol production. The input for fermentation was fruit that remained as waste in orchard and 
was not used in the winery orchard enterprise and would be composted instead. The input for the 
fermentation process (10 kg) was mixed with additional 5 kg of water and 3 kg of saccharose. Yeast 
genus used for the fermentation process was Saccharomyces cerevisiae bayanus with alcohol tolerance 
up to around 16%. The entire feedstock was placed in the fermentation reactor with stable temperature 
of 23 ± 1°C. After 3 weeks the feedstock has been removed from reactor, solid waste of fruits were 
separated from the liquid residue of the ferment, and liquid feedstock has been again placed in reactor 
with stable temperature, for another 9 weeks. The obtained product has been collected in the tank without 
any other filtration nor distillation. The composition of bioethanol was analyzed to determine the 
alcohols and other ingredients contained in the fermentation product, the analysis was performed using 
gas chromatography method with flame ionization detection (GC-FID) using Varian 9050 Varian 9050 
Variable Wavelength Detector and Varian 9012 Solvent Delivery System. The analysis have been 
performed according to Polish analysis method SG/PB-06 for applications in beverage production. The 
results have been presented in Table 3. Other compounds detected in the fermentation product are 
presented in Table 4. 

Table 3: Composition of the fermentation product, analysis performed with gas chromatography 
techniques 

Substance Formula Amount [g/l] in pure alcohol 100% 
Ethanol C2H5OH 15.92 % volume of fermentation product 
Methanol CH3OH 0.9218 
Acetaldehyde C2H4O 0.1997 
Acetal C6H14O2 0.0250 
1-propanol C3H7OH 1.4303 
Isobutanol C4H10O 0.3517 
1-butanol C4H10O <0.005 
3-metyl-1-butanol C5H12O 1.1155 
2-metyl-1-butanol C5H12O 0.2028 
2-butanol C4H10O <0.005 
Ethyl acetate C4H8O2 0.5349 
Isopropanol C3H7OH <0.005 
Tert-butyl C4H10O <0.005 

Table 4: Other compounds detected in the fermentation product 

Substance Formula Amount [g/l] in product 
Glucose + Fructose C6H12O6 44.0000 
Sulphur dioxide SO2 36.0000 
Total acidity  - 11.4600 
L-malic acid C4H6O5 7.7000 
Tartaric acid C4H6O6 1.6000 
Dissolved oxygen O2 0.0055 
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The obtained product consists mainly of water and ethanol (almost 16%), other alcohols and 
hydrocarbons, some sugars and acids. Assuming the product to be a solution of alcohol in water, 
estimated steam to carbon ratio (for the ethanol) reaches values 5.7, which significantly exceeds values 
of 3.0, where carbon deposition occurring from the ethanol steam reforming process in 650°C could be 
a problem. 

3.2 Fuel cell preparation 

All fuel cell elements have been produced in fuel cell laboratory located in Warsaw University of 
Technology. Anode and cathode composition is 100% nickel with 58% porosity and 0,6 mm thickness. 
Matrix is made of one layer of LiAlO2, with porosity around 60% and thickness of 0,3 mm. Matrix is 
filled with electrolyte composed of carbonates of lithium and potassium (Li2CO3 and K2CO3, with 
ratio 1:1). On the outermost sides of electrodes there is current collector net allowing for gas and fuel 
transfer and taking care of current conduction. The current collector is made of steel st310. Anode size 
is 5x5 cm while cathode size is 4,5x4,5 cm. The gas leakage is secured with high temperature gaskets 
made of vermiculite composite material. Elements of the fuel cell are presented in Figure 1. 

 

Figure 1: Order of elements in MCFC 

The top and bottom of the fuel cell are covered with gas manifolds, which allow for gas flow along the 
surface. The prepared experiment elements are presented in the Figure 2. 

 

Figure 2: Fuel cell elements ready for assembly 

Structure of the anode and of the current collector have been analyzed under microscope before and 
after the experiments. Figure 3 and Figure 4 presents the surface of the elements before experiments. 
Anode surface has regular flat shape with micropores and large pores (Figure 3). Current collector 
surface is flat polished steel, without any sediment (Figure 4). 
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Figure 3: Electrode structure before 

experiments 

 
Figure 4: Current collector structure before experiments 

3.3 Experimental procedure 

Fuel cell is started and heated up to 650°C until it’s regular operation for about 30 hours. Than typical 
analysis is performed, ex. OCV (open circuit voltage) measurement, UI curve (current-voltage curve) is 
obtained in the reference flow of hydrogen fuel and high volume hydrogen flow, also EIS 
(Electrochemical Impedance Spectroscopy) analysis is performed for electrodes and matrix impedance 
analysis. The fuel cell is than ready for performance analysis utilizing alternative fuels. The fermentation 
product was fed to the fuel cell for 5h, during when flow was regulated between 0.42 ml/h/cm2 (what 
corresponds to 0.16 Nl of hydrogen per hour per cm2, assuming 100% conversion in ethanol steam 
reforming) and 2.8 ml/h/cm2 (what corresponds to 0.98 Nl of hydrogen per hour per cm2, assuming 
100% conversion in ethanol steam reforming). U-I curves in reference and maximum fuel flow have 
been registered. After feeding the fuel cell with fermentation product, U-I curve at the max flow while 
feeding with hydrogen was registered (max flow corresponds to flow of 0.98 Nl/h/cm2). Total amount 
of bioethanol delivered to the fuel cell during experiments was 98 ml. 

Specific flows in the anode channel and cathode channel related to 1 cm2 of the fuel cell active area have 
been presented in the table Table 5. 

Table 5: Gases and bioethanol flows during each of the experiments 

Compound 

H2 reference flow H2 max flow 
Bioethanol reference 

flow 
Bioethanol max 

flow 

Anode 
side 

Cathode 
side 

Anode 
side 

Cathode 
side 

Anode 
side 

Cathode 
side 

Anode 
side 

Cathode 
side 

H2 0.16 - 1.00 - - - - - 
Bioetanol - - - - 0.42* - 2.84* - 
CO2 - 0.16 - 0.98 - 0.16 - 0.98 
Air - 0.37 - 2.27 - 0.37 - 2.27 

* in case of bioethanol, flow is given in ml/h/cm2 in the liquid form in 20°C, other values are given in 
Nl/h/cm2 

Fermentation product have been fed to the fuel cell for total 5 hours with different flows. During the 4th 
hour of experiments, problems with fuel flow through fuel channels started to appear. Noticeable 
decrease of flow speed could be notices, what was related to the solid particles made of solid carbon 
remains of particles that did not evaporate and burned in the high temperature in the fuel cell channel. 
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4 Results and discussion 

4.1 Materials 

Fuel cell was fed with alcohol fermentation product prepared as described in section 2. The fermentation 
product has not been filtered in any way, thus some solid particles that represent leftovers of cellulose, 
saccharose and yeast have appeared in the fuel stream. In some points of the experiments, problems with 
fuel flow could be noticed, what was interpreted as a plugged channel due to solid particles that 
carbonated in high temperature.  After delivering 98 ml of liquid bioethanol, carbonate beads of the size 
that could plug anode channel appeared in the anode chamber. During the disassembly there could be 
notices carbonated beads in the anode channel (Figure 5). Those beads were very delicate and 
disintegrated when touched, but some part of it could be transferred into the microscope. Even though 
very soft, those beads limit the gas flow through anode channel and in longer term they could decrease 
performance of the fuel cell due to poor gas flow through the channel. 

Figure 5: Carbonated beads in the anode channel Figure 6: Carbon beads under microscope  

Microscopic analysis of created carbon beads shows the structure of the material. There could be noticed 
fibrous elements, which proves too many cellulosic leftovers in the fermentation product.  

Anode and current collector surface have been analyzed under microscope after experiments. There 
could not be noticed any changes in the anode surface, what means that there was no carbon deposition 
under existing conditions. Steam to fuel ratio was high enough for the steam reforming process to take 
place. Also other existing in the fermentation product elements did not impact anode clearness. Current 
collector surface after experiments changes its structure to the rough, what is caused by corrosion 
occurring during start-up of the installation, what is a natural effect in every experiment, thus it means 
the fuel used for experiments does not impact materials inside the fuel cell. 

 
Figure 7: Anode surface after experiments Figure 8: Current collector structure after experiments 

SEM analysis of anode before and after the experiments have been performed. On the SEM pictures it 
can be noticed that structure of porous nickel anode becomes rough, however it shows no differences 
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from other electrodes used in the experimental fuel cell stand, where liquid fuels have not been tested 
but only pure hydrogen was delivered. SEM analysis results have been presented below.  

 
Figure 9: SEM analysis of anode surface before 

experiments 

 
Figure 10: SEM analysis of anode surface after 

experiments 

4.2 Fuel cell parameters 

The performance of the single cell running on H2 and bioethanol was studied by recording polarization 
curves and Electrochemical Impedance Spectroscopy (EIS) spectra at 10-hour intervals under 
galvanostatic control. During experiments four characteristics of the fuel cell performance have been 
recorded: during reference flow and high flow of pure hydrogen and during reference flow and high 
flow of the bioethanol fuel. Amounts of bioethanol fuel have been chosen so that the same amount of 
hydrogen will be delivered into anode channel in case when steam reforming process would have 100% 
of conversion. This means the flow of gases through anode channel were much larger when bioethanol 
was used, as except hydrogen, large amount of steam and CO2 had to be transferred through anode 
channel. Also, because there was no external steam reformer, steam reforming reactions takes place 
right at the nickel anode, what implies smaller surface for the electrochemical conversion of O2 and CO2 
to carbonate ions to appear. 

Performance curves have been presented in the Figure 11. Maximum OCV (open circuit voltage) and 
power registered on each fuel is presented below. 

In case of bioethanol fuel, problems with flow could be noticed on the polarization curves. First, those 
curves are not as smooth as compared to pure H2 fuel (Figure 11 a and c vs. b and d). This is due to not 
uniform evaporation rate of the fuel and uneven hydrogen production rate due to fluctuations of ethanol 
and water mixture stream velocity. Also in case of bioethanol reference flow (Figure 11 b), some 
disruptions appeared what appeared probably due to a channel plugged with carbonated beds When the 
stream flow was larger, pressure in the anode channel inlet increased and pushed carbonated beds, 
allowing for the fuel mixture to flow  freely, increasing performance of the cell. 

During the experimental investigation, the EIS results showed that using bioethanol as the fuel instead 
of pure hydrogen resulted in a significant reduction in cell performance. This can be noticed by drop of 
cell operating voltage and increase of internal cell resistance. Figure 12 shows the results of the EIS 
spectra measurements conducted at various intervals on pure hydrogen supply before (Exp. 1) and after 
(Exp. 2) bioethanol delivery. The obtained data shows that cell resistance and electrode polarization 
have both increased significantly. The bioethanol effect is most noticeable in an increase in ohmic losses 
of 10 mΩ·cm2 (visible transfer to the right side between first and second experiment). The electrodes 
(anode and cathode) activation cumulative losses rose by only 5 mΩ·cm2 (first peak on each experiment 
graph), whereas the mass transport losses increased by 8 mΩ·cm2 (second peak of each experiment 
graph). The observed changes could indicate the impact of bioethanol on the porous structure of active 
elements of MCFC. Mostly the effect is observed in the interconnect layers between the elements, which 
results in a significant increase in ohmic losses. 
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Figure 11: Performance curves, a) pure hydrogen reference flow; b) bioethanol reference flow; c) 
pure hydrogen high flow; d) bioethanol high flow 

Table 6: Maximum OCV and power registered during experiments 

Fuel OCV [V] Power [W/cm2] 
Pure hydrogen, reference flow 1,0385 0,0738 
Pure hydrogen, high flow 1,1832 0,1110 
Bioethanol, reference flow 0,7933 0,0224 
Bioethanol, high flow 0,9287 0,0532 

 

 

Figure 12: Electrochemical Impedance Spectroscopy investigation of MCFC obtained at various 
intervals during the testing period with a cell current of 50 mA/cm2 (T = 650◦C; run on H2 as fuel 

before (Exp. 1) and after bioethanol supply (Exp. 2)) 

Results show that performance of the fuel cell with bioethanol fuel is significantly worse than with pure 
hydrogen. In case of bioethanol, fluctuations of voltage and power obtained can be noticed. This might 
be a cause of uneven rate of fuel evaporation in the anode channel as well as less stable electrochemical 
reaction on the anode surface due to need for steam reforming reaction to happen prior to hydrogen 
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utilization. Maximum power possible to achieve using reference flow of bioethanol was almost 6 times 
smaller when pure hydrogen was applied in comparison to the same amount of pure hydrogen. In case 
of high flows, the difference was not so large, only around 1,5 times larger.  

5 Conclusions 

Impurified bioethanol have been delivered to MCFC anode. As a result of experiments, it can be stated 
that purification is required for the bioethanol products, as solid particles due to high temperature 
become carbonized and did not evaporate and were not removed with anode gases through the exhaust 
channels, but instead were creating soft but solid beads in the anode channel, preventing the free flow 
of gas through the channel.  

Applied biofuel did not have any impact on the anode and current collector surface from physical point 
of view, but EIS analysis shows visible increase of ohmic loses. High steam to fuel ratio in relation to 
stoichiometric amount prevented from carbon deposition effect during steam reforming, what means 
that fermentation product is a safe fuel for active materials in the fuel cell.  

OCV and power that could be registered during experiments shows that biofuel is not as effective fuel 
as pure hydrogen, mainly due to much greater gas flow through anode channel when using liquid 
bioethanol as a fuel, and due to need of steam reforming process to take place on the same surface as 
carbonate ions creation.  
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Abstract 

The simultaneous extraction of several metals is a common phenomenon when metals occur together in 
nature. This is the case of platinum group metals (PGMs) -composed by Pt, Pd, Rh, Ru, Ir and Os-, 
nickel and copper, whose main deposits and reserves are in South Africa and Russia. Due to the growing 
demand for these elements, it is important to study the energy cost of their extraction and the different 
possibilities of allocating these costs. In this paper, the allocation of costs has been analyzed following 
economic criteria, which is the main method used in Life Cycle Assessments (LCA) -taking different 
prices depending on the time period-, geological criteria -taking into account the geological scarcity of 
the elements- or through their exergy replacement cost (ERC) -the cost of replacing an element from a 
total state of dispersion, in Thanatia, to the current mines-. The geological and ERC methods provide a 
cost allocation methodology with a strictly physical vision, avoiding time-varying factors such as the 
economic cost of the elements in the market. 

1 Introduction 

Platinum group metals (PGM) are compound by six metals: platinum (Pt), palladium (Pd), rhodium 
(Rh), ruthenium (Ru), iridium (Ir) and osmium (Os). Their properties make them exceptional for 
oxidation catalysts. They are electrically and thermally conductive and offer a high oxidation resistance 
combined with extraordinary catalytic activity, chemical inertness, high melting point, temperature 
stability, and corrosion resistance [1]. As a result, almost 51% of the demand for PGMs is for use in 
automobile catalytic converters, 16% is used for jewelry, 9% for investment, 9% for electrical uses, 5% 
for catalysts in the chemical industry, 3% in dental applications, 3% for the glass industry, 1% for 
petroleum refining, 1% in medical applications and 2% in other uses [2]. Many of the uses of PGMs 
cause them to be lost or difficult to recover. For example, when used in medical applications, the glass 
industry or in other applications such as in automotive sensors or coating of aircraft turbine blades. Thus, 
almost 40% PGM are lost in unrecoverable uses, 18% is added to the stock of end-products, and 23% is 
recycled [1]. This means that primary extraction is required to meet demand.  
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PGMs mining is always associated with the simultaneous extraction of other elements with which they 
are geologically associated. These are mainly nickel, copper and cobalt [1,3]. Depending on the 
percentage of benefit obtained from each of them in the mining operation, two types of elements are 
identified: host and companion metals [4,5] or attractor and hitchhiker metals [1,6]. Both terms refer to 
the same thing. On the one hand, host or attractor metals are those that provide most benefit to the 
mining operation and, in many cases, make it economically viable. On the other hand, companion or 
hitchhiker metals are those that provide a complementary benefit to the main exploitation. In the case 
of PGMs, depending on the deposit, they can be considered a host or companion metal.  

About 80% of the world's PGM extraction comes from two deposits: Bushveld Complex (in RSA) y 
Noril´sk (in RF) [7,8]. In the first one, PGM extraction is enough to be the activity that provides the 
most income, while in the case of Noril'sk the extraction of Ni and Cu is more profitable. Thus, PGMs 
are host metals in the case of Bushveld Complex, but companion metals in Noril`sk. 

 
 

Figure 1: PGM extraction by country and reserves in 2020. Adapted from USGS data [9]. 

Figure 1 (a) shows the extraction of PGMs by country between 1998 and 2020 and Figure 1 (b) the 
reserves in 2020. It shows the significant contribution of RSA and RF, both in terms of extraction and 
reserves, as previously mentioned. In addition, most of the PGM extraction corresponds to Pt and Pd, 
being the extraction of the rest of PGMs (Rh, Ru, Ir and Os) secondary. In this sense, these last 4 
elements could be considered as companion metals of Pt and Pd. 

Figure 2 (a) shows a longer PGMs extraction in time, up to 1900, as well as the historical price evolution 
(adjusted to 1998 USD). On the other hand, Figure 2 (b) presents the price evolution of Pd, Pt, Rh, Ru 
and Ir separately between 2000 and 2022. 

  

Figure 2: PGM price and extraction. Adapted from USGS data [9]. 

Considering the PGMs prices (Figure 2a), it is observed that up to 2018 prices are between 10 and 20 
million USD per ton. However, from 2019 onwards, the price increases to reach 26 million USD per ton 
in 2020. On the other hand, in Figure 2b, it is observed that this increase is generalized for all PGMs 
starting in 2018 and up to 2022. However, the price increase is not the same for all PGMs. Rh shows a 

(a) 
(b) 

(a) (b) 
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particularly sharp increase of 658%, followed by Ir (207%), Pd and Ru (110%) and Pt (9%). As a result, 
the current price of PGMs will be considerably higher than the last data recorded by the USGS in 2020. 
This price increase is mainly due to the increase in demand since the annual extraction of PGMs has 
remained between 450 and 520 tons since 2003. 

This price variability means that the cost allocation to each element is variable over time since the 
allocation is normally made according to economic criteria. The elements that bring more benefits to 
the exploitation are the ones that, proportionally, receive more of the costs. This methodology is usually 
followed by LCAs [10,11]. The main problem with this methodology is that its results are variable over 
time, as metal prices are particularly volatile. Pd, for example, is highlighted in the reference [12] as the 
most volatile element between January 2010 and February 2021. Other alternatives to economic 
allocation consist of allocating costs based on geological scarcity [13] or according to their energy 
replacement cost [14], giving more stable results over time. These facts make it necessary to establish 
several methodologies to allocate energy and environmental costs and to analyze these changes. This 
paper first presents the data and methodology used, specifying the energy cost data and the different 
allocation methods applied. After that, the results are analyzed and discussed. Finally, the main 
conclusions are summarized. 

2 Data and methodology 

Data on the extraction costs of PGMs are mainly provided by [7]. The Bushveld Complex (RSA) and 
Noril`sk (RF) fields, which are the most important in the world, are analyzed there. As for PGMs, Pd, 
Pt and Rh are studied. However, in these mines, Ni and Cu are extracted simultaneously, so it is 
necessary to allocate the costs of each element, as discussed previously. 

2.1 Energy cost data 

The unallocated extraction energy costs and explanation of the processes were obtained from [7]. The 
exception is the comminution that has been estimated from other sources [15], since this is the stage that 
most influences energy cost when ore grade decreases. Figure 3 shows the main processes involved in 
the extraction of PGMs, which are briefly explained below.  

 

Figure 3: Simplified process route for PGM ore [7,8]. 

2.1.1 Mining 

The PGM containing ore is mined underground. Widening of tunnels is mainly done by blasting and the 
main energy consume is in the form of diesel fuel, used in mining machines. 
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2.1.2 Comminution 

Once the ore it is extracted it must be comminuted. This is carried out in three stages: crushing, grinding, 
and regrinding. To calculate the specific energy, Bond’s equation is applied [16,17] (see Eq. 1).  

 𝑊 =  10 𝑊
1

𝑃
 −  

1

𝐹
 𝐸𝐹  (1) 

Where Wi is the Bond Work Index (BWI), defined as a measure of ore resistance to crushing and 
grinding, expressed in kWh per short ton; P80 is the diameter in microns which 80% of the product 
passes; F80 is defined as the size which 80% of the feed passes [18] and EFx which is an Efficiency 
Factor, dependent on the size of mill, size, and type of media, type of grinding circuit, etc. [16,17,19]. 
There are a wide range of BWI that can be applied for this case, ranging from 2 kWh/t until 24 kWh/t, 
depending on the mineralogy of the rock [20]. In this study, a value of 14 kWh/t is finally used. 
Nevertheless, the variation of BWI is analyzed [20]. The initial particle size is fixed to 300,000 μm and 
the final particle size in 50 μm [3], because a higher particle size would not separate all the metal from 
the rest of minerals [21]. At this stage, the concentration of PGMs is maintained, as only the rock is 
crushed. 

2.1.3 Beneficiation 

First, the ore is subjected to gravity concentration to separate the metal particles from the PGM-bearing 
minerals. Next, in the flotation stage, the gangue is removed from the sulfide minerals using a series of 
organic chemicals used as collector, frother, activator, depressant and flocculant. At this stage a 
concentrate is produced with about 100 to 500 g of PGM per ton. 

2.1.4 Metallurgy 

The pyrometallurgical step may be divided in three substeps. First, the ore is roasted at 600-700ºC. This 
oxidizes the iron present, dries and preheats the ore. Then, at smelting, the bigger part of the gangue and 
the iron sulphide is eliminated. This is done at temperatures of 1400ºC. Finally, in the converting step, 
the iron sulphide in the low-grade matte is removed by oxidation and slagging. The slag, which contains 
high levels of metals, is returned to the smelting step for recovery. The final product is a high quality, 
low-iron nickel-copper matte with a PGM concentration of about 2100 to 6000 g PGMs per ton. 

2.1.5 Separation from Non-Ferrous metals 

The separation is done in a hydrometallurgical process. First, the matte is leached in a sulphate or 
chloride solution to dissolve the metals, while the sulphide is oxidized to insoluble elemental sulphur or 
soluble sulphate. In this way a Ni-Cu matte can be treated in two-stage leach process to produce a Cu-
free Ni sulphate or Ni chloride solution, and a leach residue enriched in Cu. The Cu in the Cu-rich 
residue is solubilized by repeated leaching and recovered from solution electrolytically as cathode Cu. 
Ni is recovered from the purified Ni sulphate or Chloride solution either electrolytically as a pure nickel 
cathode or by chemical reduction with hydrogen to give pure Nickel powder. The remaining leach 
residue contains all PGM, which are extracted in the refining step, and which contain a 65% of PGM, 
so it must be refined. 

2.1.6 Refining 

The usual point for separating PGMs or producing compounds and catalysts is an aqueous solution of 
PGM. Most raw materials can be dissolved in oxidizing acids. Once dissolved, there are namely two 
processes for refining. On the one hand, the selective precipitation, where separation is based on the 
principles of analytical chemistry of PGM. In the crystallization process, the solubility of chloro 
complexes of the PGM are very important, as the possibility of altering this solubility. The temperature 
dependence of this solubility is generally quite large and be utilized for precipitation. An even more 
useful phenomenon in separation technology is the effect on solubility of the addition of a common ion, 
which is utilized in precipitation crystallization. Conversion of the precipitated salts to their metals is 
carried out mainly by thermal decomposition at 1000ºC. The solvent extraction is based on the ability 
of the metals to form together with organic molecules stable complexes. After total dissolution the liquid 
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is treated with a cascade of different specific solvents. Liquid-liquid extraction is characterized by 
distribution coefficient that vary greatly from element to element. These can usually be further modified 
by chemical methods. Although separations are generally better than those affected by precipitation, 
coarse separation by solvent extraction must be further purified. In the end it is obtained Pt, Pd and Rh 
with a 99% of concentration. 

2.2 Cost allocation methods 

The main objective of this article is to analyze the influence of different cost allocation methods, for 
which purpose four allocation methods are established and explained below. 

2.2.1 Economic allocation 

This is the most used method. The allocation factors calculation is shown in equation 2. Where, 𝑃  is the 
price of an element and 𝑀  the quantity of an element mined. 

𝐸𝑐. 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛  (%) =  
𝑃 · 𝑀

∑ (𝑃 · 𝑀 ) 
 (2) 

The relationship between the production of each element is considered constant (Figure 1). However, 
the price of the elements varies frequently (Figure 2), so different analysis periods are assumed: the 
allocation factor used by Ecoinvent in 2007, the average price from 2000 to 2010 and the average prices 
between 2010 and 2020. Nickel and copper prices are taken from the reference [22] and Pt, Pd and Rh 
prices are taken from the reference [23]. 

2.2.2 Geologic allocation 

This method is based on the earth's crust scarcity of the elements. To the author's knowledge it was 
proposed in [13]. Its calculation is shown in equation 4, where 𝐶𝐶  refers to the average concentration 
of an element in the earth’s crust. 

𝐺𝑒𝑜. 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛  (%) =  
𝐶𝐶 · 𝑀

∑ 𝐶𝐶 · 𝑀  
 (3) 

This method does not depend on the period studied -as in the case of economic allocation- but only on 
the knowledge of the concentration of elements in the earth's crust [24]. 

2.2.3 Exergy Replacement Cost allocation 

In this case, the exergy replacement cost (ERC) is used to allocate the costs. This term represents the 
exergy cost of concentrating an element from its maximum dispersion state to its current concentration 
in the mines [14]. It is calculated using equation 5, where 𝐸𝑅𝐶 , represents the ERC of an element. The 
ERC data for each element have been obtained from the reference [25]. 

𝐸𝑅𝐶 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛  (%) =  
𝐸𝑅𝐶 · 𝑀

∑ (𝐸𝑅𝐶 · 𝑀 ) 
 (4) 

3 Results and discussion 

Table 1 shows the energy cost by type of fuel in both deposits studied. Data is taken from Ecoinvent 
2007 [7]. 
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Table 1: Energy cost by type of fuel and process in RSA and RF deposits 

 [GJ/t-rock] RSA RF 

Mining 
Electricity 8.37E-02 8.37E-02 
Diesel 7.36E-02 7.69E-02 

Beneficiation Electricity 5.46E-02 4.73E-02 

Metallurgy 
Electricity 8.15E-02 4.65E-01 
Natural gas 0.00E+00 1.39E+00 

Separation non-ferrous 
Electricity 2.16E-02 2.23E-01 
Natural gas 1.50E-02 0.00E+00 

Refining 
Electricity 6.24E-03 1.84E-02 
Natural gas 2.93E-03 8.65E-03 

 Total Energy 3.46E-01 2.32E+00 

It must be noted that the energy calculated for RF is one order of magnitude higher than the calculated 
for RSA. This is explained due to the higher cost in purification of the metals since the values obtained 
for mining and beneficiation are very similar. Total energy refers to the sum of energy from the mine 
until it is used in industry, calculated according to a ton of rock. To know how much energy would be 
needed to extract one ton of any metal contained in the rock, it would have to be divided by the extraction 
of this metal, called the reference metal. In this study five different metals have been considered to 
extract from a mine, so any of them could be a reference metal. Accordingly, Table 2 has been elaborated 
to show how much energy is required to extract one ton of a specific reference metal without allocating 
costs and how much of the other elements are extracted along with it. As an example, when one ton of 
Pt is extracted, more than 200 tons of Ni and slightly more than 150 tons of Cu, 0.42 tons of Pd and 0.05 
tons of Rh are extracted using 135,315 GJ. If Pd is taken as a reference, the total energy would be more 
than double -318,553 GJ-, but more quantity of metals would be extracted. Thus, the relation between 
the metals extracted together remain the same, as it is possible to see in Figure 3 and, therefore, the 
energy cost are greater the lower is the extraction of an element, to obtain one ton of it. 

Table 2: Energy cost results without allocate (RSA deposit) 

  Pt Pd Rh Ni Cu 
Natural Gas GJ 7,014 16,514 140,295 32.35 45.73 
Diesel GJ 28,761 67,708 575,221 132.65 187.50 
Electricity GJ 99,539 234,331 1,990,777 459.10 648.92 
Water m3 258 607 5,159 1.19 1.68 
Ni primarly ton 217 510 4,336 1 1.41 
Cu primarly ton 153 361 3,067 0.71 1 
Pt primarly ton 1 2.35 20. 0.00 0.01 
Pd primarly ton 0.42 1 8.5 0.00 0.00 
Rh primarly ton 0.05 0.12 1 0.00 0.00 
TOTAL ENERGY GJ 135,315 318,553 2,706,293 624 882 

If Rh is established as reference metal, almost 3,000,000 GJ are needed to extract a ton. Thus, this is the 
maximum amount of energy to obtain a ton of Rh. Nevertheless, 20 ton of Pt, more than 8 ton of Pd, 
more than 4,000 ton of Ni and more than 3,000 ton of Cu are extracted together with this ton of Rh. To 
understand the order of magnitude of this amount of energy, a comparison with the energy needed to 
manufacture an electric vehicle (EV) has been carried out. Accordingly, it has been calculated that more 
than 50,000 EV can be manufactured with the energy calculates with Rh as a reference metal 
(considering that an EV is manufactured with almost 51 GJ [26]). For the RF deposit similar values were 
obtained. The main difference between deposits relies on the total energy to extract a ton of Pt and Rh, 
increasing more than 500% and almost 300%, respectively. This is explained because the concentration 
of these elements is orders of magnitude lower and, therefore, the energy increases. 

The highest value of Rh in both deposits can be explained by the low concentration of this metal in 
mines, which ranged from 0.14 to 0.25 g/t. According to some authors [27], this concentration would be 
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under the ore grade limit, and it would not viable economically to extract. However, it is still being 
extracted and still being profitable. This can be explained by the co-production since cost are shared. 

3.1 Results 

There is not a common criterion when allocation cost is applied. Some authors base on the economic 
market this distribution, which is widely applied in the LCAs [10]. In the previous section, different 
types of allocation were explained. This is crucial in order to provide a fair value to the metals, since it 
is expected the less availability of a metal, the higher its cost. However, this is not always happening, as 
it is demonstrated with the extraction of tantalum and niobium as companion metals of tin [28], being 
tin price higher than niobium, while the ore grade of Nb is much lower than Sn. Therefore, different 
results will be shown in order to provide a new point of view to allocate costs. 

The first important variable to modify is the BWI, since there is a wide range that can be applied, 
depending on the mineralogy of the rock. This term will affect mainly to the electricity used in the 
mining process (Table 1). This is due to BWI calculates the energy needed to reduce the particle size in 
the mills depending on the type of rock introduced, which work with electricity. In this way, Figure 4 
has been elaborated to see how the value of the electricity needed can vary. Then, it is noted that the 
highest BWI for this group of metals, set up in 25 kWh/t according to literature review [29], holds an 
electricity requirement of 0.15 GJ/t-rock. Thus, this value is more than 12 times higher than the lowest 
BWI able to apply and almost two times the value used in this work -14 kWh/t-, which needs 0.084 GJ/t. 

For that reason, it is essential to identify which is the predominant ore in the rock. As PGMs 
concentration is very low, its contribution to the BWI is minimum since there are more abundant ores 
in the rock, such as Ni and Cu, among others. 

 

Figure 4: Electricity consumption depending on the BWI. 

Table 3 and Table 4 show the allocation factors obtained in each mine, calculated with the equations 2 
(with 2000-2010 and 2010-2020, prices), 3 (geologic allocation) and 4 (ERC allocation). In addition, it 
also shows the economic allocation made in Ecoinvent 2007.  

Table 3: Allocation obtained for the RSA mines 

 Pt Pd Rh Ni Cu 
Eco. (2007 Ecoinvent)* 66.00% 19.00% 7.00% 7.00% 1.00% 
Eco. Allo. 2000-2010 69.87% 11.66% 9.34% 7.68% 1.45% 
Eco. Allo. 2010-2020 59.83% 23.44% 9.95% 5.10% 1.68% 
Geo. Allo. 40.12% 19.41% 40.06% 0.26% 0.15% 
ERC Allo. 39.35% 33.43% 25.39% 1.45% 0.39% 

 

 

 

 

55



Table 4: Allocation obtained for the RF mines 

 Pt Pd Rh Ni Cu 

Eco. (2007 Ecoinvent) 11.00% 21.00% 2.00% 47.00% 19.00% 
Eco. Allo. 2000-2010 11.38% 13.05% 2.43% 53.33% 19.82% 
Eco. Allo. 2010-2020 10.06% 27.09% 2.68% 36.52% 23.66% 
Geo. Allo. 15.37% 51.10% 24.55% 4.25% 4.73% 

ERC Allo. 9.73% 56.85% 10.05% 15.24% 8.13% 

Additionally, Table 5 and Table 6 are introduced, to show the amount of energy allocated to each metal. 
These values are obtained by multiplying the total energy from Table 2 with the percentage provided 
for both mines, in Table 5 and Table 6. 

Table 5: Energy obtained after the allocation applied in RSA mine [GJ/t-elem] 

 Pt Pd Rh Ni Cu 
Eco. (2007 Ecoinvent) 89,308 60,525 189,440 43.69 8.82 
Eco. Allo. 2000-2010 94,542 37,132 252,662 47.96 12.83 
Eco. Allo. 2010-2020 80,960 74,671 269,281 31.81 14.83 
Geo. Allo. 54,295 61,830 1,084,081 1.63 1.30 
ERC Allo. 53,244 106,487 687,014 9.02 3.46 

Table 6: Energy obtained after the allocation applied in RF mine [GJ/t-elem] 

 Pt Pd Rh Ni Cu 
Eco. (2007 Ecoinvent) 91,737 59,978 208,494 42.42 12.34 
Eco. Allo. 2000-2010 94,874 37,263 253,550 48.13 12.87 
Eco. Allo. 2010-2020 83,885 77,368 279,008 32.96 15.37 
Geo. Allo. 128,167 145,954 2,559,060 3.84 3.07 
ERC Allo. 81,185 162,370 1,047,549 13.76 5.28 

Tables show three economic assessments taking different periods during the last 20 years. These periods 
are chosen due to the price’s volatility. For example, the energy cost of Pd is twice as high between 
2010-2020 as in the decade from 2000 to 2010, due to its higher price, since it accounts for a larger share 
of the cost. This example shows the main disadvantage of using economic allocation, since the energy 
cost becomes dependent on the market prices of the elements and is therefore no longer a purely physical 
quantity. 

On the other hand, geological allocation has been carried out since it considers the scarcity of metals on 
the Earth’s crust. Accordingly, it is considered that the lower the concentration of a metal, the higher 
energy cost should be needed to extract it. This is explained by the second law of Thermodynamic as it 
was demonstrated by different authors [30]. As the ore grade decreases, the specific energy increases. 
Thus, more effort it has been made in order to beneficiate a mineral with low concentration. Considering 
the geological allocation, the results change depending on the deposit. In the case of RSA, similar results 
are obtained in the case of Pt and Pd if the costs are compared with the economic allocation. But, in the 
case of Rh a much higher value is obtained (5 times more), while for Ni and Cu much lower values are 
obtained (e.g. 1.6 GJ/t vs 31.8 GJ/t Ni case). In RF, much higher values are obtained for Pt, Pd and Rh, 
the latter having up to an order of magnitude more, with respect to the economic allocation. On the other 
hand, Ni presents a lower order of magnitude with geological allocation.  

Last allocation proposed is based on ERC. This method also provides a physical value for each metal, 
as it represents the hypothetical energy cost avoided by having the concentrated metal in the mines [25]. 
The distribution calculated with this method is very similar to geological allocation since it is based on 
the scarcity of the metals. The main disadvantage of this assessment is that it needs a reference state, 
named Thanatia. Thanatia is a hypothetical earth state where all the minerals are dispersed [31]. Thus, 
although scarce metals prevail over abundant, a hypothetical reference state is needed to apply this cost 
allocation. 
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3.2 Discussion 

Different cost allocations have been analyzed and calculated to determine which is the most accurate 
depending on the aim of the study. Mines are exploited to be economically profitable, therefore, 
economic allocation is the main distribution applied, since more cost is allocated to elements which 
provides more revenue. For that reason, this allocation provides higher values to the metals which higher 
production and economic value, deciding in this way, which metal from the ore is considered the host 
metal. Furthermore, this is not only applied by mining companies, but also in the LCAs studies. 
However, the economic viability of a given metal with a low ore grade, many times, is only possible 
when other metals are extracted from the same mine. As an example, we can name the case of Pt, Pd 
and Rh, being profitable to extract because other metals, such as Ni and Cu, are obtained. Otherwise, if 
a mine was designed to extract a single metal which is scarce, the energy cost and price would be very 
high, as it happens with Rh. While a mine of a single metal all the energy costs are allocated to a unique 
metal, a mine with companion metals these costs are allocated between all of them, and therefore, shared. 
It is important to note that it exists a host metal, which receives the large share of costs. Accordingly, 
this metal provides the highest revenue when economic allocation is applied. On the other hand, 
companion metals provide secondary revenues. However, this allocation only takes into account the 
price, which in the case of metals is very changeable over time, so purely physical allocation methods 
that are not influenced by market fluctuations are required. Because of this, this paper proposes 
geological and ERC allocation. Figure 5 shows the relation between the geological scarcity of a certain 
metal and its price, in the last two decades. As can be seen, the relationship between this factor is very 
strong, with a Pearson coefficient of 0.93 for the 2000-2010 price period and 0.95 for the 2010-2022 
period. It can be seen how some metals during the first decade are a little further away from the 
adjustment line, while in the second decade they adjust better. Therefore, in the case of PGM, Ni and 
Cu, it can be said that prices have been increasing or decreasing according to their geological scarcity. 
Therefore, this allocation system could be useful in the long term. 

  

Figure 5: Correlation between crustal concentration and prices of Ni, Cu, Pd, Pt and Rh 

In the case of ERC, it has been calculated from a hypothetical state of reference, named Thanatia, which 
is compound with the most abundant minerals in the crust. One of the main advantages of this method 
is the wide point of view since it takes into account the scarcity of a metal in the future. However, the 
weakness relies on the necessity of a reference state and in this method, it is hypothetical. 

Regarding the geological allocation, it is very interesting to see how this method does not vary in time, 
since it is taking into account the technology applied during the extraction and the geological scarcity. 
Therefore, it provides higher values to those metals with more production and with low crustal 
concentration. This assessment can be carried out to analyze the wealth of a mine, since the more 
extraction from the mine and the less crustal concentration, higher is the allocation cost of the metal 
extracted. Nevertheless, mining industry is not designed based on the scarcity, but in monetary terms, 
so it is not applied. On the other hand, it is demonstrated for the PGM, Ni and Cu cases the strong 
relationship between geological scarcity and price. But, despite this, strong variations are observed using 
the economic allocation in different time periods. For example, Pd doubles its cost using prices between 
2010-2020 compared to the previous decade period or Rh has a cost of an order of magnitude using 
geological versus economic allocation.  

It can be thought that there is no fair allocation because of the share for Ni and Cu, less than 1%. 
However, it must be noted that the concentration of these two metals in the crust are orders of magnitude 
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higher than the rest of metals. On the other hand, although the metal production is also much higher, the 
difference is still much lower than the concentration and this is the reason why the data obtained is very 
high for low ore grades and the opposite for Ni and Cu. 

4 Conclusions 

Coproduction is a common phenomenon in mining industry. In some cases, extracting a single metal is 
not profitable so mines extract a host metal, as well as companion metals as by-products. PGMs occur 
with other metals, so they must be extracted together. However, depending on the revenue provided by 
the different metals, a metal can be considered host or companion. This depends on the deposit studied. 
PGMs are the metals which report more profit in RSA mine -therefore they are considered host metals, 
while in RF mine the metal with higher profit is Ni, being this the host metal. 

Allocation has become critical in order to provide a unique value for each metal extracted. The most 
widespread allocation methods applied are based on the metal market prices. However, this does not 
depend on the long-term availability, but the supply and demand in a certain period. This is a big 
disadvantage because the cost of metals fluctuates because of economics and politics reasons, instead 
of physical factors. However, there are other options that can be applied when an allocation is needed, 
such as geological scarcity or ERC. These different allocations methods have been analyzed to 
determine which is the most accurate when energy costs are distributed. Allocation based on the 
geological scarcity of an element in the earth’s crust and ERC relies on physical criteria, providing 
higher share of costs to those metals which are scarcer in the nature. However, the state of reference for 
ERC, Thanatia, is needed in order to calculate the allocation. Furthermore, prices and geological scarcity 
are strongly related. Even more when prices from 2010-2020 are taken. 

Nevertheless, all the allocation calculated are valid for the studies. There is not a Universal Law for 
allocating cost and a lot of variables must be taken into account when a method is applied. This means 
that this distribution could be valid for our studies, but it could not be viable for mining companies since 
their goal could be totally different. 

Nomenclature 

BWI Bond Work Index, kWh/t, 
𝐶𝐶 Average crustal concentration of an element in the earth crust, kg/kg, 
Cu

 
Copper,  

𝐸𝑅𝐶
 

Exergy Replacement Cost, kJ/kg, 
EV Electric vehicle, 
Ir

 
Iridium,  

LCA
 

Life Cycle Analysis,  
𝑀

 
Mass of elements extracted in a mine,  

Ni
 

Nickel,  
Os

 
Osmium,  

𝑃
 

Market prices of an element, USD/kg, 
Pd

 
Palladium,  

PGM
 

Platinum Group Metals, 
Pt

 
Platinum,   

RF
 

Russian Federation,  
Rh

 
Rhodium,  

RSA
 

Republic of South Africa, 
Ru

 
Ruthenium,   

USGS
 

United States Geological Survey,  
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Abstract 

World climate change constraints demand urgent and continuous awareness of GHG sources. The 
mobility sector assistance may come from the carbon intensity decrease over the vehicle life cycle study. 
For this assessment, three main stages can be specifically analysed: vehicle production, vehicle driving 
or usage, and finally, the vehicle recycling carbon footprint. This article compares the vehicle 
electrification trend regarding regional specificities, environmental conditions, and infrastructural 
resources. The focus is on personal transportation concerning the passenger fleet. Assuming that vehicle 
production presents a clear impact correlation with local electricity matrix carbon intensity. In contrast, 
the vehicle driving footprint varies with the mileage driven combined with the carbon intensity of the 
energy source (fuel or electricity). Hence a comprehensive and specific analysis is required to reduce 
greenhouse gas emissions with optimized solutions for the country specificities. Battery-electric 
vehicles' have higher energy efficiencies than internal combustion engines. The passenger car fleet 
electrification reduces the energy demand, representing energy safety for some countries strongly 
dependent on oil imports. Therefore, the current higher costs of electric vehicles added to the required 
recharging infrastructure are challenging and impacting factors for this environmental transition. The 
life cycle simulations of a conventional passenger car compared to its full electrified or hybrid version 
result, unexpectedly, in more than five times the carbon footprint of a battery electric vehicle than a 
conventional internal combustion vehicle along its life cycle. This comparison was conducted between 
the USA, China, Europe, and Brazil. Moreover, countries such as Brazil have some uniqueness that led 
to conclusions that a complete electrification may increase CO2e emissions due to technologies 
associated with biofuels production. 
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1 Introduction 

The progressive electrification of passenger vehicles worldwide, replacing the conventional vehicles 
powered by internal combustion engines, is being primarily noticed as a solution to mitigate the 
greenhouse gases contribution of this modal transportation. At first sight, a comparison between the 
carbon footprint of an ICEV and a BEV would lead to a favourable conclusion about electrification. 
Moreover, this comparison could become valid over a more comprehensive analysis regarding the 
product footprint. 

Egeskog [1] examined automotive industry considerations regarding the increase/decrease of the carbon 
footprint of electrification. Government regulations around the world are stretching the energetic 
efficiency of vehicles, especially in Brazil, with "Inovar Auto" [2] followed by "Rota2030" [3]. These 
public policies and government incentives are compelling a partnership between universities and 
industries focusing on fuel economy, complemented by “RenovaBio” [4]. The subsequent efforts on the 
energy source impact are discussed in [5], reinforcing the biofuels' relevance for achieving a zero-carbon 
footprint in the transportation sector. There have been impressive gains regarding energetic vehicle 
efficiency in Brazil through the last years provided by technological improvements, illustrated by [6]. 
Mosquim and Mady [7] analysed the effect of these technological improvements if used for performance 
or fuel economy.  

Souza et al. [8] and Sinigaglia et al. [9] investigated biofuels for spark-ignition applications regarding 
their impacts and availability. In addition, the fleet carbon footprint has been under study in the last 
decades with a considerable number of publications gathered, for example, by the meta-analysis [10] 
and [11].  Unfortunately, most studies regarding the electrification of the passenger fleet cover mainly 
Europe [12], [13] and the United States [14] scenarios. However, some research about Brazilian 
specifics is indicated in [15] and [16] and other academic studies. 

This article aims to compare established energetic vehicle efficiency during driving. According to the 
fuel combustion and the electricity matrix carbon footprint, conventional ICE and electrified vehicles 
emit GHG, especially carbon dioxide. However, considering that ICEs present lower global efficiency 
than electric motors and the vehicle's energetic efficiency is closely related to its powertrain, the gradual 
electrification of the conventional vehicles leads to higher energy efficiency. Excluding GHG involving 
fleet electrification reduces energy demand, improving the country's energy safety. Conversely, the 
recent and still more expensive technologies involving electrification present negative social impacts. 
According to the regionalities, balancing energy efficiency, fuel carbon impact, and electricity matrix 
result in specific indicators to help policymakers choose better decarbonisation solutions. This is because 
there are so many factors to adopt a single and consequently optimized solution. 

2 Methods – Carbon footprint evaluation  

The carbon footprint analysis of a product, specifically passenger vehicles in this study, should cover its 
entire life cycle, from cradle to grave, which is performed by the life cycle assessment. The LCA 
segregates the GHG emissions in three main phases: vehicle production, vehicle driving and vehicle 
recycling. The vehicle driving phase, known as WTW, is usually divided in WTT and TTW, respectively 
the carbon impact up to fill the vehicle tank and the carbon footprint through vehicle tailpipe. The TTW 
was the first focus of the vehicular greenhouse regulations which is being progressively expanded to 
WTW with the target of reaching LCA. 

2.1 Energy matrix 

The regional aspects that directly affect the vehicle LCA are the carbon footprint of the electricity 
generation matrix and the fuels matrix. The four regions considered in this study are compared regarding 
electricity generation by a Brazilian agency [17] in Figure 1, being 2018 the last published data. The 
analysis developed by the same institute, with the same methodology, gives a proper comparative result. 
Figure 1 points a clear decarbonisation tendency of the electricity matrix for all the regions. The last 
three analysed years presented higher footprint decrease for Brazil. Especially in 2018, Brazilian 
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electricity matrix is around 86%, 76% and 69% less impacting than China, USA and Europe, 
respectively. 

 

Figure 1: Electricity matrix comparison for 2016, 2017 and 2018, based on [17]. 

 

Figure 2: Energy carbon footprint 

The fuel matrix available in each region is another significant variable for this study. Figure 2 compares 
the power sources, fuels, and electricity for the areas studied on the same basis. We observed the fuels' 
impact employing WTT and TTW, the sum of those meaning the WTW using the usual indicator CO2e. 
Pure gasoline, with typical symbol such as E0 fuel, with WTW from [18] is considered for China. 
According to ENCE [19], the extreme Brazilian homologation E100, hydrous ethanol [20], is a biofuel 
with zero combustion impact with no TTW (zero CO2e). The WTT of Brazilian ethanol fuel is 
determined based on reference [21]. The E10 is a blend of 10% v/v of anhydrous ethanol [20] and 
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gasoline. This article considers this fuel for USA and Europe, although there has been a movement of 
some ethanol blend in the fuels in the past years. Eventually, the E22 is the other Brazilian homologation 
with 22% v/v of anhydrous ethanol and gasoline [22]. The amount of E22 and E100 consumed in Brazil 
in the last few years [23] results in an average country blend that could be represented by E50 consumed 
by the spark ignition passenger cars, which is the actual representative Brazilian fuel for ICEVs. We 
carried out a linear regression for TTW analyses considering complete fuel combustion according to 
[24], and the WTW of the blends based on [21]. 

2.2 Vehicle production 

Pipitone et al. [12] estimated the carbon intensity of vehicle production based on different methods. 
First, the discrete method forecasts the carbon intensity of vehicle production, considering the raw 
materials separately. The authors in [12] adopted three reference vehicles: ICEV, HEV, and BEV, 
considering the open-source software GREET 2020.NET from Argonne National Laboratory [25]. The 
constant factor method considers an average carbon emission constant per vehicle body mass. This 
analysis is proposed by [26] with a range between 3.9 – 5.7 kgCO2e/kg of an ICEV vehicle. The most 
elevated BEV impact is caused by battery production. According to [27] the lower complexity and 
weight of a BEV powertrain reduces this body impact in 10,7% compared to an ICEV. In this study, the 
production impact is calculated considering 4,8 kgCO2e/kg of vehicle produced in Europe, the average 
value from [26], for ICEV and HEV. This constant is reduced in 10,7% for BEV body as proposed by 
[27]. Considering the production phase is very intensive in terms of electricity demand, these vehicle 
body constants were linearly adjusted (Table 1) based on the electricity footprint of each region in 2018 
(Figure 1), similarly as performed by [27]. The logistics impact is not considered in this calculation. The 
battery production impact is calculated according to [27], considering the China battery production 
impact of 110 kgCO2e/kWh, a reasonable premise of [28]. 

Table 1: Vehicle body production footprint factors 

Vehicle production 
[kgCO2e/kg of vehicle body] 

ICEV or HEV BEV 
China 10.2 9.1 
USA 6.2 5.5 

Europe 4.8 4.3 
Brazil 1.5 1.3 

 

Based on a constant factor method adopted in this study, we compared the vehicle production impact to 
a discrete analysis calculated for the three-vehicle configurations as in [12] in Table 2. The deviation 
column declining from ICEV to BEV results in lower sensitivity to electrification and, consequently, 
more conservative effects of the constant factor method. Additionally, Table 2 shows the calculated 
footprint for body and battery separately for BEV. 

Table 2: Vehicle production impact comparison 

Reference vehicle [12] Body Battery [tCO2e] Deviation 
[kg] [kg] [kWh] Discrete method [12] Constant factor [%] 

ICEV 1228.8 0 0 4.1 5.9 45.5 
HEV 1412.1 26.9 1.27 5.1 6.9 35.2 
BEV 1176.0 374 42.1 8.6 9.7 12.4 

BEVbody 
BEVbattery 

4.4 5.0 14.8 
4.2 4.6 9.9 

2.3 Vehicle driving 

The Brazilian Standard, ABNT NBR7024 [29], presents the test procedure adopted in the Brazilian 
homologation process, where vehicle driving considers a combined test cycle. According to [29], every 
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car has its energy efficiency measured in a laboratory. There is also a weight application by 55% of the 
urban cycle [30] and 45% of the highway cycle [30]. The tested vehicles are classified in in-cycle 
energetic efficiency and compared inside their vehicle category through the government labeling 
program [19]. This Brazilian labeling program regulation permits the consumers to decide which car to 
buy based on the vehicle's comparative carbon footprint (TTW), which is a way to reduce the fleet CO2e 
impact progressively, as demonstrated by Mady et al. [31]. Unlike other countries in which the emissions 
regulations determine the CO2 emissions limit, in Brazil the driving impact is defined by the average of 
the vehicle energy efficiency on E22 and E100 due to the flex-fuel applications. There is a publication 
in the label, in MJ/km, the same unit adopted for electric cars. This benchmark is essential to account 
for the different TTW of the extreme fuels, shown in Figure 2. Eventually, the cold start and warmup, 
critical conditions for emissions, are covered through the first phase of the urban cycle. 

The different fuel properties available in the Brazilian scenario impact the vehicle's energetic efficiency 
appreciably. Nevertheless, according to Mosquim and Mady [7], pieces of information are unavailable 
in the Brazilian transportation sector. As only the average energy efficiency is published, this study is 
simplified, assuming the same powertrain efficiency for all the considered fuels, hence an intrinsic 
uncertainty. Furthermore, local and unique regulations worldwide conduct to different test cycles and 
fuels, specifically in the four territories simulated in this study. According to the test cycle, fuel 
properties, and powertrain, the critical cold phase impacts overall results since this is not uniform to all 
countries. These reasons explain the difficulty of comparing the vehicle energy efficiency between 
different test cycles. All the simulations were performed considering the Brazilian test cycle [29] in this 
study. Hence, to achieve a reasonable comparison between the regions considered on the same test basis, 
we used this assumption because it is impossible to accurately reproduce the vehicle driving and choose 
the best test cycle. Eventually, fuel or electricity carbon intensity during driving was typical for any 
simulated areas, adopting the values shown in Figure 2. 

2.4 Vehicle recycling 

The vehicle recycling carbon footprint is the last phase of the LCA. The CO2e estimation methodology 
of this impact seems to be less reliable than the phases presented before. According to public inventories 
for vehicle body and battery separately, Ellingsen et al. [26] considered the EOL impact. The 
conclusions pointed to a higher EOL impact for electric vehicles due to the battery but with a similar 
EOL impact for ICEV and BEV. The EOL impact is minor for both configurations compared to the 
accumulated from the production and driving phases. According to [27] the current minimum number 
of BEV batteries in the recycling stage around the world in 2020 results in still pilot recycling projects 
that do not represent a reliable impact calculation. This estimation weakness should be significantly 
reduced through the following years. 

Pipitone et al. [12] estimated the recycling impact of the batteries based on literature processes available 
in Europe. The body impact was calculated with the GREET model [25]. The battery impact, the 
significant difference between the configurations, resulted in less than 2.5% of the accumulated impact 
from production to 150000 km driving, which would result in a lower impact over the 200000 km 
driving. Buberger et al. [13] calculates recycling as a negative impact based on specific vehicle body 
and battery coefficients, resulting in relatively close values for ICEV and BEV since these batteries are 
effectively recycled. Another consideration is the possibility of extended battery life on stationary 
energy accumulator systems, which are less demanding for the batteries than the automotive conditions. 
The researched publications present a lower impact on the recycling phase than the phases before and a 
similar impact on the vehicle configurations in this study: ICEV, HEV, and BEV. The main objective 
of this study is to quantify and compare the LCA of these different technologies. The vehicle recycling 
footprint was not under consideration in this study. 
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3 Results of life cycle simulations and discussions 

3.1 Current scenario and methodology 

Despite the worldwide fleet electrification (and its marketing), the substitution of conventional vehicles 
powered by internal combustion engines is at its beginning in Brazil. It is under some severe critics 
regarding the actual CO2e mitigation [32]. Some articles show that this may not be the best path for 
Brazilian society [33] with our structure and biofuels available in the next few years. There are not many 
electrified models currently available in Brazil. The lack of local technology and expertise leads to a 
deep dependency on imported components which penalties the electrified vehicle prices. Among the 
few options available, this study performed three significant comparisons between vehicles of the same 
brand. A compact passenger car ICEV is compared against its BEV version, the cheapest pure electric 
options. A large passenger car ICEV compared against its HEV version, the electrified sales leader in 
Brazil. An extra-large passenger car ICEV compared against its closest BEV version, representing the 
upper electrification limit. In the current scenario the Brazilian BEV options are imported from Europe. 
The ICEVs and HEV are produced or are viable to be produced in Brazil, in terms of available 
technology and facilities. The other simulated regions are considered capable to produce any vehicle 
configuration. The required data to calculate the CO2e impact and the adopted energetic efficiencies are 
shown in Table 3, obtained from [19], [34] and [35]. All the simulations were performed for 200000 km 
driving mileage. 

Table 3: Vehicle production impact comparison 

Vehicle Vehicle 
mass 

Body 
mass 

Battery 
mass 

Battery 
capacity 

Energetic 
efficiency 

 Category Powertrain [kg] [kg] [kg] [kWh] [MJ/km] 
CICEV Compact ICEV 1227 1227 - - 1.85 
CBEV Compact BEV 1539 1183 356 50.0 0.59 

        
LICEV Large ICEV 1405 1405 - - 1.73 
LHEV Large HEV 1440 1398 42 1.3 1.38 

        
EXLICEV Extra Large ICEV 1747 1747 - - 2.49 
EXLBEV Extra Large BEV 2208 1605 603 90 0.72 

A plot illustrating the electrification transition in terms of vehicle efficiency, vehicle mass and vehicle 
price [36] (bubble size) for the three vehicle categories are shown in Figure 3. The transition from ICEV 
to BEV results in considerable higher vehicle efficiency (up to 70%), a significant mass increment and 
cost between one and half to three times higher. The differences from an ICEV towards a HEV are less 
expressive reaching around 20% higher efficiency per less than 20% increment in cost. 
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Figure 3: Electrification aspects: vehicle mass as a function of its energy efficiency 

3.1.1 ICEV x BEV – Compact Passenger Car 

A compact conventional ICEV is compared to its BEV version over the regions and its regionalities 
detailed in Table 4. The electricity footprint directly affects the production phase and the driving phase 
of BEVs. Fuel blend affects ICEV driving. The computation does not consider vehicle maintenance 
impact; consequently, there is no battery replacement. In Table 4 there is the fuel blend consumed, e.g., 
in China, there is no ethanol (E0) in the gasoline, whereas, in Brazil, there is even hydrous ethanol 
(E100). In this comparison, shown in Figure 4, it is essential to understand the breakeven point for the 
Brazilian scenario, which is unique with already well established low carbon footprint of biofuels and 
lacks the infrastructure [32] for the electrification, and other countries. In Europe and USA there is a 
relatively fast breakeven favourable to the electrification. The actual Brazilian scenario with fleet 
running on E50 already results in higher breakeven mileage than other countries. In boundary condition 
of ICEV running on E100 the GHG reduction by electrification would occur in a very high and 
improbable mileage. The production phase reflects the electricity matrix resulting in higher CO2e in 
China. By the end of the considered mileage driven the calculated CO2e impact is similar: ICEV in USA 
or BEV in China, BEV in USA or ICEV on E50 in Brazil. The BEVs in European scenario achieves an 
interesting low impact, only worse than ICEV on E100 or BEV in Brazil. 

Table 4: Compact passenger car comparison 

Scenario Fuel ICEV BEV  
Production 

[tCO2e] 
Driving  
[tCO2e] 

Production 
[tCO2e] 

Driving  
[tCO2e] 

Breakeven 
[103 km] 

China E0 12.5 32.3 16.3 22.4 76 
USA E10 7.6 30.9 12.1 13.7 52 

Europe E10 5.9 30.9 10.6 10.6 46 
Brazil E22 1.8 28.9 10.6 3.3 68 
Brazil E50 1.8 23.7 10.6 3.3 86 
Brazil E100 1.8 10.5 10.6 3.3 244 
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Figure 4: Compact passenger car footprint comparison 

3.1.2 ICEV x HEV – Large Passenger Car 

The large passenger car offers a full hybrid high voltage version as an option for conventional flex-fuel 
ICEV. Although there is a lower electrification level than a pure BEV, the hybrid technology demands 
a considerably lower battery capacity than BEVs, resulting in an almost insignificant GHG production 
impact of HEV instead of an ICEV. The low production impact added to the higher energetic efficiency 
of the HEV vehicles results in minimal mileage for breakeven, which is achievable at the beginning of 
the driving phase. The biofuel multiplies the breakeven that remains still low. The values are detailed in 
Table 5 and plotted in Figure 5. In this analysis the worst case in Brazil, an ICEV running on E22, is 
even better than the HEV versions in other countries. The E100 in Brazil resulted in about a third of the 
CO2e emitted in Europe, achieving up to 4.5 times lower CO2e emissions than the worst result, the ICEV 
in China. 

Table 5: Large passenger car comparison 

Scenario Fuel ICEV HEV  
Production 

[tCO2e] 
Driving  
[tCO2e] 

Production 
[tCO2e] 

Driving  
[tCO2e] 

Breakeven 
[103 km] 

China E0 14.3 30.2 14.4 24.1 2 
USA E10 8.7 28.9 8.8 23.0 3 

Europe E10 6.7 28.9 6.9 23.0 4 
Brazil E22 2.1 27.1 2.2 21.6 5 
Brazil E50 2.1 22.2 2.2 17.7 6 
Brazil E100 2.1 9.8 2.2 7.8 13 
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Figure 5: Large passenger car footprint comparison 

3.1.3 ICEV x BEV – Extra Large Passenger Car 

The simulation of the replacement of an ICEV extra-large passenger car by a BEV version magnifies 
the results observed for a compact vehicle, Table 6. The extra-large ICEV running on current Brazilian 
E50 almost balances, in terms of GHG, the BEV in USA. For other countries the extra large car category 
requires higher mileages for breakeven but still represents a viable solution. In this simulation the E100 
turns the breakeven and the Brazilian electrification even more distant to mitigate GHG, Figure 6. 

Table 6: Extra large passenger car comparison 

Scenario Fuel ICEV BEV  
Production 

[tCO2e] 
Driving  
[tCO2e] 

Production 
[tCO2e] 

Driving  
[tCO2e] 

Breakeven 
[103 km] 

China E0 17.8 43.5 24.5 27.4 83 
USA E10 10.9 41.5 18.8 16.7 64 

Europe E10 8.4 41.5 16.8 12.9 59 
Brazil E22 2.6 38.9 16.8 4.0 81 
Brazil E50 2.6 31.9 16.8 4.0 102 
Brazil E100 2.6 14.1 16.8 4.0 282 
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Figure 6: Extra large passenger car footprint comparison 

4 Concluding remarks 

The simulated conditions numerically demonstrates that an LCA is required to define the best regional 
solution. The BEVs in European scenario achieves an interesting carbon impact, only worse than ICEV 
on E100 or BEV in Brazil. The BEVs in the other considered regions resulted in higher impact than the 
current Brazilian scenario with ICEV fleet already running on E50. The simulated replacement of an 
ICEV by a BEV magnified the mileage breakeven required by the extra-large passenger cars compared 
to compact cars. The ICEV replacement by HEV results in significant footprint reduction at the 
beginning of the driving phase. An unique strategy or technology will not be enough to optimize the 
global fleet GHG contribution. The higher GHG breakeven results from simulations point the 
electrification through BEVs should begin by the high mileage applications, for example, app cars. 
Biofuels availability are clearly an important and immediate option. The calculated results should 
change along time due to the improvement on electricity matrixes or fuels consumed. The fleet 
electrification carbon impact, as fast as could be possible, is slower than the immediate intensifying use 
of biofuels. Enlarging the car dimensions reduces the electrification advantage over biofuels which 
represents an important point to be considered in Brazil were the SUVs are becoming more expressive 
in sales. The battery production footprint is a crucial challenge to be overcome. The substantive higher 
cost of the BEVs as a replacement of a conventional ICEV will certainly limit the people accessibility 
to a passenger car which is an important concern for Brazil, a territorially extensive country with deep 
deficits of public transportation and its capillarity. The implementation of a recharge infrastructure must 
have its footprint taken into account as well. In addition to electrifying the fleet it is mandatory to 
decarbonize the energy matrixes. 
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Nomenclature 

BEV battery electric vehicle, 
𝐶𝑂  carbon dioxide, 
𝐶𝑂 𝑒 equivalent carbon dioxide, 
E0 gasoline, 
E10 gasoline with 10% by v/v of anhydrous ethanol, 
E22 Brazilian homologation gasoline with 22% by v/v of anhydrous ethanol, 
E50 Brazilian fuel with 50% by v/v of ethanol, 
E100 Brazilian hydrous ethanol, 
EOL end of life, 
𝐺𝐻𝐺 greenhouse gases, 
𝐻𝐸𝑉 full hybrid vehicles, 
𝐼𝐶𝐸 internal combustion engine, 
𝐼𝐶𝐸𝑉 internal combustion engine vehicle, 
𝐿𝐶𝐴 life cycle analysis, 
𝑇𝑇𝑊 tank to wheel, 
𝑊𝑇𝑇 well to tank, 
𝑊𝑇𝑊 well to wheel. 
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Abstract 

Brazil is, in its majority, a hot climate country. To promote thermal comfort, several houses, commercial 
buildings, and public spaces use air conditioning systems, primarily refrigerating systems. However, 
these machines require a significant amount of energy to operate. As energy is a valuable and limited 
resource, it must be used strategically and sustainably. Therefore, we have to consume less energy to 
provide the same outcomes, achieving higher energy efficiency. Consequently, it is imperative to use 
the exergy analysis to evaluate these energy conversion systems. For translating the occupants' diversity 
of bodies and heat production, four types of human thermal models will be used to assess thermal 
comfort conditions: a man using lighter clothing, a man in traditional office clothing, and two women. 
We chose these four models since the body composition and basal metabolism rates vary significantly 
between males and females (in the luteal and follicular phase of the menstrual cycle). In addition, the 
insulation of garments influences the thermal comfort conditions. A combination of these four models 
will represent the occupants of a room, modelled by the Cooling Load Temperature Difference method. 
The outputs of these occupants will be used as inputs for a computational model of the room to calculate 
its associated thermal loads and evaluate different temperature setpoints and its effects in thermal 
comfort and energy consumption. These new setpoints are explored as options to provide thermal 
comfort for a more democratic environment with lower energy expenditure and more rational use of 
natural resources. 

1 Introduction 

Civilizations' development and the use of energy are intrinsically connected. As we conceive of the 
world made of matter and energy, all the technology created by society can be translated into the 
transformation and conversion of matter and energy. Most of the meaningful technical and technological 
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revolutions can be associated with these processes: from the beginning of man's handling of fire as a 
way to prepare food and keep themselves warm; to the first industrial revolution, when steam 
empowered production and permanently changed the dynamics of markets. However, although we are 
increasing energy conversion efficiency, there is a physical boundary. The Second Law of 
Thermodynamics governs any energy conversion between its different forms [1], and for all these 
technologies transforming energy sources into work, there are environmental impacts. The authors are 
generating entropy by broadening the vision of the planet Earth as a system. Acknowledging that, it is 
highly relevant to humanity to aim for rational use of the available energy sources. Just as primitive men 
used fire to keep themselves warm, modern society demands energy to promote thermal comfort. 
Buildings represent about 40% of global energy consumption and 30% of carbon emissions, and most 
of this is associated with heating, venting, and air conditioning systems [2]. Therefore, there is a need 
to improve acclimatization systems for more efficient use of energy. A way of evaluating the quality of 
energy usage is through exergy analysis. In this article, exergy analysis is used in a thermodynamic 
model of the human body to assess thermal comfort conditions and evaluate energy consumption to 
acclimate to a modeled environment. Moreover, we applied the exergy balances to assess the interactions 
between the model and building, aiming to minimize the systems' energy use. This last point is a 
distinguish feature of the article in comparison with literature.  

2 Methods 

2.1 Thermodynamic Model of the Human Body 

To estimate people's thermal sensation based on environmental conditions, Fanger proposed the 
Predicted Mean Vote (PMV), as seen in Equation 1. The PMV is a regression of empirical measurements 
of subjects' evaluation of thermal comfort (rating the environment from -3, meaning too cold, to +3, 
pointing too hot) as a function of body metabolism per area unit (�̇� ) and the thermal activity index 
(TAI). TAI is a balance of heat released by the metabolism’s reactions (𝑄), work of activities (𝑊) and 
energy dissipated to the environment (𝐸 ), given by Equation 2. In addition, Fanger presented the 
Percentage of People Dissatisfied (PPD), given by Equation 3, an estimation of the percentage of people 
thermally uncomfortable in the analysed environment, as a function of PMV [3]. 

PMV = 0.303 exp −0.036 �̇� + 0.0028 . TAI (1) 

TAI = 𝑄 − 𝐸 = 𝑀 − 𝑊 − 𝐶 + 𝑅 + 𝐸 + 𝐸 + (𝐸 + 𝐶 )  (2) 

PPD = 100 − 95 exp(−0.003353. PMV + 0.2179. PMV ) (3) 

 
�̇�   body metabolism per area unit, kW/m², 
TAI thermal activity index, dimensionless, 
𝑄

 
heat generated by the body, kW, 

𝐸  thermal activity index, dimensionless, 
𝑊 work of activities, kW, 
𝐶 heat associated to convection with ambient air, kW, 
𝑅 heat associated to radiation to the environment, kW, 
𝐸  evaporation through the skin, kW, 
𝐸  vapour diffusion through the skin, kW, 
𝐸  respirative evaporation, kW, 
𝐶  radiative evaporation, kW. 

 

The human body is essentially a thermal machine that exchanges heat and mass with its environment to 
maintain vital processes. Hence, most of its metabolic and thermoregulatory mechanisms can be 
simplified to heat and mass exchange equations. In the thermodynamic model of the human body 
developed by Mady et al. [4], two control volumes (CV1, representing the macroscopic systems - the 
circulatory and respiratory systems, and CV2, representing the microscopic systems - the cellular 
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metabolism) interact with each other and with the environment (Figure 1). During cellular respiration, 
the metabolism process in CV2 oxidises nutrients, generating work (𝑊), used to provide energy to 
activities, and heat (𝑄 ), that is transferred to CV1. 

 

Figure 1: schematic representation of the thermodynamic model of the human body. Adapted from 
Mady et al. [4]. 

CV1 interacts with the surroundings through the skin, as air convection (𝑄 ), radiation (𝑄 ) and 
water vaporisation (𝐻 ), and through the lungs, as enthalpy flows (𝐻  and 𝐻  ). All these heat 
exchange and conversion processes are then combined in an energy balance (Equation 4) and an exergy 
balance (Equation 5), as a function of the internal energy (U) and exergy (B) derivatives. The terms in 
parenthesis are usually unified in a term designed transferred energy to the environment (𝐸 ) and 
transferred exergy to the environment (𝐵 ) [4]. 

dU

𝑑𝑡
= �̇� − �̇� − �̇� + �̇� + �̇� + Δ�̇� = �̇� − �̇� − �̇�  (4) 

dB

𝑑𝑡
= �̇� − �̇� − �̇� + �̇� + �̇� + Δ�̇� = �̇� − �̇� − �̇�  (5) 

 

As thermal comfort is given as points of minimal destroyed exergy (𝐵 ) [5] and minimal 𝐵  [6], Mady 
et al. [4] combined these exergy indicators with PMV and PPD to assess thermal comfort. 

In this article, the model developed by Mady et al. [4] was combined to the cylindrical model of the 
thermoregulatory system proposed by Ferreira and Yanagihara [7] and adapted to represent both males 
and females. The four layers (the inner layer (core) representing the internal organs, bones and 
conjunctive tissue; followed by the muscle, fat and skin layers) had their masses defined as percentages 
of the total body mass, according to Table 1. Setting the height and body mass as the average height for 
Brazilian men and women (1.71 m and 73.1 kg for males and 1.59 m and 62.5 kg for females [8]), the 
volume of each layer was calculated from the mass and the pounded average specific mass of its tissues. 
The thermophysical properties proposed by Ferreira and Yanagihara [7] were used for both sexes, and 
the body metabolism of each model was determined using the contribution of each tissue layer, and is 
equivalent to the basal metabolic rate. The models are assumed to be in a standing position and at rest. 
The body’s control system includes shivering, sweating and vasoconstriction/vasodilation mechanisms, 
and is activated when its temperature departs from the neutrality (the thermal comfort temperature). For 
representing the circulatory system and its heat and mass exchanges with tissues, Penne’s perfusion 
model was considered. The solver used in this calculations was EES®. 
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Table 1: Mass percentage of each layer in the male and female models (based on [9]). 

Layer Male model Female model 
Core 39.73% 36.58% 
Muscle 35.02% 29.28% 
Faat 19.55% 28.44% 
Skin 5.40% 5.40% 
Blood 0.30% 0.30% 

Regarding clothing, for the female models it was assumed a knee skirt with a long sleeved shirt (meaning 
a clothing insulation of 𝐼 =  0.67 CLO). For the males, two models were created: one in typical 

office clothing (full suit with a long sleeved shirt, with 𝐼
,

=  0.96 CLO) and the other one in 
lighter garments (with the same clothing insulation as the female model, 𝐼

,
=  0.67  CLO, to 

allow a better comparison). Also, as females undergo metabolism changes during the menstrual cycle, 
one of the female models was assumed to be in the luteal phase, meaning an increase of 13.4% in basal 
metabolic rate, and the other in the follicular phase, with no increase in the expected basal metabolic 
rate for its height, and weight and body composition. 

2.2 Modelled environment 

The normative, ASHRAE, presents the Cooling Load Temperature Difference Method (CLTD). It is a 
simple method for calculating the thermal load associated with a building envelope [5] to guarantee a 
thermal environment that provides thermal comfort conditions [10]. It considers [11]: 

1. The geographical factors (including sunlight angle of incidence) and environmental parameters 
such as average external temperatures. 

2. Changes in occupancy profile, hence, the number of individuals inside the space and the level 
of physical activity they engage. 

3. Installed equipment, such as lighting systems, computers, and other operating machines. 

4. The building construction settings such as the walls, fenestration and roof materials, area, 
thickness, and colour of the external wall. 

This method is based on tabulated values for standardized environmental conditions and locations 
obtained through a transfer function. The equations for calculating each of the thermal loads (walls, 
fenestration, occupants, equipment, and roof) are pointed out in Spitler et al. [12]. 

To assess thermal comfort conditions of occupants represented by the created models, a simple room 
was designed. The environment is located in the Brazilian city of Campinas (24° S 45° W) in February, 
historically the hottest month in the region [13], and consequently, the period when the cooling load 
demand is at its maximum. To simplify calculations, the walls were assumed orthogonal to North, South, 
East and West directions, as shown in Figure 2. The North and West walls are next to other rooms, 
facing inside the building, and the South and East walls are facing the outside, exposed to the Sun, and 
have windows in it. The dimensions used for walls and windows are shown in Table 2. 
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Figure 2: Representation of the main dimensions of the modelled environment. 

Table 2: Modelled environment dimensions. 

Description Symbol Dimension [m] 
Height of the walls ℎ 3 
Length of the North/South facing walls 𝑎 4 
Length of the East/West facing walls 𝑏 4 
Length of the East facing window 𝑏 ,  1.5 
Height of the East facing window ℎ ,  1 
Length of the South facing window 𝑏 ,  1.5 
Height of the South facing window ℎ ,  1 

 

The walls are made of brick and a layer of finish (Group F). The building is located in an urban zone, 
and the ceiling is made of two layers (50mm of concrete and 25mm of insulation, represented by Group 
4). The coefficients and properties of walls and ceiling’ materials and configurations are shown on Table 
3. 

Table 3: Properties used for the walls and ceiling of the environment model. 

Description Value 
Thermal exchange coefficient of walls 𝑈  2.38 W/(m².°C) 
Specific mass of walls 𝜌   190 kg/m³ 
Colour factor of walls K 1 
Latitude correction factor for North facing walls 𝐿𝑀 ,  5.5 
Latitude correction factor for South facing walls 𝐿𝑀 ,  -2.2 
Latitude correction factor for East and West facing walls 
𝐿𝑀 , /  

-1.6 

Thermal exchange coefficient of ceiling 𝑈  1.17 W/(m².°C) 
Specific mass of ceiling 𝜌   142 kg/m³ 
Latitude correction factor for ceiling 𝐿𝑀  0.5 

The room is assumed empty, except for the occupants, so there is no equipment beside the lightning 
system, composed of two fluorescent lamps of 600 lux (of 36 W and reactor factor FB = 1.25). 

In the conducted simulations, there were four occupants, two males and two females. It was assumed 
that one half of the females were in the luteal phase, and the other in the follicular phase of the menstrual 
cycle, as it changes basal metabolism rates. For the men, 80% of the thermal load was calculated 
assuming typical office clothing and 20% assumed lighter garments (consequently, a lower clothing 
insulation). The radiative, convective, respirative and evaporative thermal loads associated with 
occupants were obtained from the thermodynamic models of the human body, both for males and 
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females [10]. The CLTD method proposes standardised occupant’s thermal loads, but this method 
provides a more responsive calculation of the exchanged heat, as it takes into account the body response 
to environmental conditions. 

3 Results and Discussion 

To validate the model of the human body, Food and Agriculture Organization (FAO) [14] metabolism 
equations were used to estimate the expected metabolism for males and females, based on the Brazilian 
average height and weight. The metabolic rates of 𝑀 =  56.9 W/m² and 𝑀 =  50.4 W/m², for 
females and males, respectively, are lower, but relatively close to the 𝑀  =  60.8 W/m² and 
𝑀 =  54.8 W/m² obtained in these simulations. Also, as proposed by literature, the metabolic rate 
calculated for males is higher than for females (FAO proposes a 12.9% increase, versus the 11.0% 
obtained increase in metabolism). Figure 3 shows the cooling thermal load for the modelled room 
throughout the day. The HVAC system operative temperature was set as the thermal comfort 
temperature for the male model, and occupancy was defined as full, in work hours (from 8 am to 5 pm) 
and null in the rest of the day/night. 

 

Figure 3: Graph of thermal load as a function of the hour of the day. 

The curve in Figure 3 points to negative thermal load during dawn (between 1 am and 7 am), which can 
be related to the zero occupancy, lower external temperatures and absence of solar radiation. The thermal 
load peak occurs at 2 pm, due to the thermal inertia of the building. Shortly after occupants leave the 
room, there can be noted a sharp decrease in thermal load, around 5 pm. With no people in the 
environment, the HVAC system no longer needs to compensate for the latent and sensible thermal load 
associated with the human body, which evidences the influence of occupants in the demanded cooling 
load to maintain the operative temperature. 

Combining the calculated required cooling load for several operative temperatures and the thermal 
comfort indicators from the human models, it was possible to relate energy savings, HVAC temperature 
setpoints and thermal comfort sensations for occupants, as shown in Figure 4. It can be noted that the 
thermal load tendency is of a linear decrease with the operative temperature increase (within the range 
from 23° C to 26° C, usual range of HVAC operative temperature setpoints). Once the cooling load is 
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directly proportional to energy consumption, being related by the COP of the HVAC equipment, it can 
be concluded that the energy demand decreases with the raise of temperature setpoint. 

 

 

Figure 4: Graph relating thermal comfort points with operative temperature and associated thermal 
cooling load. Evolution from figure presented in [10], taking into account the thermal envelope 

The Brazilian national sanitary regulation administration establish the recommended dry bulb 
temperature range for artificially climatized environments of 23° C to 26° C, in the summer, and of 20° 
C to 22° C on winter [14/15].  Comparing the thermal comfort points and the cooling load curve, it can 
be observed that adopting temperature setpoints close to the point of thermal comfort for the male model 
in lighter clothes and for the female in luteal phase models (about 25.2° C) would represent a 4.5% 
smaller cooling load when compared to the thermal comfort temperature associated to the male in full 
suit model (about 23.7 °C). In a full day operation, it would save 3500 Wh with artificial climatization. 

Besides this economic advantage, enhancing thermal environments can increase productivity up to 5%, 
representing about 125 billions of dollars annually [16]. When PMV is excessively high or low, that is, 
distant from thermal neutrality, there can be noted a decrease in human performance [17]. However, 
especially for non-repetitive tasks, such as the most performed in offices, it is complicated to define 
methodologies for productivity measuring [18]. In the other hand, even though it is difficult to measure 
numerically these effects of thermal comfort in human productivity, current literature strongly suggests 
that promoting thermal comfort and enhancing human performance are related.  

4 Conclusions 

Though literature review and the analysis of results in the conducted research, it can be concluded that: 

 Men tend to be in thermal comfort in lower temperatures than women. This effect can be 
associated mostly to higher metabolic rates in men, due to their greater relative body mass 
percentage of muscles; 
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 The insulation of clothing has a big effect in thermal comfort temperature, and wearing lighter 
garments makes comfort temperature to be higher. With that in mind, promoting a more casual 
dress code and avoiding the use of full suit, especially in hot climate regions, allow an increase 
of the operative air-conditioning temperature without causing thermal discomfort for men. 
Besides that, it makes the thermal comfort temperature of men and women closer together; 

 The influence of occupants in thermal load is considerable. The demanded cooling load is higher 
during full occupancy hours, what points that better adjusting the operative temperature to 
occupants’ thermal comfort points can be a strategic way to save energy; 

 Lastly, as energy consumption decreases linearly with operating temperature the range (from 
23° C to 26° C), reducing the temperature setpoint range of refrigeration systems to 24.5° C to 
26° C on summer (alongside encouraging the use of lighter clothing in offices) would imply not 
only providing thermal comfort for more occupants, but also decrease thermal cooling loads, 
offering energy savings and consequently economic benefits.  
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Abstract 

The anthropogenic CO2 emissions have been proven to cause climate change in recent decades. To 
reduce the CO2 emissions in the energy industry, a modified Allam cycle co-fired by biomass and natural 
gas has been proposed and further evaluated. Comprehensive thermodynamic and mathematical models 
of the system are developed. A sensitivity analysis is conducted to investigate the effects of co-firing 
ratio as well as other key parameters on the system performance. The results show that the introduction 
of natural gas improves cycle performance. The energetic efficiency of the proposed system is in the 
range of 43.44% to 49.28%. With the increase in the co-firing ratio from 20% to 100%, the energetic 
and exergetic efficiency decreases continuously while the specific negative CO2 emission increases from 
42.6 kg/MWh to 241.8 kg/MWh. The exergy destruction of the combustor decreases from 23 MW to 14 
MW, while the exergy destruction of the gasifier increases from 5 MW to 25 MW. The effects of the 
outlet temperature of the combustor and the maximum cycle pressure on the energetic efficiency are 
also investigated. It shows that increasing the outlet temperature of the combustor has a positive impact 
on the energetic efficiency of the overall system. And there exists an optimal maximum cycle pressure 
to maximize the energetic efficiency under each co-firing ratio. 

1 Introduction 

To reduce global carbon emissions, the utilization of renewable energy sources with carbon capture and 
storage (CCS) is the most perspective method to decarbonize the power industry. Biomass will absorb 
CO2 from the atmosphere during the growth process; thus, the power plants firing biomass with CCS 
can indirectly remove CO2 from the air. Biomass has multiple advantages as an energy source, including 
immense availability, low sulfur content, less ash generation, and carbon neutrality [1]. Among the 
different types of thermochemical processes for biomass conversion (combustion, gasification, 
pyrolysis, biochemical process: digestion, and fermentation), gasification is considered to be one of the 
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most efficient and flexible options [2]. Due to the capacity to transform solid fuels into gaseous fuels, 
this technology has several benefits, such as the possibility of pre-combustion control emission, various 
feedstock availability, and multiple application scenarios. Therefore, biomass gas as a fuel for power 
generation has obtained increasing attention in recent decades. However, there are still some inherent 
disadvantages of biomass as an energy source hindering its implementation at a large scale [3]. The 
heating value of biomass is much lower than fossil fuels. The requirements for land and water are 
considerably high in order to achieve the same power output as fossil fuels. There is extra power 
consumption in the process of converting biomass into chips or pellets. To overcome these shortcomings 
of biomass, co-firing biomass with fossil fuels is a promising alternative. 

Due to the high efficiency and low carbon emissions, natural gas is a promising option for achieving 
highly efficient power generation in co-firing power plants. Wang et al. [4] proposed a combined 
cooling, heating, and power system co-fired by natural gas and biomass. With the volume ratio of natural 
gas increasing from 0 to 1.0, the energetic and exergetic efficiencies were improved by 9.5% and 13.7%, 
respectively. Khorshidi et al. [5] evaluated the performance of NGCC plant retrofitted with biomass gas 
co-firing with three co-firing levels and three biomass gasification technologies. The highest co-firing 
ratio is just 40%, because co-firing biomass syngas with the lower heating value might be incompatible 
with existing equipment in the NGCC power plant at a high co-firing level. Agbor et al. [6] developed 
techno-economic models to evaluate 60 different scenarios involving various biomass feedstocks co-
fired either with coal or with natural gas. The results revealed that the fully paid-off power plant co-
fired coal with forest residues is the most attractive option, with the levelized costs of electricity of 53.12 
$/MWh – 54.50 $/MWh. Moharamian et al. [7] proposed three biomass and biomass-natural gas co-
firing combined cycles, including an externally-fired combined cycle, biomass integrated co-fired 
combined cycle, and a biomass integrated post-firing combined cycle. Thermodynamic and 
thermoeconomic analyses were conducted of these three cycles. The results showed that the biomass 
integrated post-fired combined cycle has the highest energetic and exergetic efficiencies of 0.37 and 
0.34, respectively, and the externally fired combined cycle has the lowest energetic and exergetic 
efficiencies of 0.36 and 0.21, respectively. Zhang et al. [8] proposed a combined cooling, heating, and 
power (CCHP) system co-firing biomass with natural gas integrated with a ground source heat pump. 
The results showed that the exergetic efficiency of the system was improved by the introduction of 
natural gas. Ghiami et al. [9] proposed a multi-staged oxy-combustion system using biomass gas and 
natural gas as fuels. The results revealed that the levelized cost of electricity (LCOE) increased with 
increasing the flow rate of biomass, and the energetic efficiencies are in the range of 42.6% to 45.5%. 

To date, the reports of the power plants co-fired by biomass and natural gas with CCS are scarce. 
Therefore, a modified Allam cycle by co-firing biomass syngas with natural gas is proposed and 
evaluated in this work. Aspen Plus is used to develop the process simulation. The effects of the co-firing 
ratio and the combustor outlet temperature on the system performance are discussed. 

2 System description and analysis method 

2.1 System description 

The schematic of the biomass and natural gas co-firing Allam cycle is presented in Figure 1. The biomass 
enters the gasifier along with steam and high purity oxygen at elevated pressure. The produced high-
temperature raw syngas sequentially heats the recycled CO2 from the power cycle, the clean syngas, and 
the water. After ash removal, the low-temperature syngas is sent to Regenerator 2 to heat the recycled 
CO2 from Pump 2. The clean syngas is compressed to the required pressure after removing water and 
H2S and finally sent to the combustion chamber. 

In terms of the power cycle section, it should be noted that the configuration of the regenerator is 
different from that in the original Allam cycle [10][11]. In the previous studies [10][11][12], the 
regenerator is considered as a multi-stream heat exchanger, which consists of two hot streams and three 
cold streams. It is difficult to transfer heat between the five streams with only one multi-stream heat 
exchanger in a practical power plant. Rogalev et al. [13] developed a novel regenerator layout for the 
Allam cycle, which was split into five two-stream heat exchangers. Firstly, the coolant flow is heated 
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by the hot air in the first two-flow heat exchanger. Secondly, the recycled CO2 flow and the oxidant 
flow were used to absorb the remaining heat of the hot air in the second and third two-flow heat 
exchangers. Finally, the recycled CO2 flow and the oxidant flow are heated by the flue gas in the fourth 
and fifth heat exchangers, respectively. However, the regenerator with five two-stream heat exchangers 
transferred heat 2.5% lower than the ideal multi-stream regenerator. In this work, the five-stream 
regenerator is split into two two-stream heat exchangers and one three-stream heat exchanger, as shown 
in Figure 1. The exhaust of the turbine is split into two flows, one heating the recycled CO2 and the 
coolant gas in Regenerator 1 and Regenerator 2, and the other heating the oxidizer in Regenerator 3. 
The recycled CO2 from Pump 2 is preheated in Regenerator 2 by the low-temperature syngas and part 
of the turbine flue gas, and then a small portion of the recycled CO2 is extracted for cooling the turbine. 

 

 

Figure 1: Schematic of the Allam cycle co-firing biomass and natural gas 

2.2 Analysis method 

2.2.1 Calculation assumptions 

The thermodynamic model of the co-firing system is established in Aspen Plus, and the data processing 
and analysis are conducted using MATLAB. 

Peng-Robinson equation of state is selected in Aspen for calculating the fluid properties. The power 
consumption of the oxygen from air separation unit (ASU) is assumed to be 1391 kJ/kg at 99.5% purity, 
15 ℃ and 120 bar, according to [11]. 
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The composition and properties of the fuels are presented in Table 1 [11][14]. The efficiencies of the 
turbomachines and the pressure drops of the main components are listed in Table 2. Table 3 displays the 
basic operating parameters of the proposed system. 

Table 1: Composition and properties of the fuels 

Item Value Item Value 
Natural gas analysis, vol%  Biomass composition, wt% (air-dried basis)  
Methane 89 Moisture 5.525 
Ethane 7 Fixed carbon 11.004 
Propane 1 Ash 2.686 
Butane 0.1 Volatile matter 80.785 
Pentane 0.01 C 45.011 
CO2 2 H 6.094 
N2 0.89 N 0.601 
Temperature (℃) 15 S 0.043 
Pressure (bar) 70 O 40.040 
LHV (MJ/kg) 46.502 LHV (MJ/kg) 17.565 
  HHV (MJ/kg) 19.080 

 

Table 2: Turbomachine efficiency and pressure drops 

Item Value 
Turbomachine efficiency, %  
Isentropic efficiency of CO2 turbine 90 
Polytropic efficiency of All compressors 85 
Hydraulic efficiency of all pumps 85 
Pressure drops, %  
Combustor 1 
Regenerator high-pressure streams 1 
Regenerator low-pressure streams 3 
Separator 2 
Other heat exchangers 2 

 

Table 3: Basic operating parameters 

Item Unit Value 
LHV of feedstock MWth 100 
Combustor outlet temperature ℃ 1150 
Turbine inlet pressure bar 300 
Turbine outlet pressure bar 34 
Gasification temperature ℃ 1100 
Gasification pressure bar 40 
Steam/biomass ratio - 0.3 
Ambient temperature ℃ 15 
Ambient pressure bar 1.013 
Cooling water temperature ℃ 15 
Minimal hot end temperature difference of the regenerator K 10 
Minimal pinch point temperature difference of the regenerator K 5 
Minimal pinch point temperature difference of other heat exchangers K 5 
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2.2.2 Thermodynamic and environmental analysis 

To evaluate the thermodynamic and environmental performance of the proposed system, the energetic 
efficiency (𝜂 ), exergetic efficiency (𝜀 ) and specific negative CO2 emission (𝑒 ) are defined as 
[7], 

𝜂 =
�̇�

�̇� ∙ 𝐿𝐻𝑉 + �̇� ∙ 𝐿𝐻𝑉
 (1) 

𝜀 =
�̇�

�̇� , + �̇� , + �̇� , + �̇� ,

 (2) 

𝑒 =
�̇� ,

�̇�
 (3) 

�̇�   the net power output of the proposed system, MW, 
�̇�   the mass flow rate of the supplied biomass, kg/s, 
�̇�   the mass flow rate of the supplied natural gas, kg/s, 
�̇� ,   the exergy rate of the biomass, MW, 
�̇� ,   the exergy rate of the natural gas, MW, 
�̇� ,   the exergy rate of the air, assuming equal to zero under ambient conditions, MW, 
�̇� ,   the exergy rate of the water, assuming equal to zero under ambient conditions, MW, 
�̇� ,   the CO2 emissions of complete biomass combustion, assuming it comes entirely from the 

atmosphere, kg/s. 
For the exergy rate of the biomass (�̇� , ), it can be estimated from HHV [15], 

�̇� , = 1.047 ⋅ HHV ⋅ �̇�  (4) 

For the exergy rate of the natural gas (�̇� , ), it equals the sum of the physical and chemical exergies 
when the changes of kinetic and potential exergies are neglected, given as [16], 

�̇� , = �̇� + �̇�  (5) 

The physical exergy of each stream is calculated by, 

�̇� = �̇� [(ℎ − ℎ ) − 𝑇 (𝑠 − 𝑠 )] (6) 

And the chemical exergy can be calculated as 

�̇� = �̇� [∑ 𝑥 𝑒 + 𝑅𝑇 ∑ 𝑥 ln (𝑥 )]  (7) 

where 𝑥  and 𝑒  are the molar fraction and standard chemical exergy of the jth composition of the 
natural gas. 
The specific negative CO2 emission indicates the CO2 removal rate from the atmosphere per unit of 
electricity generation if the CO2 emissions of the biomass from its growing to transportation are ignored. 
Thus, a higher 𝑒  represents that the co-firing power plant achieves a better environmental 
performance. 

3 Results and discussion 

3.1 Model validation 

The current system mainly consists of three parts, i.e., biomass gasification process, the Allam power 
cycle and the ASU. The ASU process is not modeled and is treated as a “black box” sub-system [17]. 
Thus, only the specific power consumption of ASU is considered. For the Allam cycle, it has been 
validated in the previous work of the authors [18]. The method of gasification in this study is validated 
based on the results reported in [19], as displayed in Table 4. The results of the gasification process in 
this study are in good agreement with the data in [19]. 
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Table 4: Benchmark of the syngas composition 

Component (molar %) Reference [19] This study 
H2O 27.28 27.28 
CO 29.42 29.41 
CO2 13.30 13.30 
H2 29.56 29.57 

3.2 Thermodynamic analysis 

The thermodynamic and environmental performance of the Allam cycle co-fired by biomass and natural 
gas at different co-firing ratios is summarized in Table 5. In this work, the co-firing ratio represents the 
ratio of biomass energy input to the total energy input, which is defined as, 

𝐹 =
�̇� ∙ 𝐿𝐻𝑉

�̇� ∙ 𝐿𝐻𝑉 + �̇� ∙ 𝐿𝐻𝑉
 (8) 

As can be observed in Table 5, increasing the co-firing ratio from 20% to 100% leads to a clearly 
decrease in energetic efficiency and exergetic efficiency of the proposed system. The energetic 
efficiency of the system ranges from 43.44% to 49.28%. The reason for the decreased energetic 
efficiency is that the heating value of biomass is much lower than that of natural gas. When the co-firing 
ratio increases from 20% to 100%, the net power output is reduced slightly, i.e., from 50.12 MW to 
47.66 MW. However, due to the increment of the mass flow rate of the biomass, the total power 
consumption of the gasification process is increased by around 5 times, from 0.84 MW to 4.22 MW. As 
a result, the net power output of the proposed system decreases from 49.05 MW to 43.22 MW. The 
power consumption of air separation unit contributes a large part of the load, accounting for about 10% 
of the energy input. 

Table 5: Characteristics of the system at different co-firing ratios 

 F=20% F=40% F=60% F=80% F=100% 

Biomass flow rate (kg/s) 1.139 2.277 3.416 4.555 5.693 
Natural gas flow rate (kg/s) 1.72 1.29 0.86 0.43 0 
LHV of feedstock (MW) 100 100 100 100 100 
Turbine power output (MW) 75.11 74.13 73.19 72.25 70.47 
ASU power consumption (MW) 10.95 10.77 10.59 10.41 10.22 
Total turbomachine consumption of power 
cycle section (MW) 

14.04 13.70 13.37 13.06 12.59 

Total turbomachine consumption of 
gasification process (MW) 

0.84 1.69 2.53 3.38 4.22 

Net power output of the system (MW) 49.28 47.99 46.70 45.41 43.44 
Flow rate of turbine exhaust (kg/s) 164.3 162.6 161.0 159.4 155.9 
Flow rate of clean syngas (kg/s) 1.48 2.95 4.43 5.91 7.38 
Cooling gas (stream 17) temperature (℃) 146.8 154.7 163.0 171.9 172.6 
Recycled CO2 final temperature (℃) 684.8 709.4 734.7 760.8 777.5 
Temperature of stream 34 (℃) 60 60 60 60 100 
Energetic efficiency (%) 49.28 47.98 46.70 45.41 43.44 
Exergetic efficiency (%) 46.20 44.25 42.38 40.56 38.20 
Specific negative CO2 emission 
(kg_CO2/MWh) 

42.6 87.6 135.0 185.1 241.8 

In the previous studies [10][20], the adiabatic compression heat of the main air compressor or booster 
compressor in ASU is supposed to be utilized to balance the heat capacity difference between the two 
sides of the regenerator. In this work, the heat released by the low-temperature syngas after ash removal 
is provided to the generator, as illustrated in Figure 1. With the increase in biomass flow rate, more 
waste heat of the low-temperature syngas is supplied to the regenerator, resulting in an increasing in the 
final temperature of the recycled CO2. Note that when the co-firing ratio is 100%, the waste heat of the 
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low-temperature syngas exceeds the requirement of the recycled CO2. Therefore, the outlet temperature 
of the syngas at Regenerator 2 is changed to 100 ℃ at co-firing ratio of 100%. In terms of the 
environmental performance, a higher co-firing ratio will lead to a larger specific negative CO2 emission, 
resulting in a more sustainable and environmentally friendly electricity generation. 

Figure 2 displays the exergy destruction of the key components at different co-firing ratios. For the 
proposed system, the first five highest exergy destruction values come from the combustor, gasifier, 
regenerator, turbine, and CO2 compressor, which account for more than 88% of the total exergy 
destruction. As can be seen in Figure 2, the combustor and the gasifier are the top two exergy destruction 
contributors under different co-firing ratios. When the co-firing ratio is low, e.g. F=20%, the combustor 
has the highest exergy destruction (about 23 MW), accounting for 50% of the total exergy destruction, 
due to the irreversibilities within combustion reaction and high temperature difference between reactants 
and products. As the co-firing ratio increases, the portion of the gasifier’s exergy destruction is increased 
considerably, which is up to 44% when the fuel is only syngas. Meanwhile, the ratio of the combustor’s 
exergy destruction to the total exergy destruction is decreased to about 24%. The main reason is that a 
lower heating value of the syngas leads to a lower mass flow rate of the moderator for the combustion, 
resulting in a lower mass flow rate of the reactants in the combustor. 

 

Figure 2: Exergy destruction of the main components under different co-firing ratios. 

Figure 3 reports the effect of the combustor outlet temperature on the energetic efficiency with different 
co-firing ratios. As demonstrated in Figure 3, the outlet temperature of the combustor has a significant 
impact on the energetic efficiency. Taking co-firing ratio of 40% as an example, the energetic efficiency 
increases from 42.73% to 48.55% with increasing the combustor outlet temperature from 900 ℃ to 1200 
℃. For a given fuel input, the outlet temperature of the combustor is controlled by the mass flow rate of 
the recycled CO2. A higher combustion temperature leads to a lower mass flow rate of the recycled CO2. 
Therefore, the temperature of the recycled streams (streams 19 and 24) exiting from the regenerators 
will increase due to the elevated temperature of the flue gas and the reduced mass flow rate of the 
recycled streams. As a result, the unreasonable temperature difference at the hot end of the regenerator 
is decreased and the heat transfer irreversibility of the regenerator is improved. However, when the 
combustor outlet temperature exceeds a certain value, like 1200 ℃ for 40% co-firing ratio, the 
temperature difference at the hot end of the regenerator will be lower than 10 K. In addition, note that 
correct simulation results are not obtained for co-firing ration of 100% at low outlet temperatures of the 
combustor. 
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Figure 3: Effect of combustor outlet temperature on energetic efficiency with different co-firing ratios. 

Figure 4 shows the effect of the maximum cycle pressure on the energetic efficiency of the system with 
different co-firing ratios. Unlike the combustor outlet temperature, the maximum cycle pressure has a 
much small effect on the energetic efficiency of the overall system. With the increase in the maximum 
cycle pressure from 260 bar to 360 bar, there exists an optimal value of the energetic efficiency for each 
co-firing ratio. And different curves have similar trends, indicating that the effects of the maximum 
cycle pressure on the energetic efficiency are the same under different co-firing ratios. 

 

Figure 4: Effect of maximum cycle pressure on energetic efficiency at different co-firing ratios. 

4 Conclusion 

A modified Allam cycle co-firing biomass with natural gas was proposed in this study. And a scheme 
of the regenerator in the Allam cycle, consisting of two two-stream heat changers and one three-stream 
heat exchanger, was developed. The thermodynamic analysis and discussion with different co-firing 
ratios were conducted for the proposed system. Finally, the effects of the combustor outlet temperature 
and the maximum cycle pressure on the energetic efficiency were reported. The results revealed that 
with the increase in the co-firing ratio from 20% to 100%, the energetic efficiency ranges from 49.28% 
to 43.44% and the exergetic efficiency ranges from 46.20% to 38.20%, respectively. The exergy 
destruction of the combustor decreases from 23 MW to 14 MW, while the exergy destruction of the 
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gasifier increases from 5 MW to 25 MW. And the five highest exergy destructions come from the 
combustor, gasifier, regenerator, turbine, and CO2 compressor. Although a higher ratio of biomass will 
deteriorate the net power output of the co-firing system, it will result in more CO2 removal from the air. 
Furthermore, the sensitivity analysis showed that increasing the outlet temperature of the combustor has 
a positive impact on the energetic efficiency of the system. The maximum cycle pressure has a much 
smaller impact on the energetic efficiency compared to the combustor outlet temperature. 
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Abstract 

The recycling of materials is the basic postulate of the circular economy concept . The circular economy 
upper limit is the self-sustaining economy with full recycling. The full recycling idea originates from 
the ancient world and, depicted as a hypothetic creature ouroboros, is transformed in the next centuries 
in various aspects. In this work an attempt is made to analyze this hypothesis from a thermodynamic 
point of view and estimate to what extent it is possible to converge on the limit. Тhe full recycling 
hypothesis is not again the mass and energy conservation laws, as the ouroboros, used as a simplified 
model,  is a closed system without material and energy flows from and to the environment. From the 2nd 
Law of thermodynamics point of view it is a reversible system and consequently its existence is 
impossible. As the idea of ouroboros is the full material recycling, so at least one energy flow should 
enter into the system and the exergy of this energy flow would be destroyed fully or partially, thus the 
real process would be irreversible. Unfortunately, the full material recycling seems impossible to be 
implemented as a real process due to two main reasons. First is the source of exergy. The term “self-
sustaining economy” can’t be defined correctly for a particular country, as some material flows (e.g. 
machinery, feedstock, etc.) necessary for the recycle processes implementation, could be imported from 
other countries. Consequently, the correctly defined “self-sustaining economy” should include the 
overall planet Earth economy and the exergy, necessary for recycling, could be delivery from the Sun 
only. The question is would be all this exergy sufficient and available for a real world circular economy 
with a huge number ot feedback circles of the recycling of all machinery, utilities, feedstock, etc., 
necessary to implement the recycling of a product. The second limitation concerns the recyclability lack 
of the chemical elements and their compounds and has two aspects. The first one is the physical 
dispersion of elements, mostly metals and their compounds into the environment. The second is relevant 
to the chemical and/or biochemical transformations of most non-metals. The recyclability of the 
materials depends mainly on their chemical resistance. The most resistant and most recyclable metals 
are gold and platinum. The rare earth elements (REE) recent applications and growing depletion are 
very actual and needs urgent measures. 
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1 Introduction 

The circular economy concept is based on the recycling of wastes and products after the end of their 
life. (Fig.1) [1]. Currently the term “recycling” is used in three somewhat different meanings: 

 recycling of materials, consisting of some substances, e.g. paper, glass, some polymers, etc. This 
is the oldest kind of recycling, good organized and rather efficient.  

 recycling of substances (chemical compounds), e.g. some polymers, metal oxides, etc.  

 recycling of pure chemical elements, mainly metals, e.g. iron and steel (accepted conventionally 
as pure element iron), copper, precious and rare metals, etc. 

Really, the essence of all recycling processes is to recovery one or more elements. The recovery of 
elements is crucial due to their limited quantities in the earth crust. 

Traditionally the application of a waste recycling depends mainly on the economic parameters of the 
process: if the production of a product by recycling is more profitable than from natural feedstock. Some 
examples of commonly used recycle processes are mentioned above. A typical example in last decades 
is the growing share of steel production through scrap melting in electric furnaces, which replaced to a 
great extend the traditional iron production from iron ores in blast furnaces.  

However, despite the initiatives and efforts of leading international organizations as UN, EC, etc., up to 
date the recycling processes application is still rather low and not sufficient to slow down the intensive 
depletion of some natural resources, as rare metals ores, etc.   

To estimate the real possibilities of the recycling processes implementation, it would be useful to 
evaluate the theoretical and practical maximum share of the overall materials recycling in the global 
economy.     

The circular economy upper limit is the self-sustaining economy with full recycling. The full recycling 
idea originates from the ancient world and, depicted as a hypothetic creature ouroboros (Fig.2) [2], is 
transformed in the next centuries in various aspects. In this work an attempt is made to analyze this 
hypothesis from a thermodynamic point of view and estimate to what extent it is possible to converge 
on the limit. 

 

 
 

Figure 1: Conceptual diagram of a circular 
economy [1[. 

 
 

Figure 2: Ouroboros[2]. 

2 Idealistic model of global full material recycling economy 

Тhe full recycling hypothesis is not again the mass and energy conservation laws, as the ouroboros, used 
as a simplified model,  is a closed system without material and energy flows from and to the 
environment. From the 2nd Law of thermodynamics point of view it is a reversible system and 
consequently its existence is impossible. As the idea of ouroboros is the full material recycling, so at 
least one energy flow should enter into the system and the exergy of this energy flow would be destroyed 
fully or partially, thus the real process would be irreversible [3,4]. 
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In full recycle economy each product should be recycled endlessly, consequently no additional natural 
resources should be used and no wastes released to the environment., And yet, some material flows 
should be put into the full recycle economy for two reasons: first, various new products are developing 
and producing using some new feedstock and second, the world population is growing continuously and 
new generations should be provided with everything they needs (Fig. 3). 

However, the full recycling means not only the recycling of all elements from a product. For the recycle 
processes implementation some additional material flows (auxiliary feedstock) are used and some by-
products and/or wastes are generated. All elements of these output flows should be also recycled. The 
various equipment is also used in the recycled process and should be subject of demolishing and 
recycling of the elements after the end of the life. So, an infinite series of recycle processes is generated 
and a huge set of interwoven recycling chains form а global net  and could be traced out by LCA with 
an acceptable accuracy.  

Obviously, these recycling chains can’t be generated in a particular country as in modern global 
economy the production and usage of a product in most cases happen in different countries. So, the term 
“self-sustaining economy” can’t be defined correctly for a particular country, but should include the 
overall planet Earth economy.  

3 Is the idealistic model of global full material recycling economy again the 
2nd Law of thermodynamics? 

The basic assumption of the above idealistic model is the idea of ouroboros is that the full material 
recycling, would be possible as a real process if at least one energy flow should enter into the system 
and the exergy of this energy flow would be destroyed fully or partially, thus the real process would be 
irreversible. 

This statement means that a real irreversible process could be divided to 2 components: reversible 
concerning materials and irreversible concerning energy.  

It is not clear if this model is against the 2nd Law of thermodynamics, as, hypothetically, it is sufficient 
even one component of a complex process to be irreversible and the overall process would be irreversible 
[3,4]. Therefore, theoretically such a dual process could exist as a real irreversible process.  However, it 
should be proved if the recycling of materials could be implemented as a reversible process, without any 
losses and if the materials could be fully recovered infinitely without quantitative and qualitative 
variations. The grade of convergence to full recyclability depends on the material properties, mainly 
chemical resistance, application mode and economic value. The classical example of a highest 
recyclability grade, near to 100%, are precious (noble) metals, firstly gold and platinum. When used in 
jewellery, their recyclability can reach near to 100%. However, as the properties of these special 
materials keep near constant, so the exergy consumption for their recycle would be minimum and 
approach to zero, So, such a dual process consisting from a reversible and an irreversible parts can’t 
exist and both parts of the real recycle process should be irreversible 

4 Full recycling limitations and obstacles: recyclability and exergy 
consumption 

The full material recycling seems impossible to be implemented as a real process due to some 
insuperable obstacles and limitations which might be аsigned to two major groups: The first is the source 
of exergy, necessary to full recycle, the second concerns the low recyclability reasons. The goal is to 
estimate from a thermodynamic point of view to what extent it is possible to converge on the limit. 

4.1 Exergy source 

As the correctly defined “self-sustaining economy” should include the overall planet Earth economy, 
the exergy, necessary for recycling, could be delivery from the Sun radiation only. 
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To estimate the share of exergy available to be used in a near full recycle economy, should first to 
exclude the radiation used in the natural biological recycling. The biological recycling in the wild nature: 
jungles, forests, steppeс, prairies, pampas, etc.is a perfect mechanism for Sun exergy radiation usage. 

The last estimation made from Rosen [5] of the solar exergy which the Earth is receiving from Sun 
shows that this exergy is many times more than necessary even for a near full recycling: “The exergy 
consumption rate of the Earth’s biosphere is approximately five times larger than that of civilization and 
100 times larger than that of people as individuals. Also, the solar exergy rate provides the Earth with a 
very large exergy input rate, about 10,000 times greater than the needs.” [5]. 

As in a near full circular economy no fossil fuels should be used, the question in what extend the 
available exergy from Sun radiation could be transformed in exergy usable for a real world circular 
economy. The paradox is that the manufacture of all new renewable energy sources needs rare earth 
elements (REE) and without high degree of recycling its depletion is estimated no later than the end of 
the century [6-8]  

4.2 Low recyclability reasons 

Two major limitations relevant to the recyclability prevent to approach the full recycling. The first one 
concerns mainly metals (and their minerals) and is due to their physical dispersion into the environment. 
[6,7]. The lack of most nonmetals recyclability is due mainly to the chemical and/or biochemical 
transformations [9]. 

The problem of the inorganic natural resources, mainly metals and their minerals depletion, is 
investigated fundamentally from many years by the research team of Antonio Valero and Alisia Valero 
[6,7]. The concept of “Thanatia” is proposed and developed in order to show the urgently   
indispensability of the minerals saving by recycling of their basic components, in most cases metals and 
also some nonmetals as phosphorus.  

Therefore, this problem will be only briefly treated here. Some most actual examples will be discussed. 

4.2.1 Physical dispersion of elements. Rare elements: recent applications and dispersion  

Recently the rare earth elements (REE) applications fields are growing rapidly. Besides more traditional 
applications as catalysts, also in metallurgy, glass, etc., now green energetics and electronics are main 
consumers of REE (Table 1) [8]. 

Table 1: Rare earths role in various sectors [8] 

Various sectors                                    Rare earth elements (REEs) 
(1) Green energy sector  
Lighting                                                        Eu, Y 
Rechargeable batteries                                La, Ce 
Wind power                                                  Nd, Pr, Dy 
Hybrid vehicles                                Nd, Pr, Sm, Dy, Tb 

2) Lifestyle sector  
LCD/PDP screens                                Y, Ce, Eu, Tb 
Magnetic resonance imaging                     Nd, Gd 
Cordless power tools                           Nd, Pr, Sm, Dy, Tb 
Cellphones, iPods, CDs-DVDs                   Nd, Pr, Ce, La 
3) Defense sector  
Optics  
Surveillance and protection                    
Lasers                                                         
Aircraft materials                             
Guidance and control                           
Power and communications                       
Microwave communications                       
Solar transducers                                     

Eu, Y, Tb 
Nd, Y, La, Eu, others 
Dy, Tb 
Y, others 
Nd, Pr, Sm, Dy, Tb 
Nd, Pr, Sm, Dy, Tb 
Nd, Pr, Dy, Tb, Eu 
Nd, Y, La, Eu, others 
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The recycling of REE used in electronics is still rather low due mainly to the organization problems- 
collection of the old devices after the end of life   

Near one million tonnes REEs are used yearly as catalysts in oil refineries, especially in heavy fractions 
cracking processes. The fluid catalytic cracking (FCC) process which is the heart of modern refineries 
uses zeolite catalysts typically containing 1-3% REEs. mainly La and Ce [10]. REE ions, most La and 
Ce, migrate into the zeolite structure to improve the catalyst reactivity, selectivity and thermal stability 
by reducing dealumination and loss of crystallinity [11]. The use of La enables highly energy-efficient 
petroleum cracking, and nearly half of the global consumption of La2O3 is dedicated to the production 
of FCC catalysts [11].  

The REEs (mainly La) containing catalysts are used also in diesel engines for NOx and soot emissions 
aftertreatment. Recently CeO2 alone, or in combination with other metals/metal oxides show high 
oxidation activity under either O2 or in a NOx/O2 atmosphere. Zirconium and many REEs (e.g. La, Pr, 
Sm, Y, Gd,Tb, Lu, Hf and Nd) have been introduced into the ceria framework to improve the oxidation 
activity) of CeO2-based materials and their structural stability [12]. 

The applications of REE-based catalysts of various chemical processes is growing. However, if the REE 
would be applied as nanoparticles as is the recent trend it is not clear if they would be fixed tight to the 
support to avoid to be sweep with the flow. This concerns especially if this kind of catalysts is used in 
diesel engines of big trucks or marine transport. In these cases the REE will be irrevocably lost. 

4.2.2 Chemical and biochemical transformations 

The case of phosphorus is similar. The chemical and biochemical transformations of phosphorus 
compounds which are the reasons of their dispersion in the lithosphere and hydrosphere are investigated 
for many decades [6]. The chemical transformations of two non-metals (nitrogen and carbon) are briefly 
discussed in [9]. 

4.2.3 Time gaps and other obstacles 

The circular economics would be very difficult to be organized also due to the time gaps which made 
impossible the synchronous implementation of the all recycling processes: the life time of the products 
varies from some minutes, (e.g. a plastic cup) to many years and centuries (e.g. buildings). 

Another problem concerns the buildings and various infrastructures: maintenance or recycle. 

5 Conclusions 

1. Ouroboros is not the most appropriate idealistic model of the full recycling. Ouroboros doesn’t 
present a recycling process at all, because it has doesn’t made any damage of its body and 
consequently the recycling is not necessary. For this reason, no energy flows from and to the 
environment are shown.   

2. The full recycling should be a reversible process, the material exergy increasing as a result of 
recycling should be equal to the consumed exergy of input energy flows, no entropy generation, no 
exergy losses. As reversible, such process can’t be implemented in practice, the real recycle 
processes should be irreversible, i.e., the input exergy consumed to be more than the exergy 
increasing of the recycled material.  

3. The main limitations and obstacles of the approach to the global full recycling economy could be: 
insufficient exergy for recycling, due to non adequate usage of Sun exergy, the decreasing of the 
global natural recycling system, the physical dispersion of elements, mainly metals and their 
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minerals, the chemical and biochemical transformations of some crucial elements, mainly non-
metals. 

4. The rare metals depletion is growing rapidly, the urgent concentration of global efforts on the 
recycling process organization and implementation, 

5. The recyclability of materials depends mainly on their chemical properties: more chemical resistant 
material are more recyclable. The maximum recyclability near to 100% accordingly minimum 
exergy consumption (near 0%) for recycling have the noble (precious) metals: gold and platinum. 

6. Ouroboros is not a model, but a symbol of gold as it is “immortal” as immortals, i.e. gods,     
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Abstract 

Chlorine is one of the most problematic elements in agriculture biomass. To better understand the 
behaviour of chlorine in the oat straw pyrolysis process, ammonium chloride was doped. The aim of this 
work is to determine the effect of inorganic chlorine addition to agricultural biomass on kinetics and 
thermodynamic parameters of the pyrolysis process. Preliminary experimental investigations included 
thermogravimetric (TG) and simultaneously mass spectrometry (MS) analysis to study kinetic 
parameters. The thermal analysis of raw oat straw and oat straw with doped ammonium chloride was 
carried out for four heating rates (5, 10, 20 and 30 K/min). On the basis of TGA data, the influence of 
ammonium chloride doping to straw and the degree of conversion on changes in activation energy, pre-
exponential factor, enthalpy, Gibbs free energy, and entropy were determined. The doping of ammonium 
chloride to the straw increased the mean value of the activation energy. Additionally, the pyrolysis 
process of raw oat straw and oat straw with doped ammonium chloride was investigated in a fixed bed 
reactor under special system with pre-programmed heating curves for 873 K. The collected char was 
surface analyzed by the X-ray photoelectron spectroscopy (XPS) method to determine the forms of 
occurrence of elements such as carbon, nitrogen, and chlorine. Only organic forms of chlorine were 
identified in the char. 

1 Introduction 

The reduction resources of fossil fuels encourage the search new clean energy sources. Agricultural 
waste is a promising feedstock that can replace fossil fuels. The production structure of the agricultural 
industry in Poland is based on cereals, which account for almost 70% of all crops. Cautious estimates 
indicate that the cereal straw oversupply amounts to around 7 million tonnes per year [1]. In order to 
avoid straw storage and waste, it is recommended to use straw for energy purposes. One of the key 
problems with the use of different types of straw for energy processes is the presence of chlorine. The 
chlorine content of the straw can be reduced by leaving it after mowing it in the field for a few days, so 
that rain and dew leach the chlorine and potassium compounds from the straw. The use of such straw, 
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called grey straw, allows to reduce the release and conversion of chlorine during degassing in the thermal 
process. The pyrolysis process is a promising thermal technology that can convert agricultural biomass 
into high-calorific fuels (biochar, oil, and gas). Extensive research on the release of chlorine during the 
pyrolysis process was generally carried out on biomass: i) raw [2], ii) raw with the HCl injected to 
reactor [3], iii) KCl loaded [4], and iv) co-pyrolyzed with polyvinyl chloride [5]. The ammonium 
chloride doped with biomass has not been investigated in the literature yet. The kinetic and 
thermodynamic parameters of the pyrolysis process depend on the type of biomass, degree of conversion 
and the doped raw material. Although the activation energies of the basic biomass components (i.e. 
hemicellulose, cellulose and lignin) are known, it is difficult to indicate its maximum value for any type 
of biomass [6]. Moreover, the maximum activation energy may occur for various conversion degrees, 
e.g. 0.65 [7], 0.95 [8]. For non-catalytic pyrolysis, polyvinyl chloride [9] or polyurethane foam [10] 
addition to biomass elevated the activation energy values. 

This paper examines pyrolysis of oat straw and oat straw doped ammonium chloride to fill the research 
gap. The activation energy and thermodynamic parameters, as well as the enthalpy changes, Gibbs free 
energy, and entropy changes were estimated for different degrees of biomass conversion. An additional 
goal of this study was to identify chlorine in the char and gas phase. 

2 Materials and methods 

2.1 Materials characterisation and experimental procedure 

The basic material for the investigation was the oat straw (OS) collected from a farm located in the 
Świętokrzyskie Province (Poland). The proximate and ultimate analyzes of oat straw are shown in Table 
1. First, the moisture content (M) of the OS was determined using the oven drying method - ISO 18134-
2:2017-03. The OS had a moisture content of 6.03%, which allowed it to be ground in a ball mill without 
the need for drying. Other the standard methods used for proximate and ultimate analysis were: ISO 
18123:2016-01 for  volatile matter (VM), ISO 18122:2016-01 for ash content (A), ISO 16948:2015-07 
for carbon (C), hydrogen (H), and nitrogen (N); ISO 16994:2016-10 for sulphur (S), and chlorine (Cl). 

Table 1: Proximate and ultimate analyses of oat straw 

Proximate analysis (ada), % Ultimate analysis (dafb), % 
M VM A FCc C H N S Cl Od 
6.03 76.90 5.64 11.43 49.94 6.77 0.69 0.11 0.27 42.22 

aAir-dried basis. bDry and ash-free basis. FCc = 100 – M – VM – A. dBy difference. 
 

The intersieve fraction of 100-200 µm OS was used for further studies. Determined the chlorine content 
in OS was 0.27% daf (dry ash-free). Straws from various types of cereals can contain from 0.19 to 0.87% 
Cl [11]. The chlorine content of straw depends, among other things, on the place of harvesting, the use 
of fertilizers, the distance from the sea, etc. Another two samples were prepared by doping the base 
material (OS) with ammonium chloride (NH4Cl) at 4 and 6 mass%. The pure ammonium chloride (white 
powder) used for the analysis was manufactured by Chempur (Poland). As shown in Table 2, the 
prepared samples contained 0.27, 2.70 and 4.40% chlorine, respectively. 

Table 2: List of prepared feedstocks for pyrolysis  

Name of sample Cl, % daf Material 
OS 0.27 oat straw 
OS+4NH4Cl 2.70 96.3% OS + 3.7% NH4Cl 
OS+6NH4Cl 4.40 93.7% OS + 6.3% NH4Cl 

Thermal analysis (TGA) was performed using the STA 449 F3 Jupiter Thermal Analyzer (Netzsch, 
Germany). Approximately 5 mg of well-mixed sample was heated non-isothermally from room 
temperature to 873 K at a heating rate of 5, 10, 20 and 30 K/min, respectively. Nitrogen was used as a 
carrier gas with a flow rate of 50 mL/min. The quadrupole mass spectrometer (TA-QMS, Netzsch) 
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simultaneously detected volatile compounds produced by pyrolysis (m/z = 1–300), and the acquisition 
interval of the mass spectrometry (MS) signal was 1 s. 

The char for surface analyses was prepared in a fixed-bed reactor. The experimental conditions included 
heating a 1 gram sample to a temperature of 873 K with a nitrogen flow of 300mL/min. The residence 
time of the sample in the reactor was set to 2 minutes. The X-ray Photoelectron Spectroscopy (XPS) 
method was used to determine chemical states of elements by the VSW spectrometer with the Mg Kα 
x-ray lamp (1256.6 eV). The analyzer operated at a fixed transmission mode (FAT) with a pass energy 
of electrons equal to 22.5 eV. The binding energy scale was calibrated by setting the position of the 
carbon C 1s peak of the C-C bond at 284.8 eV.  

2.2 Activation energy and thermodynamic parameters estimation 

The course of a chemical reaction depends on overcoming the obstacle, which is the activation energy. 
The higher activation energy value, the more difficult the reaction is to carry out. According to the 
International Confederation for Thermal Analysis and Calorimetry [12] the methods that use multiple 
heating rate programs are recommended for the estimation of reliable kinetic parameters. Based on 
thermogravimetric analysis, the activation energy of the complex thermal decomposition reaction can 
be estimated with commonly used model-free methods [13], [14]. The activation energy values 
estimated for the biomass pyrolysis process using popular kinetic models, e.g., Flynn-Wall-Ozawa, 
Kissinger-Akahira-Sunose, and Starink, are very similar to each other [7], [15], [16]. In this 
investigation, the activation energy (E) was calculated from Eq. (1) proposed by Kissinger-Akahira-
Sunose (KAS) [17]. The KAS equation belongs to isoconversional methods, when the activation energy 
is a function of the temperature at a constant conversion degree (𝛼). 

𝑙𝑛
𝛽

𝑇 ,

= 𝑙𝑛
𝐴 𝑅

𝐸 ∙ 𝑔(𝛼)
−

𝐸

𝑅𝑇 ,
 (1) 

The subscript 𝛼 represents the value related to a given conversion degree, and the subscript i represents 
the i-th heating rate (𝛽). Heating rate and conversion degree can be expressed by Eqs. (2) and (3) 
respectively. 

𝛽 =
𝑑𝑇

𝑑𝑡
 (2) 

𝛼 =
𝑚 − 𝑚

𝑚 − 𝑚
 (3) 

If the thermal analysis of pyrolysis is preceded by a sample heating and holding program at 105 °C (in 
order to remove moisture), the kinetic parameters can already be determined for the conversion degree 
of 0.05 [8], [16]. For samples containing moisture, the kinetic analysis starts with an alpha 𝛼 > 0.05 
[15], [18]. In this study, 𝛼 from 0.1 to 0.9 was analysed in steps of 0.05. For constant α, a plot of ln (β/𝑇 ) 

versus –1000 ∙ 𝑇  is a straight line whose slope is .  

The KAS method was used to calculated the activation energies and the pre-exponential factor (𝐴 ) by 
Eq. (4), where 𝑇  was the temperature corresponding to the highest peak from the DTG curves. 
Thermodynamic parameters such as enthalpy change (∆𝐻), change in the Gibbs free energy (∆𝐺), and 
entropy change (∆𝑆) were calculated by Eqs. (5)–(7) are shown below. 

𝐴 = 𝛽 ∙  𝐸 ∙  
𝑒𝑥𝑝 (𝐸 𝑅 ∙ 𝑇⁄ )

𝑅 ∙ 𝑇
 (4) 

∆𝐻 = 𝐸 − 𝑅 ∙ 𝑇  (5) 

∆𝐺 = 𝐸 + 𝑅 ∙ 𝑇 ∙  𝑙𝑛
𝜅  ∙  𝑇

ℎ ∙  𝐴
 (6) 
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∆𝑆 =
Δ𝐻 − Δ𝐺

𝑇
 (7) 

The determination of thermodynamic parameters makes a valuable contribution to the analysis of 
pyrolysis processes. The change in Gibbs free energy represent the increase in total energy of the system 
at the approach of the reagents and the formation of the activated complex [19]. In turn, the change in 
enthalpy represents the energy exchange between the reactant and the activated complex during the 
pyrolysis process.  

3 Results and discussion 

3.1 Thermogravimetric and mass spectrometry analysis 

Figures 1a-f) show calculated from Eq. (3) conversion degree (α) and derivative thermogravimetric 
curves (DTG) for three investigated samples at heating rates of 5, 10, 20, and 30 K/min. Analysing the 
curves representing the degree of conversion, the pyrolysis process can be divided into three stages, 
starting with evaporation of moisture and slow decomposition of the sample (0 < α < 10%), an intense 
increase in the degree of conversion (10 < α < 90%), and finally slow decomposition. The doping of 
straw with ammonium chloride did not affect the char yield at 873 K. On the other hand, as reported by 
Wang et al. [4] the doping of biomass with KCl increased the yield of the char. The effect of the heating 
rate on the temperature at maximum conversion (Tm) of samples is shown in Figs. 1b, 1d, and 1f). The 
lowest value of 593 K was obtained with the OS sample at a heating rate of 5 K/min, and an increase in 
the heating rate shifted the Tm towards higher temperatures. In the remaining investigated samples 
(OS+4NH4Cl and OS+6NH4Cl) such a tendency was observed for of 5, 10 and 20 K/min heating rates. 
Despite the analysis repeated three times for the heating rate of 30 K/min, the Tm was always at a lower 
temperature than for 20 K/min. Furthermore, analysis of the DTG curves revealed peaks corresponding 
to the decomposition of doped NH4Cl into the oat straw. The peaks are most visible at a heating rate of 
5 K/min, and are at 465 K for OS+4NH4Cl, and 468K for OS+6NH4Cl. 
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Figure 1: Conversion degree and DTG curves for a-b) OS, c-d) OS+4NH4Cl, e-f) OS+6NH4Cl, 
respectively 

The thermal treatment of biomass, such as pyrolysis, results in the release of chlorine and the formation 
of acid gases. For this reason, the release of chlorine-containing components was analysed in this study. 
Figures 2a-f) present the release curves at m/z = 35 and 50, which can be attributed to the formation of 
Cl2 and CH3Cl. Therefore, inorganic and organic chlorine were identified. Cl2 was found to be released 
only during the OS pyrolysis (Fig. 2a)). Doping the straw with ammonium chloride favoured the 
formation of CH3Cl. Generally, a higher heating rate promoted the release of pollutants to pyrolytic 
gases. A positive correlation of the increase in the heating rate with the area under the peaks was 
observed, as shown in Figs 2a), 2b), 2d) and 2f). Moreover, an increase in the heating rate has shifted 
the maximum peak towards higher temperatures. HCl was expected to be released from the biomass in 
the pyrolysis gas in the temperature range of 400-600 °C as reported by Wang et al. [20] and Cheng et 
al. [21]. Unfortunately, in this case, the signal interference was strong in the m/z = 36 region and 
evidence of HCl release was not observed. It is also worth noting that the sample contained a significant 
amount of potassium, which, according to the latest reports [3], favours retention of HCl in the char. 
Doping with chlorides or PVC of the biomass usually increases the release of hydrogen chloride. 
However, the methoxy groups bonded in the lignin structure can be cleaved by hydrogen chloride, 
producing chloromethane [22]. For this reason, doping NH4Cl with oat straw may favour the production 
of CH3Cl. 
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Figure 2: Cl-pollutants releasing profiles during pyrolysis of a-b) OS, c-d) OS+4NH4Cl, and e-f) 

OS+6NH4Cl, at different heating rates 

3.2 Estimation of activation energy by KAS iso-conversion method 

The activation energy (𝐸 ) values were determined by applying the KAS method at degrees of 
conversion (α) ranging from 0.1 to 0.9. Calculations were performed assuming the reaction order (n = 
1) which confirmed that it was a first-order reaction. Figures 3a-c) show the fitting line for 𝑙𝑛(𝛽 /𝑇  ) 
versus −1000/𝑇 , . For each studied conversion degrees, activation energy and the coefficients of 
determination (R2) is given in Table 3. The lowest R2 value was 0.794 for the OS+4NH4Cl sample, and 
α = 0.1. Only at a low degree of conversion of the samples OS+4NH4Cl and OS+6NH4Cl, a slightly 
weaker coefficient of determination of the points to the straight line was observed. This effect was due 
to a peak reflecting the sublimation process of NH4Cl.  

The comparison of the changes in activation energy for the studied samples as a function of the 
conversion degree is shown in Fig. 4. As the conversion degree increases from 0.1 to 0.8, the activation 
energy changes almost linearly from about 152 to 174 kJ/mol. The mean 𝐸  values for OS sample was 
171 kJ/mol. The pyrolysis process of oat straw pyrolysis process above α > 0.8 allows the removal of a 
small amount of heavy volatile fraction, and the activation energy rapidly increased to 297 kJ/mol at α 
= 0.9. With a high degree of conversion, an evident upward trend was reported in the activation energy 
estimated for wheat straw pyrolysis [23]. The high 𝐸  values can be explained by the energy requirement 
for lignin decomposition which is much larger compared to degradation of hemicellulose and cellulose. 
The effect of NH4Cl doping with straw significantly increases the activation energy of OS+4NH4Cl and 
OS+6NH4Cl samples in the range of 0.15 < 𝛼 < 0.75. In this range of conversion degree, the activation 
energy changes parabolically and successively for OS+4NH4Cl and OS+6NH4Cl the maximum value 
was 𝐸  = 242 kJ/mol and 248 kJ/mol. Therefore, the 4% addition of NH4Cl to oat straw was shown to 
increase the mean activation energy value for the entire conversion degree range by about 35.7 kJ/mol. 
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Figure 3: Isoconversional plots for the pyrolysis of: a) OS, b) OS+4NH4Cl, and c) OS+6NH4Cl  

 

 

 
Figure 4: Activation energy (𝐸 ) for samples at different conversion degree 
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Table 3: Activation energy and statistical agreement from investigated samples 

𝛼 OS OS+4NH4Cl OS+6NH4Cl 
𝐸 , 𝑘𝐽/𝑚𝑜𝑙 𝑅  𝐸 , 𝑘𝐽/𝑚𝑜𝑙 𝑅  𝐸 , 𝑘𝐽/𝑚𝑜𝑙 𝑅  

0.1 
0.15 
0.2 
0.25 
0.3 
0.35 
0.4 
0.45 
0.5 
0.55 
0.6 
0.65 
0.7 
0.75 
0.8 
0.85 
0.9 
Mean 

151.95 
152.16 
155.81 
155.70 
157.45 
159.04 
160.72 
162.37 
162.64 
162.92 
164.65 
166.00 
166.90 
169.79 
173.51 
195.17 
296.92 
171.39 

0.991 
0.996 
0.998 
0.997 
0.998 
0.998 
0.999 
0.999 
0.998 
0.998 
0.999 
0.999 
0.998 
0.998 
0.999 
0.998 
0.992 
0.998 

152.03 
160.81 
186.57 
207.12 
221.08 
229.76 
237.77 
242.01 
230.29 
216.56 
201.14 
191.15 
187.33 
184.34 
186.53 
201.30 
284.02 
207.05 

0.793 
0.891 
0.962 
0.946 
0.960 
0.952 
0.961 
0.974 
0.979 
0.989 
0.995 
0.997 
0.999 
0.999 
0.999 
0.999 
0.988 
0.964 

115.00 
177.13 
216.79 
230.27 
236.57 
245.26 
248.12 
247.63 
235.53 
216.10 
199.74 
189.17 
181.84 
180.58 
181.88 
195.34 
250.26 
208.66 

0.994 
0.884 
0.930 
0.991 
0.942 
0.964 
0.973 
0.984 
0.991 
0.997 
0.999 
0.999 
0.999 
0.999 
0.999 
0.999 
0.996 
0.979 

3.3 Thermodynamic parameters estimation 

The estimation of the pre-exponential factor (𝐴 ) was performed for all heating rates included in this 
study. However, the differences in 𝐴  values indicate a slight influence of the heating rate. Therefore, 
Table 4 shows 𝐴  for a heating speed of 10 K/min. The values of 𝐴  are related to the activation energy 
according to Eq. (4). As a result, a positive correlation was found between the increase in 𝐸  and the 
value of 𝐴 . The doping of NH4Cl to OS increased the 𝐴  (always higher the 𝐴  value for OS+6NH4Cl 
than for OS+4NH4Cl) but only in the range of the conversion degree from 0.15 to 0.5. The range of 𝐴  
(in first-order reactions) values reported in the literature for biomass pyrolysis ranged from 105 to 1027 
1/s [10], [24]. Although the difference between 𝐴  values in the samples range of 0.1 ≤ 𝛼 ≤ 0.9 for the 
studied was of the same order (1010), the fluctuations in the values are especially noticeable for samples 
doped with NH4Cl. A high value of 𝐴  suggests a complexity of the chemical reaction [18]. 

Figures 5a-c show the enthalpy change (ΔH), Gibbs free energy change (ΔG) and the entropy change 
(ΔS) calculated by Eqs. (5)-(7). The enthalpy change (ΔH) reflects the energy consumed in the reaction.  

Table 4: Pre-exponential factor for the pyrolysis of studied samples at heating rate of 10 𝐾/𝑚𝑖𝑛 

𝛼 𝐴 , 1/𝑠 
OS OS+4NH4Cl OS+6NH4Cl 

0.1 
0.15 
0.2 
0.25 
0.3 
0.35 
0.4 
0.45 
0.5 
0.55 
0.6 
0.65 
0.7 

1.19·1011 
1.24·1011 
2.63·1011 
2.57·1011 
3.68·1011 
5.10·1011 
7.21·1011 
1.01·1012 
1.07·1012 
1.13·1012 
1.62·1012 
2.13·1012 
2.56·1012 

9.85·1010 
5.93·1011 
1.13·1014 
7.36·1015 
1.25·1017 
7.23·1017 
3.65·1018 
8.61·1018 
8.05·1017 
4.99·1016 
2.19·1015 
2.87·1014 
1.32·1014 

4.83·1007 
1.63·1013 
5.14·1016 
7.88·1017 
2.82·1018 
1.63·1019 
2.91·1019 
2.63·1019 
2.28·1018 
4.46·1016 
1.62·1015 
1.89·1014 
4.26·1013 
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0.75 
0.8 
0.85 
0.9 

4.64·1012 
9.97·1012 
8.40·1014 
8.20·1023 

7.19·1013 
1.12·1014 
2.26·1015 
4.15·1022 

3.30·1013 
4.30·1013 
6.62·1013 
4.47·1019 

 

 

Figure 5: Thermodynamic parameters calculated at a heating rate of 10 K/min: a) enthalpy change, b) 
Gibbs free energy change, and c) entropy change. 

The positive ΔH value confirms the endothermic characteristic of OS, OS+4NH4Cl, and OS+6NH4Cl 
pyrolysis, in which the sample absorbs heat to break bonds. In the case of the OS sample, the absorption 
heat caused the decomposition and degradation of the fibres: cellulose, hemicellulose, and 
lignin.Furthermore, the OS+4NH4Cl and OS+6NH4Cl samples showed a higher ΔH value due to heat 
adsorption to NH4Cl decomposition. The difference between the values of Eα and ΔH allows us to 
determine the conditions of the active complex formation [25]. The lower the value of Eα-ΔH, the more 
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favourable the pyrolysis conditions. Doping with ammonium chloride slightly worsened the pyrolysis 
conditions, as the maximum difference of Eα and ΔH increased from 5.3 to 5.6 for OS, OS+6NH4Cl, 
respectively. Researchers [15], [18], [24] reported slight values of 5-6 kJ/mol between the Eα and ΔH 
for biomass pyrolysis. The change in Gibbs free energy means the total increase in energy of the system 
for the formation of the activated complex. The ∆G also gives information about how the reaction is 
preferred to achieve equilibrium. Figure 5b) shows ΔG values slightly decrease (-3.4 for OS, -3.2 for 
OS+4NH4Cl and -3.9 for OS+6NH4Cl) with increasing conversion degree from 0.1 to 0.9. All values of 
ΔG mean were > 0 what confirms that the pyrolysis process was non-spontaneous and requires an energy 
supply. The last thermodynamic state function of system is entropy, representing the disorder degree of 
the system. For OS conversion degrees ranging from 0.1 to 0.8, the entropy is negative according to Fig. 
5c). Negative ΔS values indicate that the reactions were close to their thermodynamic equilibrium and 
the products have a lower degree of disorder than the reactants. The lowest values of ΔS for α = 0.1 
suggest that the initial stage of pyrolysis was easier to occur if sufficient heat was provided. The 
calculated ΔS values were positive for the OS+4NH4Cl and OS+6NH4Cl sample conversion degrees of 
at least 0.2. 

3.4 Surface char analysis 

X-ray photoelectron spectroscopy (XPS) is one of the methods commonly used for surface char analysis. 
XPS analysis was performed for the char produced by pyrolysis of OS+4NH4Cl in a fixed-bed reactor. 
Figures 6a-c) show the spectra of C 1s, N 1s and Cl 2p, respectively. The binding energy scale was set 
by assuming that a position of graphitic carbon C1s peak is 284.8 eV. The C 1s spectra included four 
visible peaks related to different carbon species. Peaks listed in order of the lowest binding energy (BE) 
represented graphitic carbon (BE = 284.8 eV), chlorine-carbon and carbon nitrogen bonds (BE= 286.7 
eV), carbonyl groups (BE = 287.2 eV) and carbonate (BE= 290.0 eV). Nitrogen atoms were found in 
three different contributions to the carbon matrix: groups with ammonium ions (BE= 399.8 eV), nitrogen 
in aromatics (BE = 401.4 eV) and pyridine, pyrimidine (BE = 402.5 eV). The Cl 2p XPS spectrum was 
fitted by two spin–orbit–split doublet in Figure 6c). The first doublet 2p 3/2 at 200.2 eV and 2p 1/2 at 
201.8 eV and second  2p 3/2 at 203.4 eV, and 2p 1/2 at 204.9 eV were attributed to organic chlorine 
forms, because inorganic chlorine has a binding energy < 199 eV [26]. 

 

 

Figure 6: X-ray photoelectron spectroscopy (XPS) spectra a) C 1s,  b) N 1s, and c) Cl 2p for char 
obtained form OS+4NH4Cl at 600 °C 

4 Conclusions 

In this study, the effect of NH4Cl doped with oat straw on the pyrolysis process was investigated using 
various research methods. The main conclusions can be summarized as follows. 

 On the basis of the TG-DTG analysis results, it was found that the increase in the heating rate 
shifted the maximum peak of weight loss towards higher temperatures. 
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 Among the volatile chlorine compounds identified by mass spectrometry, the CH3Cl signal was 
dominant, and its formation was favoured by the addition of ammonium chloride to oat straw. 

 Mean value of Eα estimated by the KAS method increased after the addition of NH4Cl to oat 
straw from 171.4 for OS to 208.7 kJ/mol for OS+6NH4Cl. 

 The doping of oat straw with NH4Cl indicated a slight increase in the difference between Eα and 
ΔH from 5.3 to 5.6 kJ/mol. This confirmed the ease of pyrolysis reaction. 

 Pre-exponential factors ranged from 1011 to 1023 1/s for the pyrolysis of all samples. 

 Doping of ammonium chloride in straw causes the variability of the enthalpy and entropy 
change values. 

 XPS analysis confirmed the presence of organic chlorine in char.  

The estimated thermodynamic parameters for the different conversion rates of oat straw pyrolysis 
provide valuable information about its feasibility and energy requirements. From a practical point of 
view, the thermodynamic parameters can be used as valuable input data for modelling the pyrolysis 
process and the prediction emission of chlorine. 

Nomenclature 

Greek letters 
𝛼 conversion degree, −, 
𝛽 heating rate, K/min 
𝜅  Boltzmann constant equals 1.381 · 10-23, J/K. 
 
Variables 
𝐴 pre-exponential factor, 1/s, 
𝐸  activation energy, J/mol, 
𝑔(𝛼) integral conversion function (reaction model), 
Δ𝐺 change of Gibbs free energy, kJ/mol, 
ℎ Plank constant equals 6.626 · 10-34, J ∙ s, 
Δ𝐻 change of enthalpy, kJ/mol, 
𝑚 , 𝑚  initial weight and final weight, respectively, g, 
𝑚  weight of sample at the time, g, 
𝑅 universal gas constant, J /mol · K, 
Δ𝑆 change of entropy, J/mol · K, 
𝑡 reaction time, s, 
𝑇 absolute temperature, K, 
𝑇  temperature at the maximum peak DTG, K. 
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Abstract 

The efficient delivery of hydrogen is one of the main challenges of the hydrogen economy, which is 
currently under development. The trade of pure hydrogen on a large-scale and long-distance can be 
performed in liquid or gas form; both options have drawbacks. On the one hand, transporting hydrogen 
gas is energy-intensive and more thermodynamically efficient than liquid hydrogen. On the other hand, 
the low volumetric density and lack of infrastructure, such as hydrogen gas pipelines, make it unrealistic 
in the short term. Therefore, transporting hydrogen long distances from countries with abundant 
renewable energy to countries where the demand is higher should be performed in liquid form (this does 
not exclude other hydrogen carriers, such as ammonia, methanol, and other LOHC). The liquid hydrogen 
(LH2) should be kept at cryogenic temperatures (-253°C) during the whole transportation time. When 
the LH2 reaches the delivery port at the destiny location, it must be further regasified, similar to the 
current liquid natural gas (LNG) chain. The hydrogen regasification from cryogenic temperatures to 
environmental temperature is associated with the use of a large amount of energy; therefore, the waste 
heat from the process can be integrated into a cogeneration power plant to take advantage of the 
temperature difference potential. This paper evaluates from an economic point of view one configuration 
for a large-scale cogeneration hydrogen regasification plant. The expander of the open gas turbine 
accounts for most of the purchased equipment cost (PEC), and after the turbomachinery, the hydrogen 
regasifier is the most expensive component. A mass flow rate of 16 kg/s of LH2 is regasified in the plant 
with an operating time of 4000 h/a.  Therefore, special interest is paid to this component. The total PEC 
of the plant in 2021 would amount to 67 106 $US, while the bare module cost would correspond to 159 
106 $US. 
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1 Introduction 

Despite the efforts of the world to decrease the concentration of carbon dioxide in the atmosphere, the 
highest average concentration ever reported was measured in May 2022, over 420 ppmCO2 [1]. It seems 
like every year the world is further away from solving the climate crisis. A drastic change in the current 
economy trade and dependence on fossil fuels is needed. The maximum limit of temperature rise of 1.5 
ºC according to pre-industrial levels, agreed upon in the 2015 Paris Agreement, is no longer realistic 
[2]. The main technologies expected to reduce CO2 emissions despite the energy demand growth are 
hydrogen electrolyzers and advanced batteries [3]. Since batteries can only reach a maximum power 
capacity for medium applications, hydrogen-based solutions provide an answer for large-scale and 
difficult to decarbonize industries [4]. The physical properties of hydrogen are compared to other fuels 
such as natural gas or gasoline in Table 1. 

Table 1: Physical properties of hydrogen and comparison to other fuels [5] 

Property Hydrogen Comparison with other fuels 

Density(g) [kg/m3] 0.089 (0 ºC, 1bar) 1/10 of NG 

Density(l) [kg/m3] 70.79 (−253 ºC, 1bar) 1/6 of NG 

Boiling point  −252.76 ºC (1 bar) 90 ºC below LNG 

Chemical exergy [kJ/kg] 116.52 51.76 

Energy per unit of mass, LHV [MJ/kg] 120.1  3x that of gasoline 

Energy density (ambient cond., LHV) 
[MJ/L] 

0.01 1/3 of NG 

Specific energy (liquefied, LHV) [MJ/l] 8.5 1/3 of LNG 

Flame velocity [cm/s] 346  8x NG 

Ignition range  4–77% in air by volume 6x wider than NG 

The main hydrogen demand industry is the petrochemistry, with 33% demand for oil refining, followed 
by 27% for production of ammonia and 11% for methanol production. The steel production also 
represents a big hydrogen demand market with 3%. It is expected that hydrogen will also represent in 
the near future part of the power sector with hydrogen-powered gas turbines and fuel cells, as well as 
the transport industry with the latter technology. By producing hydrogen from electrolysis powered with 
renewable energy or fossil-free technologies, hydrogen production can be a carbon-free and clean fuel 
in the future that helps as an energy vector to fight climate change. 

As mentioned before, hydrogen is a precursor to produce methanol, ammonia, and other synthetic 
hydrocarbons. These hydrogen-based products are more compatible than hydrogen itself with the 
existing infrastructure and are being considered to transport the hydrogen in liquid form in the future 
[5], [6]. 

Investments in the hydrogen economy are stronger than before the pandemic. Last year, a worldwide 
investment of 750 billion $US was calculated to boost the energy transition to non-polluting energy 
sources. However, experts have concluded that these investments are not enough. The hydrogen 
electrolyzer's capacity worldwide tripled in 2021 the capacity of 2019 [7]. 

Hydrogen was studied many decades ago for different applications, and the focus has never been so high 
in power applications as it is today. Different challenges, such as the storage and transport of this element 
arise with the current energy transition. The rapid increase in renewable energy generation still remains 
the main target of most countries toward the decarbonization goal; however, the storage and efficient 
use of this electricity are not possible without efficient transport technologies [8]. The two main 
challenges for boosting the green hydrogen economy are a reduction of costs and an optimization of the 
storage and transportation chain.  

Therefore, hydrogen is seen today as a new type of future commodity, similar to the trade of natural gas 
in the present. For this to become a reality, an interconnected and articulated worldwide trade needs to 
agree on the best storage/transport solution for hydrogen, and the targets of each country have to be set 
to know the real hydrogen demand and create, together with investors, the required supply.  
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Figure 1 shows the countries with hydrogen national plans, strategies, or roadmaps released by the end 
of 2021. At the beginning of 2022, China, a main and game-changer player in many markets, announced 
its intention to become a large hydrogen supplier in the world by producing 200,000 t/a of green 
hydrogen by 2025 [9].  

One important characteristic of hydrogen is that it can be produced in a country/region where the climate 
conditions are adequate for large renewable energy-based green hydrogen. This energy vector can be 
transported where the demand for energy is high.  
 

 
 

 

Figure 1: Hydrogen Roadmaps, National Plans, and Strategies released by 2021. 

Hydrogen can be transported either in liquid form or as gas. The latter option is not advised to be used 
over long distances if there are no pipelines available due to the gas hydrogen's low volumetric density. 
Liquid hydrogen can be used to transport hydrogen overseas, like the current ship used today for the 
trade of liquid hydrogen between Japan and Australia with a capacity of 1250 m3 of liquid hydrogen 
[10]. 

However, the distance for which it is worth liquefying the hydrogen to cryogenic temperatures for its 
transportation varies from study to study. Some authors suggest distances >1000 km [11], while other 
companies recommend the transportation of liquid hydrogen > 250 km [12]. The amount of hydrogen 
being transported also will influence which technology should be used for the storage and transport of 
this small element [11]. When it is transported in liquid form, it can carry four times more hydrogen 
than in compressed gaseous form.  

The authors have calculated the costs to supply green liquid hydrogen [13] and have performed energy 
and exergy-based analysis of the regasification of this liquid hydrogen on a large scale [14], but the cost 
of regasification of hydrogen on a large scale has not been addressed in the reviewed literature. 
Therefore, this study continues the evaluation from an economic point of view of one possible 
configuration for a large-scale hydrogen regasification plant.  

There is not enough research regarding liquid hydrogen regasification. Most of the configurations 
proposed are quite old and try to imitate the LNG regasification process. Also, and most importantly, 
they are calculated for small-scale scenarios, not for large-scale ones. Table 2 summarizes the literature 
review considered in this research.  
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Table 2: Hydrogen regasification publications so far and important parameters  

Description Working 
fluid 

Overall energetic 
efficiency [%] 

Analysis method Reference 

Semi-closed Brayton cycle + 
LH2 Evaporation 

N2 79% (52%*) Aspen Plus® [15] 

OCGT + closed Brayton 
cycle + LH2 direct 
expansion 

 
Helium 

 
80.6% (76.7%*) 

 
Self-programming code 
 

 
[16] 

 
External fired CCGT + LH2 
evaporation 

 
Helium 

 
66% (79%**) 

Calculation model 
described in [17] 

 
[18] 

Rankine cycle engines + 
LH2 vaporization 

CH4 above 41.4% Thermodynamic 
calculation 
 

[19] 

Enhanced Cryogenic Exergy 
Recovery System with waste 
heat rejection from fuel cells 

 
Air 

 
50% 

barrier-attractor analysis  
[20] 

Cryogenic type Stirling 
cycle 

Helium 53% Conceptual design [21] 

Closed Brayton cycle + LH2 
regenerative cooling 

Helium 45% A zero-dimensional model [22] 

*exergetic efficiency  
** when liquid hydrogen direct expansion after regasification is integrated 

2 Methodology 

2.1 Cogeneration system 

The simulation and computation of the regasification process were conducted using the software Aspen 
Plus® and EES® (Engineering Equation Solver). Figure 2 presents the flow diagram of the cogeneration 
system analyzed in this study. The open cycle gas turbine (OGT) with intercooling uses a fuel mixture 
of 30% hydrogen and 70% methane. Helium is selected as the working fluid for the closed cycle gas 
turbine (CGT) subcycle. The operation temperature ranges from -228.3ºC to 415ºC. The LH2 
regasification subcycle vaporizes the liquid hydrogen to -163.6ºC, 99.3 bar for further application. 

The overall process consists of three subsystems: 

1. Open-cycle gas turbine power generation (Process 1-2-3-4-5-6-7-8): 

The atmospheric air is compressed in compressor ACM1 and cooled in intermediate cooler IC 
with water from the environment to reduce the work input of the following compressor ACM2. 
The compressed air is further compressed in ACM2 and mixed with fuel from stream 5 in the 
Combustion Chamber (CC), where the combustion process is conducted. The combustion gas 
with high temperature is then expanded through expander EXP and subsequently discharged to 
the environment after being cooled by the gas- helium heat exchanger HX1. 

2. Closed-cycle gas turbine power generation (cycle 9-10-11-12-13-14): 

The helium cycle utilizes hydrogen regasification as the heat sink. Starting with stream 12, the 
helium is compressed in the compressor He-CM, and the compressed helium stream is heated 
up with the thermal energy of the turbine He-T outlet stream 10 in the recuperator REC. 
Afterward, the helium is further heated by the exhaust gas of EXP in the HX1 until it reaches 
its peak temperature. The useful power is obtained through the subsequent expansion of helium 
in He-T. 

3. LH2 regasification (Process 15-16-17): 
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LH2 stream 15 from the storage system is first compressed by a hydrogen pump H-P, and 
regasified for further applications utilizing the thermal energy from the helium cycle in the LH2-
helium heat exchanger HX2. 

 

Figure 2: The detailed flowsheet of the gas turbine-based cogeneration system for hydrogen 
regasification  

The exergetic calculations were reported in [14]. The configuration proposed by the authors of the 
cogeneration system is based on the initial natural gas regasification system considered by [23] and the 
adaptation to hydrogen regasification introduced by [16]. The open gas turbine system employs an 
efficient two compression aero-derivative gas turbine system of General Electric LMS-100M [24] that, 
according to the company, can be modified to blend hydrogen (30%) with the natural gas by a simple 
retrofitting of the gas turbine [25]. 

2.2 Economic analysis 

The economic analysis followed the Total Revenue Requirement (TRR) method according to [26] and 
[27] as shown in Eq. (1). 

𝑇𝑅𝑅 = 𝐶𝐶 + 𝐹𝐶 + 𝑂𝑀𝐶  (1) 

The carrying charges (CC) were calculated based on the total capital investment costs (TCI). The bare 
module costs (BMC) of the system components were determined using cost estimating charts [28], [29], 
and past purchase orders [30]. The open gas turbine costs were taken from the previous paper presented 
by two of the authors [31] . All the costs have been adjusted to 2021 $US with the chemical engineering 
cost indexes of the reference years (CEPCI2021 = 708 [31]). The assumptions made in the economic 
analysis are summarized in Table 3. The operation and maintenance costs (OMC) were assumed as a 
percentage of the fixed capital investment (FCI), 4%. The contingencies were assumed to be 10 % BMC 
since it is a new process but with proven technologies. The engineering and supervision 10% of the 
BMC and the construction 15 % of BMC. 
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Table 3: Assumptions for the economic analysis  

Parameter Value 
Mass flow rate of air [kg/s] 200 
Mass flow rate of liquid hydrogen [kg/s] 16 
Mass flow rate of helium [kg/s] 44 
Average annual effective discount rate [%] 10  
Hydrogen price (green) [$US/kg] 3.18 
Liquid hydrogen price (green) [$US/kg] 5.45 
Natural gas price [$US/kWh] 0.058 
Plant economic lifetime [years] 15 
Full-load operation [h] 4000-7300 
Base electricity price [$US/MWh] 26.1  
Average general inflation rate [%] 2.5  
Average electricity escalation rate [%] 3.5 

3 Results 

The large-scale regasification of hydrogen presents challenges associated with the cryogenic 
temperature of the liquid hydrogen and the properties of the hydrogen (e.g., being highly reactive), but 
it also represents a potential to utilize the exergy transferred when the hydrogen is regasified (20.4 MW) 
that would otherwise be destroyed. The authors published the configuration analyzed in this paper and 
the thermodynamic and exergetic analyses of the cogeneration system in [14]. Now, the economic 
analysis of this plant is discussed in this section of the paper.  

The total revenue requirement (TRR) method was used to calculate the cost of the system. The TRR 
levelized for 4000 h/a operating time of the plant corresponds to 226 106 $US, which is distributed in 
33 106 $US of carrying charges, 183 106 $US of fixed costs and 10 106 $US of operation and 
maintenance costs.  

The distribution of the bare module costs (BMC) of the components of the system is shown in Figure 3. 
The turbomachinery accounts for most of the investment cost. The expander of the open gas turbine 
system has the highest BMC (35%), and the open gas turbine (OGT) accounts for 65 % of the total BMC 
of the system.  The closed cycle gas turbine (CGT), excluding the hydrogen regasifier (HX2) accounts 
for 30 % of the BMC of the entire plant, while the regasification of the hydrogen (hydrogen pump + 
hydrogen regasifier) accounts for 5 % of the bare module cost. The helium turbomachinery is especially 
expensive compared to the turbomachinery for other working fluids of a closed cycle gas turbine, such 
as nitrogen, which can be used for the LNG regasification. The helium compressor is particularly 
expensive since it deals with cryogenic temperatures (-228ºC to -171ºC). 
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a) 

 

b)

 

Figure 3: Bare Module Cost share of the cogeneration plant a) distribution by component and b) 
distribution by subsystem      

The specific cost of regasified hydrogen varies depending on the operating hours of the plant. For LNG 
cogeneration plants, an operation of 7300 h is usually considered; however, non the demand or offer of 
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hydrogen could fulfill these full-time operating hours. Therefore, Figure 4 presents a sensitivity analysis 
of the hydrogen regasification price according to the operating hours from 4000 h/a to 7300 h/a. The 
cost of the regasification amounts to 0.98 $US/kgH2 – 0.89 $US/kgH2 respectively. Adding the cost of 
5.45 $US/kgLH2 (considering a green hydrogen production price of 3 $US/kg [13]), the total cost of the 
regasified green hydrogen, excluding the transport and taking into consideration the production, 
liquefaction, and regasification, amounts to 6.42 $US/kgH2 –  6.34 $US/kgH2, respectively.  

 
Figure 4: Sensitivity analysis of the hydrogen regasification cost per operating annual hours 

The overall results of purchased equipment costs (PEC) and bare module costs were calculated for the 
year 2021 and the results are presented in Table 4. The total PEC of the plant in 2021 would amount to 
67,000,000 $US, while the BMC2021 would correspond to 159,000,000 $US  

Table 4: Purchased Equipment costs and Bare Module Costs  

  Refer. Year Ref PEC0 ($US) PEC2021 (mil $US) BMC2021 (mil $US) 

ACM1 2009 [31] 3591000 4.88 7.81 

ACM2 2009 [31] 5386500 7.32 23.06 

He-CM 2004 [30] 1471366 2.35 24.52 

EXP 2009 [31] 11542500 15.69 54.90 

He-T 2019 [30] 11986591 13.97 15.68 

HX1 2004 [28] 263855 0.42 1.77 

HX2 2004 [33] 3829645 6.10 6.10 

REC 2004 [33] 3757404 5.99 5.99 

H-P 2012 [34] 1955220 2.37 2.37 

CC 2009 [31] 5130000 6.97 13.94 

IC 2009 [31] 616400 0.84 2.76 

4 Conclusions 

The large-scale regasification of hydrogen discussed in this paper deals with three different subsystems 
to produce power while regasifying the hydrogen. The subsystem that operates at higher temperatures 
corresponds to an open gas turbine system (LMS100 GE). The middle subsystem is the closed cycle gas 
turbine (Helium is used as the working fluid). Finally, the lowest temperature subsystem corresponds to 
the hydrogen regasification The main findings of this research are listed below: 
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 The total revenue requirement (TRR) of the plant was calculated as 226,000,000 $US for 4000 
h/a operating time.  

 The TRR is distributed in 33,000,000 $US of carrying charges, 183,000,000 $US of fixed costs 
and 10,000,000 $US of operation and maintenance costs.  

 The expander of the open gas turbine system has the highest bare module cost (BMC) (35%), 
and the open gas turbine (OGT) accounts for 65 % of the total BMC of the system.   

 The closed cycle gas turbine (CGT), excluding the hydrogen regasifier (HX2) accounts for 30 
% of the BMC of the entire plant, while the regasification of the hydrogen (hydrogen pump + 
hydrogen regasifier) accounts for 5% of the BMC.  

 The helium compressor is particularly expensive since it deals with cryogenic temperatures (-
228ºC to -171ºC). The total PEC of the plant in 2021 would amount to 67,000,000 $US, while 
the BMC2021 would correspond to 159,000,000 $US.  

 Finally, the hydrogen regasification price according to the operating hours from 4000 h/a to 
7300 h/a was calculated to be 0.98 $US/kgH2 – 0.89 $US/kgH2, respectively.  

 Adding the cost of 5.45 $US/kgLH2, the total cost of the regasified green hydrogen, excluding 
the transport cost, amounts to 6.42 $US/kgH2 for 4000 h/a and  6.34 $US/kgH2 for 7300 h/a.  

The regasification of hydrogen in large-scale is not well studied yet and has not been reported in many 
papers. Therefore, more research is necessary to compare the obtained costs with other publications. 
The exergoeconomic analysis will be conducted in future research to optimize the operating conditions 
of the plant. 

Nomenclature 

Subscripts  
0  year of reference 
g  gaseous state 
l  liquid state 
lev  levelized 

Component abbreviations 
𝐴𝐶𝑀  air compressor 
𝐶𝐶  combustion chamber 
𝐻 − 𝑃  hydrogen pump 
𝐻𝑒 − 𝐶𝑀 helium compressor 
𝐻𝑒 − 𝑇   helium turbine 
𝐸𝑋𝑃  expander 
𝐻𝑋  heat exchanger 
𝐼𝐶  inter-cooler 
𝑃  pump 
𝑅𝐸𝐶  recuperator 

Abbreviations 
𝐵𝑀𝐶  Bare Module Cost 
𝐶𝐶  Carrying Charges 
𝐶𝐸𝑃𝐶𝐼  Chemical Engineering Plant Cost Index 
𝐶𝐺𝑇  Closed cycle gas turbine 
𝐶𝐺𝐻   Compressed Gas Hydrogen 
𝐸𝐸𝑆  Engineering Equation Solver 
𝐹𝐶𝐼  Fixed Capital Investment 
𝐿𝐻   Liquid Hydrogen 
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𝐿𝐻𝑉  Lower Heating Value 
𝐿𝑁𝐺  Liquid Natural Gas 
𝐿𝑂𝐻𝐶  Liquid Organic Hydrogen Carrier 
𝑁𝐺  Natural Gas 
𝑂𝐺𝑇  Open gas turbine 
𝑂𝑀𝐶  Operation and Maintenance Cost 
𝑃𝐸𝐶  Purchased Equipment Cost 
𝑇𝐶𝐼  Total Capital Investment  
𝑇𝑅𝑅  Total Revenue Requirement  
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Abstract 

Hydrothermal carbonization is a thermal conversion method of treating biomass or waste which is 
carried out in an aqueous environment under temperature and autogenous pressure. Although the solid 
product, hydrochar, can be successfully used as an energy source, biofertilizer or potential adsorber, 
post-processing water - a major product of the process - is incredibly difficult to utilize. This is mainly 
due to the content of numerous organic compounds (e.g. phenolic, furan, alkene, aromatic and aldehyde 
compounds) and short-chain organic acids (e.g. acetic acid, benzenoacetic acid, propionic acid, butanoic 
acid). Therefore, an adequate method of post-processing water utilization is required, such as the 
distillation process. The main objective of this work is to investigate the influence of vacuum depth on 
the properties of liquid products. The chemical and physical indicators were determined to confirm the 
validity of this treatment method and to choose the optimal distillation conditions. The following 
parameters were determined: COD, TOC, ammonium nitrogen content, total nitrogen Kjeldaha content, 
phosphorus, magnesium, calcium, selected heavy metals content and phenol index. Promising results 
have been achieved: distillation led to a reduction in the content of heavy metals and a significant 
reduction in other parameters. In addition, the effect of the vacuum depth on this parameter was 
observed. 
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1 Introduction 

The world’s population is rising year by year. Accordingly, this demographic growth increases the 
consumption of resources and the production of waste and sewage. Appropriate wastewater treatment 
has a significant impact on the environment. Municipal wastewater is usually treated with an activated 
sludge process. This results in significant amounts of sewage sludge, which is a biodegradable waste 
product with a heterogeneous composition that makes safe treatment difficult. In addition to nutrients 
and organic components, the sludge contains many domestic and industrial impurities, such as 
pharmaceutical residues, heavy metals, hormones, pathogens or microplastics [1]. 

In the European Union (EU), sewage sludge is disposed of in a variety of ways: agricultural, storage, 
composting, incineration and other uses. In 2018, 6% of the sludge was stored, 35% was used for 
agriculture, 12% composting and other applications, and 37% incinerated. The remaining quantity is 
classified as “other” [2]. A focus on environmental protection and changes in EU legislation in this area 
has provided a law which requires education on the amount of sewage sludge in landfill [3,4]. 

 

 

Figure 1: Management of sewage sludge in the EU, 2018 [2]. 

Municipal sewage sludge is increasingly used in agriculture. The sources of municipal wastewater and 
sewage sludge include households, commercial buildings and other public facilities. Accordingly, 
sewage sludge contains large quantities of nutrients such as iron, phosphorus, nitrogen, manganese, 
dissolved salts, and carbohydrates. Since this wastewater also originates from rainwater, it contains 
contaminants from external surfaces and air, e. g. pesticides, fats, oils, herbicides, and heavy metals [5]. 
Organic and inorganic contaminants can be harmful to the ecosystem [6]. Therefore, its direct use in 
agriculture is not advised. An additional element of sewage sludge treatment is required to eliminate any 
hazards. On that basis, thermal processes may be appropriate to ensure the complete removal of organic 
matter, the quality of the solid product and the production of low emissions [7].The most frequently 
investigated alternatives to thermochemical convection are pyrolysis, gasification and combustion. 
These processes reduce the volume of sewage sludge by converting it into new products or recovering 
valuable materials. In these processes it is necessary to dry the feedstock, which is associated with a 
costly pre-treatment. One of the recently discussed methods for treating sewage sludge without drying 
is hydrothermal carbonization (HTC). Hydrothermal carbonization is also a thermochemical process. 
Heat and pressure are used to convert biomass and organic waste, but this process requires the presence 
of water, which means that the feedstock does not need to be dried. Compared to pyrolysis or 
gasification, the energy required for the HTC process is significantly lower. The products of this process 

126



are hydrochar, liquid and gaseous phases. HTC reduces the volume of waste and enables the recovery 
of valuable components. In addition, the process improves the dewatering and water repulsion of waste 
and the fuel properties of solid products [8].  

Hydrothermal carbonization produces a post-processing liquid, which is the most important by-product. 
The HTC process causes most inorganic substances to enter the processing water. A large quantity of 
inorganic compounds, i.e. aldehyde, phenol, alkene, furan and others, have been detected in the  post-
processing liquid. The liquid also contains organic compounds and short-chain organic acids such as 
acetic acid, benzoleacetic acid, butanoic acid, and propionic acid [9]. The liquid phase may also contain 
volatile acetic acid and propionic acid. The quantities depend on the temperature and the residence time 
[10]. It was also found that large amounts of phosphorus (50-70%), nitrogen (40-70%) and potassium 
[11] can dissolve in the liquid. Smith et al. [12] showed high concentrations of chlorine, fluorine and 
bromine, while magnesium and calcium cations were determined at lower concentrations. Mihajlović et 
al. [13] described two-, three- and four-cyclic PAHs. Luoren, fluoranthene, phenanthrene and pyrene 
have also been detected in quantities exceeding the permitted levels for drinking water. Xiong et al. [11] 
found that most heavy metals exceeded acceptable limits, where the amount depended mainly on the 
reaction temperature. Unfortunately, a large quantity of these substances in the liquid phase require a 
transformation of the liquid phase. 

 

Figure 2: Purification of post-processing liquid HTC. 

In recent years, the transformation of processing liquid by aerobic oxidation, anaerobic fermentation 
and wet oxidation has been considered. Langone et al. [14] described the aerobic biodegradability of the 
process water produced by the hydrothermal carbonization of dewatered anaerobically digested sludge. 
The liquid proved to be highly biodegradable, up to 83% of the total Chemical Oxygen Demand (COD). 
In addition, it contained a high concentration of volatile fatty acids, of which the major constituent was 
acetic acid. Weide et al. [15] also investigated the aerobic oxidation of a liquid produced by 
hydrothermal carbonization and had consistent observations. Anaerobic fermentation was studied by 
Gaur et al. [16] with the aim of quantifying energy recovery from hydrothermal products (hydrochars 
and processing water) as solid fuels and raw materials for anaerobic fermentation (AD). The biomethane 
yield was found to depend on the intensity of the HTC response. A higher biomethane yield was 
achieved for process water with a lower reaction intensity. The wet oxidation of the HTC liquid was 
processed by Weiner et al. [17] as well as Thomsen et al. [18]. Weiner et al. noted that wet oxidation 
resulted in a satisfactory removal of the chemical oxygen demand and the dissolved organic carbon. 
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Oxidized water proved to be a good substrate for subsequent anaerobic fermentation. Thomsen et al. 
have also observed a positive effect of wet oxidation on the treatment of liquid HTC. Additionally, there 
are alternative methods used for the purification of liquids such as distillation, membrane filtration, 
coagulation or ozonation. The water after the HTC process was previously purified by membrane 
filtration, Urbanowska et. al [19]. By using the ultrafiltration process, chemical oxygen demand was 
reduced to 30%, biological oxygen demand to 10% and dissolved organic carbon to 21%. The distillation 
process was performed by Wilk et al. [20], who distilled the liquid after hydrothermal carbonization of 
the sewage sludge and found that this process significantly reduced parameters such as COD and 
conductivity. The disposal of liquid from the hydrothermal carbonization of biomass was also 
investigated by Wilk et al. [21], who purified the HTC post-processing water derived from Miscanthus 
Giganteus and acacia. The same team distilled the liquid from the HTC of pine, Virginia Mallow and 
straw receiving very promising results [22]. These studies confirmed  that the distillation processes were 
adequate  for liquid treatment after the hydrothermal carbonization of different feedstocks. Distillation 
takes advantage of differences in the volatility of the components of a mixture at a given temperature. 
During distillation, the liquid is heated and the resulting vapours are discharged into a condenser from 
which, after condensation, they are directed to one or more receiving vessels. Among the types of 
distillation, a simple distillation is distinguished. It is used to separate liquids in which only one 
component is volatile or the boiling points of the components are different (at least 80°C), or to evaporate 
the solvent from the mixture. During simple distillation, three fractions are obtained: main fraction, 
heads and tails. The residue in the distillation flask contains non-volatile or difficult-to-volatilize 
impurities. A very similar type of distillation is a reduced-pressure distillation. Lower pressure during 
the distillation process results in a decrease in the heating temperature of the fractions [23]. These 
methods are also used for the purification of post-processing water from hydrothermal carbonization.  

The aim of this study was to determine the parameters of the post-processing liquid and to present the 
distillation of the processing liquid. The main purpose of the work is to investigate the influence of the 
vacuum depth of distillation on the properties of liquid products. Chemical and physical indicators were 
determined to confirm the validity of this treatment method and to select the optimal distillation 
conditions. 

2 Material and methods 

2.1 Material  

The digested sewage sludge was collected from a closed digestion chamber at the Wastewater Treatment 
Plant in Żory (Poland). Then, it was stored at 4 °C to avoid or slow down the biodegradable process. 
The raw sewage sludge contained 83% of moisture.   

2.2 Hydrothermal carbonization procedure 

Before the hydrothermal charring experiment, the raw material was diluted with distilled water in 
sufficient quantities to ensure easy mixing. The solution was then placed in a reactor chamber, namely 
a ZipperclaveSteel Reactor with a capacity of 1000 ml plus a MagneDrive agitator (Parker Autoclave 
Engineers). The reactor was described in detail by M. Wilk [24]. A schematic of the HTC apparatus is 
shown in Figure 3. 

Next, the reactor was heated up to 200 °C, and when the temperature was reached, the solution was 
maintained therein for 2 h. Then, the reactor was cooled down and the solution was evacuated and 
separated by a filtration apparatus. The liquid was placed in an airtight container for further analyses 
and processes. 
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1 - magnedrive, 2 - stirrer, 3 – manometer, 4 - thermocouple, 5 - electrical furnace, 6 – cooling coil,  

Figure 3: The HTC set-up. 

2.3 Distillation  

Distillation is an operation where a liquid mixture is separated into its components. It involves 
vapourizing the liquid, then collecting and condensing the resulting vapours. The liquefied vapour, 
which is richer in the volatile component, is called distillate, while the unvapourized residue is called 
exhausted liquid.  The basis of separation here is the difference in volatility of the components. Three 
distillation processes were carried out at different manometric pressures: atmospheric pressure, -30,000 
Pa and -50,000Pa. The following distillation parameters were reached: 

Table 1: Distillation parameters 

 Initial mass 
[kg] 

Manometric 
pressure [Pa] 

Boiling point 
[K] 

Mass of distillate 
[kg] 

Mass of distillation 
residue [kg] 

1. 0.3 0 373.15 0.279 0.021 

2. 0.3 -30,000 361.15 0.213 0.087 

3. 0.3 -50,000 350.95 0.177 0.123 

2.4 Analyses of filtrate and distillate  

Filtrate and distillate were analyzed to evaluate the treatment effect and influence of the vacuum depth 
in distillation on liquid parameters. The following tests were performed: pH, conductivity, chemical 
oxygen demand (COD), concentration of N-NO3 and P-PO4, total organic carbon (TOC), Phenol test, 
Mg, Cu, Ni, Ca, Cr, Cl2, Cd, and Pb content.  

The pH and conductivity were monitored by the multifunctional analyser CX-461 (Elmetron, Zabrze, 
Poland). 

COD, concentration of N-NO3 and P-PO4, total organic carbon (TOC),  Mg, Cu, Phenol, Ni, Ca, Cr, Cl2, 
Cd, and Pb content were determined using a Spectrophotometer Merck Spectroquant Prove 100.  

When warming of the sample was required, the Thermoreactor Merck Spectroquant® Series TR 420 
was employed. Appropriate tests from the manufacturer Merck were used to measure these parameters 
according to the instructions included in the package. In order to determine the total content of the 
elements Mg, Cu, Ni, Ca, Cr, Cd, and Pb, the samples were mineralized with a special crack set from  
Merck prior to the appropriate tests.  
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3 Results 

3.1 Characteristics of filtrate after hydrothermal carbonization 

The distillation processes showed differences in the characteristics of the filtrates and distillate. There 
were clear changes in the colour of the individual liquids, as can be seen in Figure 4. The darkest filtrate 
was obtained after hydrothermal carbonization. However, a lighter filtrate was obtained after distillation 
under atmospheric pressure, while the brightest and most similar shades were obtained after distillation 
at -30,000 Pa and -50,000 Pa. A lighter colour may indicate a lower organic content in the liquid. 

 

Figure 4: Filtrate (a) and distillate (b) under atmospheric pressure, (c) -30,000Pa and (d) -50,000Pa. 

The properties of the filtrate after hydrothermal carbonization as well as the distillate are summarized 
in Table 2. 

Table 2: Characteristics of the filtrate after hydrothermal carbonization and distillation. 

  Filtrate Distillate Distillate_0.3 Distillate_0.5 Unit 

Chemical Oxygen Demand (COD) 46,210 2600 1180 1895 mg/L 

Magnesium (Mg)  300.0 5.1 <5.0 8.7 mg/L 

Copper (Cu)  27.00 1.41 0.42 1.68 mg/L 

Phenol (C6H5OH) 127.0 9.6 8.0 12.0 mg/L 

Nickel (Ni ) 94.50 4.73 1.58 5.81 mg/L 

Ammonium Nitrogen (NH4-N) 655 950.0 550.0 1000.0 mg/L 

Calcium (Ca)  11.5 <1.0 <1.0 <1.0 mg/L 

Phosphate (PO4-P) 2585.0 9.8 4.3 5.5 mg/L 

Chromium (Cr)  17.00 0.80 0.25 0.81 mg/L 

Free chlorine (Cl2) 22.00 0.40 0.27 0.34 mg/L 

Total chlorine (Cl2) 25.50 0.67 0.34 0.41 mg/L 

Cadmium (Cd)  5.450 0.210 0.048 0.376 mg/L 

Lead (Pb)  67.50 2.71 0.91 3.12 mg/L 

Total Organic Carbon (TOC) 16,900 796 344 534 mg/L 

pH 7.05 9.43 9.91 9.96 - 

Conductivity 10.880 2.110 0.502 0.992 mS/cm 

Filtrate, after the hydrothermal carbonization process, is characterized by a high concentration of organic 
matter, as indicated by the values of TOC, COD and the content of nutrients and their compounds (PO4-
P, NH4-N). Both COD and TOC levels are very high. The filtrate has a COD of 46 210 mg/L and a TOC 
of 16,900 mg/L. Langone et al. [25] confirmed, that both TOC and  COD concentrations in HTC 
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processing waters from sewage sludge can vary in a wide range from 4,000 mg/L to 24,000 mg/L, and 
from 10,000 mg/L to 64,000 mg/L. The results suggest that distillation may be a suitable method for 
post-processing liquid treatment. The COD parameter represents the amount of organic matter in a 
liquid. For the COD, the filtrate after the HTC process showed a high value. The distillation process 
leads to a reduction of COD parameters. Further, distillation under atmospheric pressure reduced COD 
by less than 95%. During distillation, with a pressure of -30,000 Pa, the COD value was reduced by 
almost 98%. At a lower pressure of -50,000 Pa, this parameter was reduced by 96%. Wilk et. al. [26] 
also obtained a reduction of the COD parameter in the distillation process. The TOC parameter also 
significantly decreased. Regarding COD, the greatest reduction was achieved with distillation at -30,000 
Pa. For atmospheric pressure, a reduction of around 95% was achieved, in the case of -30,000 Pa 
approximately 98%, whereas with -50,000 Pa about 97%. 

A relatively high content of NH4-N and PO4-P was also noticed. The content of NH4-N was 655 mg/L, 
while the content of PO4-P was 2,585 mg/L. He et al. [27] found that the  HTC treatment  has an effect 
on the release of nitrogen compounds into the process waters: almost 60% was released into the liquid 
phase. HTC temperature can strongly influence the N decomposition in HTC by-products. The literature 
reports that HTC essentially stabilizes phosphorus during the processes as P is mainly immobilized and 
retained in the hydrochars [28]. Other conclusions were drawn by Aragón-Briceño et al .[29]. They 
reported that phosphorus occurs mainly in process waters in the form of inorganic P. Different outcomes 
of phosphorus during HTC depends on the process conditions, type of raw material and content of 
elements such as Al, Ca, Fe and Mg in the raw material [28]. In this case, the content of Ca and Mg is 
11.5 mg / L and 300 mg / L, respectively. 

The N-NO3 concentration also increased in the distillate under atmospheric pressure, which was less 
than 32% higher compared to the filtrate after HTC. When distillation at -30,000 Pa was used, this value 
was reduced by 16 % compared to the filtrate after HTC. Distillation at -50,000 Pa caused an increase 
of 34 %. Organic nitrogen is the main source of ammonium nitrogen in wastewater. The increase in 
ammonium nitrogen may be caused by the conversion of inorganic nitrogen into ammonium nitrogen 
[30]. The P-PO4 content was also reduced by distillation in all cases by about 99.5%. For distillation 
under atmospheric pressure the value was 9.8 mg/L, at -30,000 Pa it was 4.3 mg/L and at -50,000 Pa it 
was 5. 5 mg/L. Additionally, magnesium and calcium content was greatly reduced. 

The presence of potential toxic compounds in HTC process waters has been reported in the literature. 
One such compound is phenol. The literature reports that the liquid after the HTC process has high 
concentrations of this compound, 633–666 mg/L [31]. In this case, the phenol content was not as high 
as 127 mg/L. However, distillation resulted in even lower levels of phenol content. For distillation under 
atmospheric pressure, this value was 9.6 mg/L, which corresponds to a reduction of about 92%. At a 
pressure of -30,000 Pa, a value of 8.0 mg/L was achieved (reduction of 94%). At a lower pressure of -
50,000 Pa, a value of 12 mg/L was reached, which corresponds to a reduction of around 91%. 

The HTC process influences the migration of heavy metals from the solid phase to the liquid. Most of 
the heavy metals remain in the hydrochar, but some may be found in the processing waters. This is a 
significant environmental problem. Consequently, very high contents of heavy metals, i.e. Cu, Ni, Cr, 
Cd, Pb, were determined. These values were reduced by distillation of the filtrate after hydrothermal 
heating. For copper, the best results were obtained for distillation with a pressure of -30,000 Pa. 
Accordingly, a 98.5% decrease in copper content was achieved. At atmospheric pressure, this parameter 
was reduced by about 95%. At a pressure of -50,000 Pa, the reduction was about 94%. For nickel, the 
best results were also obtained for distillation with a pressure of -30,000 Pa. In this case, a 98.5% 
decrease in nickel content was achieved. At atmospheric pressure, this parameter was reduced by around 
95%. At a pressure of -50,000 Pa, the reduction was about 94%. For chromium, the best results were for 
distillation with a pressure of -30,000 Pa. Accordingly, a 98.5% decrease in chromium content was 
achieved. At a pressure of -50,000 Pa, the reduction was approximately 95%. At atmospheric pressure, 
this parameter was reduced by about 96%. For cadmium, the best results were obtained for distillation 
with a pressure of -30,000 Pa. In this case, a 99.2% decrease in content was achieved. At atmospheric 
pressure, this parameter was reduced by around 96%. At a pressure of -50,000 Pa, the reduction was 
about 93%. For lead, the best results were for distillation with a pressure of -30,000 Pa. Consequently, 
a 98.7% decrease in lead content was achieved. At a pressure of -50,000 Pa, the reduction was 
approximately 95%. At atmospheric pressure, this parameter was reduced by about 96%. 
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The content of free and total chlorine was also determined in the filtrates and distillates. In both cases, 
a drop in content was observed after distillation. In all cases, the decrease was between 97 and 99%. 

In addition, the pH and conductivity of the HTC filtrate were determined. The filtrate was alkaline and 
had high conductivity - 10.88 mS/cm. Considering the conductivity value depends on the electrolyte 
value or its decomposition into ions in liquid, it can be assumed that the post-processing liquid contained 
a high concentration of electrolytes. The pH value increased after distillation, which indicates that the 
liquid has a more alkaline reaction after distillation. There was a noticeable depreciation in conductivity. 
The conductivity of distillates at atmospheric pressure was 2.11 mS/cm, for pressure at -30,000 Pa was 
0.502 mS/cm and for pressure at -50,000 Pa was 0.992 mS/cm. This indicated that there were some polar 
compounds in the solution. 

4 Conclusions  

Post-processing water is a by-product of hydrothermal carbonization. The filtrated liquid phase contains 
many high-concentration contaminants. An adequate method is required to remove these contaminants 
for further disposal of the post-processing water from hydrothermal carbonization. The use of distillation 
processes to remove contaminants may be an adequate method. Atmospheric pressure distillation 
enabled the removal of 95% COD and TOC, 99.5% of PO4-P, 93% of Phenol, over 90% of heavy metals, 
and over 97% of free and total chlorine. It also caused an increase in pH and a decrease in conductivity. 
Better results were obtained for distillation at a reduced pressure down to -30,000 Pa. In this case, 
distillation enabled the removal of 97% of COD, 98% of TOC, 99.9% of PO4-P, 94% of Phenol, more 
than a 98% reduction in the value of heavy metals, and more than 98% of free and total chlorine. 
Lowering the pressure to -50,000 Pa did not cause any significant effects in the treatment of the liquid 
after the HTC process. Results similar to atmospheric pressure were obtained. Apart from the fact that 
the pressure reduction has caused slightly better results, it is important that the boiling point of the liquid 
is lowered at reduced pressure. This has a positive impact on the economic aspects. Lower process 
temperatures lead to energy savings and material savings in design. Further research is needed into the 
performance of distillation purification of liquid from the HTC process. 
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Abstract 

Sewage sludge is a problematic by-product of wastewater treatment plants because of its large volume, 
high moisture content, and unpleasant odour. Thermal processes are effective in their utilization, but 
they are extremely expensive because they require pre-drying of feedstock. Therefore, the application 
of an effective pretreatment method is necessary. Hydrothermal carbonization is an adequate process 
because it takes place in an aqueous environment, improves dewaterability of sewage sludge and creates 
a solid product, hydrochar, which can be used in energy applications. In particular, the hydrothermal 
carbonization of sewage sludge was investigated to enhance the hydrochar properties and improve the 
dewaterability of the process. The reaction parameters, 200 °C and 2 hours, were fixed. Filtration tests 
for the resulting slurry were performed. The ultimate and proximate analyses supported by the calorific 
value of hydrochar were conducted. The experimental results of the hydrothermal carbonization of 
sewage sludge were used to make a preliminary hypothetical upscale of the process on industrial scale, 
in order to perform a preliminary energy balance, which will be used to supply inventory data for the 
following Life Cycle Assessment, to provide an evaluation of the environmental feasibility of the 
process.  
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1 Introduction 

In recent years, people are becoming more and more aware of the environmental issues that concern 
society. The constant growth of the economy and consumerism cause a rapid increase in the waste.  
Moreover, waste-to-energy technologies support to achieve European sustainable goals, hence, adequate 
waste management has to be applied according to EU requirements. Therefore, various ideas of 
recycling and reusing different materials are discussed. However, the most popular approach introduces 
a circular economy instead of a linear one. It introduces a whole way of working to mitigate the problem 
of waste production. The aim is to reuse, refurbish, or recycle every item instead of its harmful disposal. 
Unfortunately, it is not always possible to omit the production of waste. As a good example, wastewater 
treatment plants could be presented where sewage sludge is created as an unpleasant by-product. 
Commonly, it is either landfilled, used in agriculture or thermally utilised. Of course, the least favourable 
option is landfilling as it leads to the degradation of the land and landscape. Thermal utilisation is the 
most beneficial as it drastically decreases the amount of waste and allows recovery and utilization of 
energy encapsulated in the organic fraction of sewage sludge. However, it is only applied at larger 
facilities due to high investment and operational costs. Sewage sludge can be characterised by high 
moisture content and affinity for water that causes difficulties in moisture removal, as it must be dried 
before it can be further transformed. 

One of the most interesting solutions to facilitate sewage sludge utilization is hydrothermal 
carbonization. This pretreatment method conducted is at an elevated temperature (180-300°C), with 
autogenic pressure above saturation level to maintain the aqueous environment of the reactions. The 
reaction time can vary from a few minutes up to a few dozen hours [1,2]. But many researchers agree 
that even relatively short times can provide satisfactory results. During hydrothermal treatment, 
hydrolysis, dehydration, and decarboxylation occur. These reactions alter the structure and behaviour of 
sewage sludge and that means that excess water can be removed by standard filtration. The post-process 
slurry easily sediments and allows one to remove c.a. half of the contained moisture.  

The main objective of this study is to improve the dewaterability of hydrothermally treated sewage 
sludge by introducing fuel additives before the procedure and to estimate their ecological assessment. 
In this co-carbonization process, additive particles participate in ongoing reactions as well as support 
further filtration by providing a more permeable structure of the filtration cake. However, it is important 
to establish the influence of the proposed proceeding not only on the operation of the wastewater 
treatment plant but also on the environment. Hopefully, the integration of hydrothermal co-
carbonization can decrease operational costs, as well as, reduce the negative impact on the environment 
of waste handling. In such a case, the most useful method to evaluate the environmental loads is life 
cycle assessment. In this approach according to ISO Standards, various options are calculated and 
compared to the base scenario. In this paper, the reference scenario would be a typical operation of the 
wastewater treatment plant that will be compared with the case in which HTC is introduced. However, 
the first step in conducting this analysis is to prepare the mass and energy balance for the existing and 
modified layout. Herein this introduction step is carried out for the base case of HTC applied to sewage 
sludge (as the first step without any additive) which will facilitate further analysis. 

The scale-up process for a hypothetical industrial layout has previously been presented taking into 
account both the life cycle assessment and the hydrothermal carbonization perspective [3,4]. The LCA 
implemented for the HTC process of waste biomass [5] and sewage sludge [6,7] is very interesting and 
informative. The idea of implementing additives for the hydrothermal treatment of sewage sludge has 
already been investigated [8–10]. It proved the improvements of hydrochar properties and changes in 
the composition of the post-process water. However, an approach to focus on the influence of additives 
on the dewaterability of the sludge, especially from the perspective of LCA and scaling up for industrial 
processes, is fairly innovative. 

2 Materials and methods 

The investigated industrial layout is hypothetical but is based on the large-scale wastewater treatment 
plant located in Kraków, Poland. In a typical operation after anaerobic digestion is produced, sewage 

136



sludge is dewatered on a belt press, later stored, dried, and then thermally utilised. During the year 
around 90 thousand tonnes of sewage sludge are created with an average dry solids content of around 
22%, while 75 thousand tonnes are thermally utilised. The mass and energy balance was conducted 
assuming that the whole amount of created sewage sludge should be pretreated via the HTC process. To 
ensure enough time for maintenance and service, an operational time was assumed to be 8000 hours per 
year. Following the standards, all calculations were reported for the functional unit, namely the treatment 
of 1 t of sewage sludge (with initial moisture content mentioned previously). It should be underlined 
that the mass and energy yield as well as the possibilities of water removal are based on the HTC 
experiments carried out at a laboratory scale. 

The proposed layout of the HTC unit is presented in Fig. 1 prepared with Diagram Designer software. 
Although it is possible to pump the sewage sludge after the first dewatering step in this model, it is 
assumed that it is diluted by sewage sludge, which leaves the anaerobic digestion tanks with 10% dry 
solids content. This allows the transfer of the results obtained from laboratory experiments, where this 
concentration was used due to the reactor havinglimitations [11,12]. At the same time, it facilitates the 
passing of the slurry through pipes, heat exchangers, and other devices. After the mixture has been 
mixed, the desired dry solids content is reached and the slurry is pumped to a heat exchanger where it is 
preheated by energy recovered from the slurry exiting the HTC reactor. In the reactor, electrical energy 
is delivered for the stirring and heat to reach the desired temperature, which in this study was 200 °C. 
The reaction time was set to 2 hours. As mentioned before, after the reaction, the slurry passes through 
the second part of the heat exchanger and then passes to press for the dewatering process. The liquid 
phase can be directed for anaerobic digestion to fully utilise its energy potential for biogas production. 
In the meantime, hydrochar is further dried and prepared for thermal utilisation. The most noticeable 
differences, after the introduction of HTC, are expected to be found in the dewatering and drying stages. 

 

 

Figure 1: Schematic layout of proposed industrial scale HTC unit 
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The flow rates of the feedstock, namely sewage sludge and dewatered sewage sludge, were calculated 
to achieve 10% of the dry mass content in the mixture. Taking this and the reaction time into account, 
the number of reactors could be assessed. The singular volume was set to 10 m3 and the total volume of 
the reactors was enlarged by 10% to easily accommodate even small variations in the mixture flows. By 
assuming the cylindrical shape of the reactors it is also possible to determine the surface area which has 
to be insulated to decrease heat losses. 

To conduct energy balance, a few assumptions and estimations have to be made. The equations and 
background for proposing industrial scale installation were introduced by Piccinno et al. [3] as well as 
Lucian and Fiori [4]. First, the consumption of electrical energy and the heat demand must be estimated. 
The first devices in the layout that need to be considered are the stirrer and pump. For stirring, the size 
and speed of the propeller as well as the mixture density have to be considered. Similarly, for pumps a 
few factors can be listed: the mass flow rate, the height difference, and the distance to be covered. To 
decrease the heat losses, the reactors have to be insulated and a heat exchanger has to be introduced. To 
increase the effectiveness of the preheating process and to decrease the number of problems during 
operation, it is assumed that the slurry will always go through the pipes and the medium which will 
exchange heat between the cold and hot parts of the heat exchanger will be a thermal oil. In the following 
step, dewatering and drying were considered. During the separation stage, energy consumption may 
depend on the initial size of the particles, and initial and resulting moisture contents. The energy required 
for drying is mostly used to heat and evaporate excess water, hence in this step the moisture content 
after dewatering is a crucial point for consideration. The required thermal energy will indicate the 
temperature and flow rate of the air. Then, based on the flow rate, the size and electrical energy demand 
for the blower could also be calculated. Of course, the efficiency of every device has to be taken into 
account. 

To easily perform the energy balance, the total thermal energy and the total electric energy demands are 
converted to primary energy using the typical efficiencies of converting it to electric energy and heat. 

Primary energy consumptions are compared to the primary energy production calculated as the energy 
content of the hydrochar produced, according to the laboratory results. 

3 Results and discussion 

To achieve a mixture with 10% dry mass content and to process the same amount of sewage sludge on 
a dry basis, the total amount of converted sewage sludge equals 198 000 t/y. This value is assumed for 
this hypothetical layout. If sewage sludge were carbonized at a higher concentration level, the number 
of reactors would decrease, as well as the flow rates of sludge and air for drying. That ultimately would 
increase the cost-effectiveness of the whole installation. By following further calculations, the mass flow 
rate of sewage sludge is 24 750 kg/h, and the assumed density of 1000 kg/m3 volumetric flow rate equals 
24.75 m3/h. Because the reaction time equals 2 hours, the capacity of the reactors needs to be twice 
higher. After increasing the required volume of the reactors by 10%, the resulting number of reactors 
with a capacity of 10 m3 each is 55. 

Conducted experiments at the laboratory scale allowed to assess the product distribution between three 
phases: solid, liquid, and gas. In addition, the potential for dewatering was established by filtration tests. 
The elemental analysis was performed and the high heating value was measured. The most important 
results are presented concisely in Table 1. 

Table 1: Product distribution after HTC experiments 

Conditions Solid phase Liquid phase Gas and losses High heating value 
HTC at 200°C for 2h 6.0 % 90.1% 3.9% 17.97 MJ/kg 

After establishing the flowrate of the sewage sludge and the number and dimensions of the reactors, the 
calculations of the electric and thermal energy demands were carried out. The largest consumer of 
electric current is the air blower used for drying hydrochar (3.26 kWh/t). The second is equally the pump 
(0.65 kWh/t) and the dewatering unit (0.6 kWh/t). The assumptions are that the moisture content after 
the dewatering unit is 50% and after drying it is reduced to 20%. However, huge amounts of thermal 
energy are required. To increase the temperature of the sewage sludge from 15 °C to 200 °C it is 
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272.72 kWh/t mainly due to the high amount of water contained. Similarly to heat the air for the drying 
of the hydrochar, it is estimated to consume 79.73 kWh/t. To fully balance the proposed layout. The 
energy contained in the hydrochar can also be considered as a potential fuel for the whole installation. 
From every processed tonne of sewage sludge, we receive a solid fraction with an energy potential of 
299.5 kWh/t. The summary of the results presented is in Figure 2. To decrease the thermal energy 
demand for heating the sewage sludge in the HTC reactor, a heat exchanger was introduced. The hot 
slurry was assumed to have a temperature of 180 °C at the input, and the cold slurry had at the beginning 
a temperature of 15 °C. The ΔT of the heat exchanger is set at 20 °C. The use of a heat exchanger can 
supply 159.8 kWh/t of the required heat. Moreover, a heat exchanger is characterized by higher 
efficiency than a typical heating boiler. Hence, the total required primary energy is decreased. The 
remaining heat that must be supplied to heat the slurry from 160 °C to 200 °C is 59.65 kWh/t. 

As can be seen, the properties of the hydrothermally treated sewage sludge such as initial moisture 
content, solid fraction yield, high heating value, resulting moisture content after dewatering unit and 
desired moisture content after drying unit are crucial to investigating primary energy balance. Even a 
small change in those parameters can have a huge impact on the results, especially for large wastewater 
plants, such as in this example, due to a vast amount of proceeded waste. For example, if sewage sludge 
were hydrothermally treated at initial dry solids concentration (22%) it would cut thermal energy 
consumption in half. However, it is important to compare calculations with experimental data which 
were available. 

  

Figure 2: A primary energy balance after introducing a heat exchanger (for electric and thermal 
needs) 

4 Conclusions 

A scale-up of the hydrothermal carbonization process was proposed. Due to the low solid matter content 
in the assumed scenario, a high number of reactors is needed. If instead initially dewatered sewage 
sludge was to be processed, the number of reactors could be twice lower. To implement the HTC process 
in the wastewater treatment plant, there is a much higher demand for thermal energy than for electric 
energy. This is also related to the water content in the mixture. However, the energy potential of the 
hydrochar is more than capable of covering the energy requirements of the proposed installation. Taking 
that into account, it is more than encouraging to further investigate the impact of the hydrothermal 
carbonization process on the environment through life cycle assessment and possibilities of introducing 
this process into real wastewater treatment plants. 
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Abstract 

The experience of photo-catalytic and temperature-assisted air and flue gas purification from NOx 
using pilot- and lab-scale photo-reactors is presented. The reduction of NOx was carried out using real-
scale flue gas from coal and natural gas combustion under UV light irradiation (365 nm) over a TiO2 
catalyst. The pilot-scale photo-reactor (annular type, diameter of 100 mm and 80 mm, length of 1120 
mm, the flow rate of 50-300 L/h of air) was designed and built as a result of our previous project and 
co-operation. It was proved that moderate temperature (70–120 °C) creates a preferential condition for 
photo-selective catalytic reduction (photo-SCR) of NOx instead of the existence of the oxidative 
compound (like O2 and H2O). On the opposite side, the existence of sulfur compounds in flue gas 
negatively influenced the poisoning of the catalyst surface. As a next step, we propose the application 
of a pilot-scale photo-reactor to the process of air purification from selected volatile organic 
compounds (VOCs, like acetone, toluene, formaldehyde, acetaldehyde) and NOx. The experimental 
setup including a pilot-scale room is presented and discussed. Finally, a new concept of the photo-
catalytic reactor for honeycomb shape catalyst is presented and discussed. The challenge of such a 
type of reactor is sufficient light transporting from the light source to the catalyst surface. 

 

1 Introduction 

Photo-thermal catalysis has recently emerged as an alternative route to drive chemical reactions using 
light as an energy source. It has the potential to enhance reaction rates and to change selectivity 
patterns, even under moderate operation conditions. Another beneficial effect is that photo-thermal 
catalysis combines photochemical and thermochemical contributions of sunlight. Thus, it allows for 
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more effective harvesting of the solar spectrum, including low-energy visible and infrared photons that 
would be insufficient to promote photocatalytic reactions. Moreover, PTC exhibits the ability to 
enhance production rates while operating under moderate conditions [1]. Ma and co-workers [2] 
presented the definition of synergy effect due to the enhancement of photocatalytic (PC) and thermal 
catalytic (TC) processes. According to these researchers,  the synergistic effects can be described as a 
certain kind of cooperative utilization between light and heat in one reaction system, which results in 
significantly, or even strikingly, enhanced catalytic performances than the arithmetic summation of 
those by corresponding individual PC and TC. They described four possible effects of synergy, 
namely:(1) Enhancing the catalytic activity, (2) Enhancing the selectivity for the target product, and 
(3) Decreasing the reaction temperature, such as the photothermal effect of the Group VIII 
nanocatalysts to eliminate external heating, (4) Enhancing the catalyst durability and lifetime. Based 
on these dividing, Ma and co-workers [2] proposed four types of photo-thermal synergistic modes, 
namely thermal-assisted photocatalysis (TAPC), photo-assisted thermocatalysis, (PATC), photo-
driven thermocatalysis (PDTC), and photothermal co-catalysis (PTCC). The TAPC was defined as that 
light was the main driving force to the reaction while heat assistantly promotes the photocatalytic 
process rather than drives TC. Heat could assist in enhancing the activity of PC in multiple ways, 
including decreasing the apparent activation energy of PC, increasing the relative population of 
adsorbed reactant molecules in excited states, and promoting charge carrier mobility and mass 
transport of reactants. The PATC was defined as that heat was the main driving force to the reaction 
while light assistantly promotes the thermocatalytic process rather than drives PC. The light could 
assist in enhancing the TC activities in some ways, including the enhancement of the local temperature 
at the catalyst surface by electron relaxation and non-radiative recombination decreasing the apparent 
activation barrier for TC, promoting the rate-determining step of TC by the photo-excited catalytic 
active site. The PDTC was defined as that photo-induced heat was the main driving force to the 
reaction, where light indirectly drives TC rather than directly drives PC by increasing the temperature 
above the light-off threshold of TC by the photo-thermal effect of catalyst. The PTCC was defined as 
that both light and heat are the driving forces to the reaction, where the light directly drives PC and 
heat drives TC, achieving better synergistic performance than the sum of PC and TC.  

The description of photo-thermal catalysis, including mechanisms, synergy effects, types of reactors, 
and materials have been presented in review papers by Ma and colleagues [2], Keller and colleagues 
[3], Tang and colleagues [4], Kho and colleagues [5]. Nevertheless, they focused on such processes as 
solar fuel generation by H2 generation [2, 3], CO2 conversion (by methanation (Sabatier reaction) 
CO2+4H2→CH4+H2O, reverse water gas shift reaction CO2+H2→CO+H2O, dry reforming reaction 
CO2+CH4→2H2+2CO for Fisher-Tropsch synthesis) [2, 3, 5], organic pollutants degradation (VOC 
and dyes) [2], organic synthesis [2]. PTC can give some beneficial effects for photocatalytic NOx 
removal (especially, photo-selective catalytic reduction, and photo-SCR). To the best of our 
knowledge, photo-thermo catalysis in terms of deNOx processes has been not reviewed before. This 
paper aims to present the progress of photo-thermo-catalytic NOx removal using lab- and pilot-scale 
facilities. 

2 Photo-thermal catalytic NOx removal. State-of-the-art 

2.1 The role of temperature in the solution of the “water problem” 

There are three ways of photocatalytic removal of NOx: (i) photoselective catalytic reduction (photo-
SCR), (ii) photo-oxidation, and (iii) photo-decomposition. Photo-decomposition and photo-SCR 
belong to reduction methods. The main aim of these deNOx processes is the transformation of these 
pollutants into N2 and other harmless compounds. The photo-oxidation of NOx will lead to nitric acid 
formation, which must be removed from the photocatalyst surface [6]. The problem of photo-NOX-
decomposition is the low productivity of the process, which often yields N2O and not N2 as the 
primary product [7]. 

The necessity of the combination of thermal and photocatalytic modes in the NOx removal processes 
was growth up when selective photocatalytic reduction (photo-SCR) met a serious barrier. Namely, 
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the existence of oxidative compounds like H2O and O2 in the reaction system significantly reduced the 
efficiency of photo-SCR. Indeed, this problem significantly inhibited the development of photo-SCR 
because oxidative compounds (O2, H2O, CO2) exist in flue gas, thus the reduction of NOx from real-
scale flue gas seemed to be rather impossible. This problem came from the fact that the surface of 
TiO2 becomes superhydrophilic under UV light irradiation. If water is adsorbed on the TiO2 surface, it 
creates a very thin layer of water that inhibits photo-SCR. The transport of reactants and the products 
from the photocatalyst surface into the gas zone is also resisted by the formation of a water layer. 
Additionally, the presence of water, an oxidizer, will induce the formation of harmful NO2 [6]. This 
negative effect has been confirmed for O2. Yu and colleagues [8] noticed that the conversion of NO 
was substantially decreased to less than 10% in the presence of water vapor and oxygen. 

The first mention of the possible solution to this impasse or deadlock came from the research results 
presented by Poulston and colleagues in 2009 [9]. They observed that under UV irradiation at higher 
temperature (150°C), NO was transformed into N2 or N2O, even in the presence of significant amounts 
of oxygen (12%). They tested TiO2 as the photocatalyst and several hydrocarbons (C4H10, C3H8, C3H6, 
C2H6, and C2H4) as reducing agents, concluding that NO was transformed into mostly NO2 when the 
process temperature was below 42°C [6, 9]. It should be mentioned that Poulston and colleagues [9] 
investigated photo-oxidation of ethane, ethene, propane, and propene over titania and they considered 
NO as an oxidation agent. Thus, the relation to the photo-SCR did not impose itself directly. 
Considering this phenomenon, in 2010, Lasek and Wu [10, 11] noticed a chance to develop photo-
SCR and solve the “water problem”. The first confirmation of the positive effect of temperature 
increase on photo-SCR was presented using a monolith photoreactor [10] as well as a small-scale 
photo-thermal rector [11]. Next, the positive effect of temperature on photo-SCR was conferment 
using different catalysts and reactors [12-14]. 

The first systematic investigations of the beneficial effect of temperature on photo-SCR were carried 
out using a lab-scale facility. Namely, photocatalytic reduction of nitric oxide was studied on a 
PtOxPdOy/TiO2-coated monolith photoreactor using propane as the reducing agent. The photocatalytic 
reduction of NO in the NO/propane and NO/propane/O2 systems was studied by in situ diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS) [10]. The most important conclusion in 
terms of temperature impact on photo-SCR is that temperature increase inhibited the oxidizing effect 
of O2 and H2O by the change of adsorption equilibrium on the catalyst surface. Yu and colleagues [10] 
explained that when the temperature increased to 120°C, the NO conversion increased significantly 
while NO2 formation decreased. This implies more NO was reduced and less was oxidized. This 
different trend of the temperature effects concerning the simple NO/C3H8 system is due to the 
competition between O2 and NO to capture the photo-generated electrons on the catalyst surface. Since 
NO is a polarized molecule and O2 is not, the partially negative O atom on NO has a stronger affinity 
to the Ti4+ site, where the photo-generated electrons migrate. Please notice, that the fundamental 
heterogeneous photocatalytic process includes the creation of electron and hole pairs during the 
excitation under UV or visible light irradiation. When temperature increases to 120°C, both adsorbed 
NO and O2 decrease. However, with a much stronger adsorption ability, the fraction of NO adsorbed 
on the catalyst surface is higher resulting in a higher conversion near 73% as in the NO/C3H8 system. 
Thus, this suggests that the adsorption of oxygen is relatively sensitive to temperature variations. As 
temperature rises, fewer O2 are adsorbed and fewer nitrate, nitrite, and hydrocarbon intermediates are 
formed. Similar explanations were presented in terms of H2O presence in the reaction system. When 
the temperature increases to 120°C, a large number of water molecules would desorb, releasing the 
active sites from the catalyst surface. However, the adsorption ability of propane and NO do not 
change as much as water in this temperature range, increasing the ratio of adsorbed NO and propane, 
thus increasing the NO conversion at elevated temperatures. Lasek and co-workers [11] investigated 
photo-SCR of NO in the presence of water. The experiments were carried out in a continuous-flow 
photoreactor with 0.55–1.6 v% water at 30–120°C under UV-light intensity of ∼ 200mW/cm2. The 
C3H8/NO molar ratio in the feed ranged from 0.8–16.8 at a volume hourly space velocity (VHSV) 
from 330–1090 h−1. An increase in temperature at a suitable C3H8/NO ratio can minimize NO2 
formation (see Figure 1). Increasing temperature inhibited NO2 formation in the presence of water 
when the PdO/TiO2 photocatalyst was applied in the photo-SCR process. 
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Figure 1: Creation of NO2 during photo-reaction at water presence in the function of temperature; a) 
lower water concentration below 0.7 v%, at high (■, 163±8), medium (♦, 56±5), and low (▲, 11±5) 
C3H8/NO ratio; b) higher water concentration above 1.2 v%, at high (■, 145±12), medium (♦, 84±4), 

and low (▲, 20±5) C3H8/NO ratio, from [6, 11]. 

The beneficial effect of temperature on photo-SRC was confirmed a few times by the research group 
supervised by J.C.S. Wu’s (Taiwanese side) and J. Lasek’s (Polish side) investigations provided group 
[6, 11, 12, 14]. The revision of the obtained results was presented in Table 1. It can be noticed that the 
conversion of NOx varies in the range of 43–90%, depending on catalyst type and process parameters. 
It should be noticed that one of the most important parameters is gas hourly space velocity GHSV, 
calculated as volumetric flow rate divided by the volume of the rector. This parameter gives approx. 
value of the residence time (or contact time) of gaseous compounds in the catalytic reactor. Thus, a 
GHSV value in the range of 330–1090 h−1 is the equivalent of residence time approx. 3.3–11 seconds. 
GHSV of value 10000 h–1 corresponds to the residence time of 0.36 seconds. Then, it is clear that the 
obtained NOx conversion at higher values of GHSV gives potentially higher possibilities of flue gas 
purification. In another word, shorter contact time gives a chance to increase the flue gas flow rate by 
photoreactor. 

Table 1: The experience of thermal-assisted photo-SCR of NOx using lab- and pilot-scale photo-
reactors 

No Catalyst Rector Conditions Max. NOx 
conversion
, % 

Ref
. 

1 Powder form, 
Pd/PdO-loaded 
TiO2 (Degussa 
P25; 75% anatase 
and 25% rutile) 
specific surface 
area of 50m2/g,  
 

Lab-scale photo-reactor 
aluminum alloy 6061, 
quartz window on the 
top) The light-exposing 
area 273the  mm2, the 
shape of reactor: double 
isosceles triangles with 
cut vertex (length of 
3the 5 mm, width of 12 
mm, and depth of 1 
mm), and the internal 
volume of reactor 0.546 
ml. The photoreactor 
inserted with a 
thermocouple was 
settled on a heating 
plate to precisely 
control the reaction 
temperature 

400 ppm NO, 5000 ppm 
C3H8, and pure N2 as water 
vapor carrier (0–1.6 v.%). 
The light intensity and are 
wavelength ~200mW/cm2 
and 365 nm. Flow rate 3–
10 ml/min (equivalent to 
volume hourly space 
velocity (GHSV) from 

330–1090 h－1), 
temperature 30–120 °C. 

Dry 94 % 
Humid 90 
% 

[11] 

2 PtOxPdOy/TiO2-
coated monolith 

Lab-scale monolith 
photoreactor. The 

400 ppm NO, 5000 ppm 
C3H8, O2 5 v.%, H2O 

Dry 90 % 
Humid 

[10] 
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(4.2 cm diameter 
and 6.0 cm 
length) 

catalyst-coated 
monolith was inserted 
by side-glowed optical 
fiber in each channel 
and placed inside a 
circular quartz vessel 

(water saturator at room 
temperature), N2 UV-A 
light (320–500 nm) at the 
intensity of 46.9 mW/cm2, 
flow rate 7 ml/min (GHSV 
3.15 h–1), temperature 25, 
70 and 120 °C. 

65% 
O2 67.1% 
 

3 TiO2 supported 
on a spherical α-
Al2O3/ γ-Al2O3 

Modified lab-scale (No. 
1) photoreactor: a 
cylindrical notch with 
15 mm in diameter and 
1 mm in height, the 
exposure area 176.63 
mm2. The photoreactor 
inserted with a 
thermocouple was 
settled on a heating 
plate to precisely 
control the reaction 
temperature. 

lab-scale test 400 ppmv 
NO; 2000 ppmv C4H10; 4 
v% O2; 4 v% H2O; and 
balancing by N2. The total 
feed gas volumetric flow 
rate was 25 ml/min 
(GHSV 10000 h−1). The 
light source was provided 
by a mercury arc lamp 
(EXFO S1500, 200 mW 
cm−2, 320–500 nm), 
temperature 40–300 °C. 

43% [12] 

4 TiO2 supported 
on a spherical α-
Al2O3/ γ-Al2O3 

Pilot-scale 
photreactoror (annular 
type, diameter of 100 
mm and 80 mm, the 
length of 1120 mm, 
flow rate of 50-300 L/h 
of air)  

Real-condition flue gas 
from the coal burning in a 
domestic furnace (25 kW), 
The total volumetric flow 
rate 2300 ml/min (GHSV 
of 80 h−1), temperature 
120–130 °C. 

68–75% [12] 

5 TiO2 
photocatalyst was 
prepared by sol-
gel method 
(powder form) 

Lab-scale photoreactor, 
(like in No. 3) 

400 ppmv NO, 2000 ppmv 
C4H10, 4 vol% O2, 4 vol% 
H2O, and balance gas (N2) 
with (GHSV of 10000 h−1). 
Mercury arc lamp 
(OmniCure S1500, 200 
mW cm−2, 320–500 nm), 
temperature 40–300 °C. 

Humid, 
O2, 80% 

[13] 

6 Titania nanosheet 
photocatalysts 
with dominantly 
exposed (001) 
reactive facets.  

Lab-scale photoreactor, 
(like in No. 3) 

400 ppmv NO; 2000 ppmv 
C4H10; 4 v% O2; 4 v% 
H2O; and balancing by N2. 
The total feed gas 
volumetric flow rate was 
25 ml min−1 (GHSV 10000 
h−1). Mercury arc lamp 
(OmniCure S1500, 200 
mW cm−2, 320–500 nm), 
temperature 40–160 °C. 

Humid, 
O2, 87% 

[14] 

Yu and colleagues [14] the comparison of photo-SCR for different catalysts, i.e. commercial Degusa 
P-25, TiO2 photocatalyst prepared by the sol-gel and titania nanosheet photocatalysts with dominantly 
exposed (001) reactive facets. The highest NOx removal (i.e. 64%) at GHSV=10000 h–1 and 120 °C 
was obtained for titania nanosheet photocatalysts with dominantly exposed (001) reactive facets (see 
Figure 2). The NOx removal was calculated from (1), thus it favors photo-SCR because the 
transformation into NO2 (like in photo-oxidation processes [6]) does not give the increase of NOx 
removal. Please note that NOx=NO+NO2, thus in such defined NOx removal only photo-reduction 
gives a beneficial effect. 
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𝑁𝑂  𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝑁𝑂  − 𝑁𝑂   

𝑁𝑂  
× 100% (1) 

 

Figure 2: NOx removal of P25, SG, FT1, FT1.5, and FT2 photocatalysts at different temperatures for 
photo-SCR reaction (Feed gas compositions: 400 ppmv NO, 2000ppmv C4H10, 4 v% H2O, 4 v% O2, 

and N2 balance), from [14] 

2.2 The progress of photo-thermo-catalytic reactors for the NOx removal process 

The application of photo-thermo-catalytic reactors in NOx removal processes is not often reported in 
scientific literature. The main focus was on the application of PTC reactors in the process of fuel 
generation (H2, CH4 and others), organic pollutants degradation (VOC and dyes) and organic synthesis 
The first design of lab-scale design of PTC reactors for NOx removal was presented in 2010 by Lasek 
and Wu. They applied the idea of Poulston and colleagues [9]. The photoreactor was made of 
aluminum alloy 6061 and equipped with a quartz window on the top. The light-exposing area, 273 
mm2, consisted of double isosceles triangles with cut vertex (length of 35 mm, the width of 12 mm, 
and depth of 1 mm), and the internal volume of the reactor was 0.546 ml. The temperature of the 
reactor was controlled by a hot plate equipped with a temperature regulator. In addition, a hole (2mm 
in diameter and 26mm in length) was drilled into the reactor wall (located at the center position below 
the reaction area) for accurate measurement of temperature by a K-type thermocouple. The scheme of 
the lab-scale photo-thermo-rector and the photograph of this reactor is presented in Figure 3 and 
Figure 4. This reactor was successfully applied in the research of photo-thermo-SCR [6, 11, 12], 
photo-transformation of NO2 into NO at the N2 presence [15], as well as the photo-epoxidation of 
propylene [16-18]. 

The next step in the development of PTC reactors in terms of NOx removal. The research group was 
supervised by J. Lasek (Polish side) and J.C.S. Wu (Taiwanese side) presented a new type of pilot-
scale photo-reactor. The reactor was the designed by J. Lasek, K. Głód, J. Zuwała and J.C.S. Wu. The 
scheme and the photograph of this reactor are presented in Figure 5 and Figure 6. The pilot-scale 
photo-reactor consists of double quartz pipes (annular type, the diameter of 100 mm and 80 mm, 
length of 1120 mm). The other parameters are as flows: rate of 50-300 L/h of air, 6 UVA lamps 
(PHILIPS TL 60W/10R), electric power demand of 60W, and UVA power of 15.8 W for each lamp. 
In this reactor, the photocatalysts on ball-shape support (diameter of ~3 mm) were mixed with 
cylinder-shape silica glass for efficient light transportation into the photocatalyst surface. Moreover, 
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thermal-assisted photocatalytic reactions can be carried out using this reactor because reacting gases 
can be heated up to 150°C. Currently, this reactor is under reconstruction. A new diode light source is 
applied and the gas flow rate will be increased up to 5000 L/h.  

 

Figure 3: The scheme of lab-scale photo-thermo-rector designed by J. Lasek and J.C.S. Wu, from [12, 
14] 

 

Figure 4: The photograph of a lab-scale photo-thermo-rector designed by J. Lasek and J.C.S. Wu, 
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Figure 5: The scheme of pilot-scale photo-thermo-rector designed by J. Lasek, K. Głód, J. Zuwała and 
J.C.S. Wu, used in research of photo-thermo-SCR [12, 19] 

 

       

Figure 6: The photograph of a pilot-scale photo-thermo-rector designed by J. Lasek, Głód, Zuwała, 
and J.C.S. Wu, used in research of photo-thermo-SCR [12, 19], the reactor outside (left), inside 

(middle), reactor bed (the mixture of catalyst balls and quartz pipes as light transfer carrier) (right) 

2.3 The importance of light transfer in pilot-scale reactors. 

A very important issue in the pilot- and real-scale photoreactors are light transfer from the light source 
to the photocatalyst surface. It is known that only the irradiated surface of the photocatalyst is 
available for efficient photocatalytic reaction. In another word, the catalyst surface “must be visible” 
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for the light source. The covered or shadowed surfaces are efficient for photocatalytic reactions. Thus, 
the efficient photocatalyst after lab-scale investigations is only “the halfway path” to successful 
application. The second important issue is efficient light transfer from the light source to the 
photocatalyst surface. In the PTC this task seems to be more difficult because UV light sources are 
especially sensitive to temperature. It is knowns that some UV sources (e.g. diodes) exhibit sensitivity 
against temperature. Namely, the effect of temperature on UV LED degradation is described in the 
literature. For example, thermal exposure of GaN-based LED resulted in the degradation of optical 
power by 47% at an input current of 20 mA, after thermal exposure (i.e. 250 °C) for 160 hours [20]. 
Considering a candidate for UV-light transmission/dispersion, the most common is silica glass. This 
material can be used for mechanically mixing with photocatalysts but covering some photo-active 
surfaces by films made of silica glass is hard due to the high temperature processing of silica glass (i.e. 
more than 1500 °C) [21]. Nevertheless, new UV-transparent materials are developed. For example, 
silicone [22, 23], polymethylmethacrylate (PMMA) and polycarbonate (PC) plastics [24, 25] exhibit 
some transparency (more than 80%) for UV-A irradiation. The most advantage of these materials is 
significantly lower processing temperature. However, the application of these materials in 
temperature-assisted photo-catalysis should be carefully considered due to the lower temperature of 
molding and service. Figure 7 shows the idea of light transfer in a pilot-scale photo-reactor. The 
catalyst balls are mixed with quartz pipes to enhance light transfer into the catalyst surface.  

 

Figure 7: The idea of light transfer in pilot-scale photo-reactor 

2.4 Beneficial effects of temperature in the process of photocatalytic NOx removal- 
auxiliary processes  

Besides of the main advantage of temperature increase in photo-SCR (i.e. solving the “water problem” 
as e.g. inhibited transformation of NO into NO2), there are additional benefits due to such combining 
of photo- and thermos processes. The increase in temperature influences positively auxiliary processes 
that can be beneficial for photo-SCR 

Yamamoto and colleagues [26] reported a beneficial effect of temperature during the photo-assisted 
selective catalytic reduction of NOx (photo-SCR) at NH3 presence as a reducing agent, over TiO2 
photocatalyst presence, and under UV light irradiation. It is known that the introduction of SO2 (300 
ppm) decreased the activity of the photo-SCR at 373 K. This undesired effect was inhibited by the 
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increase in reaction temperature. Namely, the increment of the reaction temperature enhanced the 
resistance to SO2 gas, and at 553 K the conversion of NO was stable for at least 300 min of the 
reaction. Photo-SCR was carried out using a conventional fixed bed flow reactor at atmospheric 
pressure. A 200W Hg–Xe lamp equipped with fiber optics, a collective lens, and a mirror was used as 
a light source. The measured light irradiance was 360 mWcm−2. Moreover, they explained that during 
reaction at SO2 presence, an amorphous (NH4)2SO4 species was created between TiO2 particles and it 
inhibited the activity of photo-SCR. The created amorphous (NH4)2SO4 species blocked the surface of 
TiO2 which was ineffective for the photo-SCR. The deactivation occurs due to a pore plugging by the 
deposition of the (NH4)2SO4 species on the TiO2 surface (see Figure 8). The amount of the (NH4)2SO4 
species decreased with increasing the reaction temperature. Thus, it is the explanation of the positive 
effect of temperature on photo-SCR at NH3 as a reducing agent and SO2 presence. 

 

 

Figure 8: Deposition model of sulfate species of the catalysts. Based on [26] 

Another beneficial effect is the possibility of catalyst surface renovation during photo-thermal 
processes. Lasek and colleagues [11] revealed the potential self-renovation of Pd/TiO2 photocatalyst 
under higher temperatures. Namely, during photocatalytic reaction at room temperature and oxidative 
conditions, palladium metal (as Pd0 state) is oxidized into PdO (palladium as Pd2+ state). It can be 
observed on a macro-scale as the change of catalyst color from dark to orange/beige. It is known that 
Pd-TiO2 is more efficient than oxidized PdO/TiO2. Thus, the transformation of PdO into Pd during the 
photocatalytic process is beneficial in terms of NOx removal. They observed that palladium oxide can 
be transformed into palladium metal (as Pd0 state) via palladium oxide hydrate, palladium nitrate, and 
palladium acetate (as intermediate compounds) under humid, excess-propane, and high-temperature 
conditions. 

Kang and co-workers [27] presented the results of photo-thermo catalytic oxidation of propane over 
TiO2-WO3 supported platinum catalyst. These results are of special interest because C3H8 was 
recognized as an effective reducing agent for photo-SCR. The photo-thermo catalysis of 
semiconductor-supported Pt catalyst (Pt/TiO2-WO3) was found to be capable of dramatically 
enhancing the catalytic oxidation of C3H8 at low temperatures and high O2/C3H8 ratio (volume ratio: 
20). The peroxycarbonate (-OCO3) is found as the intermediate for this reaction by in situ diffuse 
reflectance infrared Fourier-transform spectroscopy (DRIFTS). Moreover, Kang and co-workers [27] 
noticed that when rising the temperature, the decomposition of the peroxycarbonate can be 
accelerated.  

3 The further development of photo-thermal-SCR 

As a next step, we propose the application of a pilot-scale photo-reactor to the process of air 
purification from selected volatile organic compounds (VOCs, like acetone, toluene, formaldehyde, 
acetaldehyde) and NOx. It is known that in some cases VOC and NOx exist together in such places as 
garages, tunnels, painting rooms, manufacturing buildings, and petrol stations. Thus, the potential 
applications of the technology are dedicated to such specific destinations. This topic seems to be much 
more challenging (compared to the application in the flue gas) due to a much higher concentration of 
oxygen (i.e. ~21 v.% in the air). Our ongoing project under the Polish-Taiwanese/Taiwanese-Polish 
Joint Research Project focuses on such issues. Moreover, a new concept of the photo-catalytic reactor 
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for honeycomb shape catalyst is suggested. The scheme of the reactor is presented below (see Figure 
9). This reactor was designed by our group. It consists of a few chambers where honeycomb catalysts 
can be placed. The challenge in such a type of reactor is sufficient light transporting from the light 
source to the catalyst surface. Thus, to increase the efficiency of light transfer, optical fibers will be 
placed in honeycomb channels. UV diodes are applied as a light source and the irradiation of a catalyst 
can be realized using quartz windows. The light sources are placed outside the reactor, thus it allows 
external heat to the reactor and cools down the diodes which are necessary for such technology of 
light.  

 

Figure 9: The scheme (cross-section) of a new photo-reactor where honeycomb catalyst can be 
applied 

4 Conclusions 

The increase of temperature in photocatalytic systems to the moderate level of 100 °C gives beneficial 
effects for photo- selective catalytic reduction of NOx (photo-SCR). Namely, when a reducing agent 
occurs in the reaction system (like e.g. C3H8), the increase in temperature inhibits the transformation of 
NO into NO2 in the presence of oxidative compounds (like O2 and H2O). Thus, the increase in 
temperature avoids such undesired effects for photo-SCR. This disclosure helped to push the photo-
SCR from lab-scale to pilot-scale when real condition of flue gas was applied. The presence of oxygen 
and water vapor in real-condition flue gas is obvious. Therefore, the presented progress in photo-SCR 
increased the technology readiness level, TRL doing this method closer to commercial applications. 

Acknowledgements 

This research was investigated under the Polish-Taiwanese/Taiwanese-Polish Joint Research Project 
entitled “Photo-catalytic and temperature-assisted air purification from VOC and NOx using a pilot-
scale photo-reactor”. The authors gratefully acknowledge the Ministry of Science and Technology 
(MOST, Taiwan) and the National Centre for Research and Development (NCBR, Poland) agreement 
No. PL-TW/VIII/2/2021. 

References 

[1] Mateo D, Cerrillo JL, Durini S, Gascon J. Fundamentals and applications of photo-thermal 
catalysis. Chemical Society Reviews.Vol. 503 3), 2021, pp. 2173-210. 

151



[2] Ma R, Sun J, Li DH, Wei JJ. Review of synergistic photo-thermo-catalysis: Mechanisms, 
materials and applications. International Journal of Hydrogen Energy.Vol. 4555 55), 2020, pp. 
30288-324. 

[3] Keller N, Ivanez J, Highfield J, Ruppert AM. Photo-/thermal synergies in heterogeneous 
catalysis: Towards low-temperature (solar-driven) processing for sustainable energy and 
chemicals. Applied Catalysis B: Environmental.Vol. 2962021, pp. 120320. 

[4] Tang S, Sun J, Hong H, Liu Q. Solar fuel from photo-thermal catalytic reactions with spectrum-
selectivity: a review. Frontiers in Energy.Vol. 114 4), 2017, pp. 437-51. 

[5] Kho ET, Tan TH, Lovell E, Wong RJ, Scott J, Amal R. A review on photo-thermal catalytic 
conversion of carbon dioxide. Green Energy & Environment.Vol. 23 3), 2017, pp. 204-17. 

[6] Lasek J, Yu YH, Wu JCS. Removal of NOx by photocatalytic processes. Journal of 
Photochemistry and Photobiology C: Photochemistry Reviews.Vol. 141 1), 2013, pp. 29-52. 

[7] Nguyen V-H, Nguyen B-S, Huang C-W, Le T-T, Nguyen CC, Nhi Le TT, et al. Photocatalytic 
NOx abatement: Recent advances and emerging trends in the development of photocatalysts. 
Journal of Cleaner Production.Vol. 2702020, pp. 121912. 

[8] Yu YH, Su IH, Wu JC. Photocatalytic reduction of NO pollutant using an optical‐fibre 
photoreactor at room temperature. Environmental technology.Vol. 3113 13), 2010, pp. 1449-58. 

[9] Poulston S, Twigg MV, Walker AP. The Effect of nitric oxide on the photocatalytic oxidation of 
small hydrocarbons over titania. Applied Catalysis B: Environmental.Vol. 893 3), 2009, pp. 
335-41. 

[10] Yu Y-H, Pan Y-T, Wu Y-T, Lasek J, Wu JCS. Photocatalytic NO reduction with C3H8 using a 
monolith photoreactor. Catalysis Today.Vol. 1741 1), 2011, pp. 141-7. 

[11] Lasek J, Yu Y-H, Wu JCS. Water and temperature effects on photo-selective catalytic reduction 
of nitric oxide on Pd-loaded TiO2 photocatalyst. Environmental Technology.Vol. 2012, pp. 1-9. 

[12] Yu JC-C, Nguyen V-H, Lasek J, Chiang S-W, Li DX, Wu JC. NOx abatement from stationary 
emission sources by photo-assisted SCR: Lab-scale to pilot-scale studies. Applied Catalysis A: 
General.Vol. 5232016, pp. 294-303. 

[13] Yu JC-C, Nguyen V-H, Lasek J, Li DX, Wu JC. Competitive reaction pathway for photo and 
thermal catalytic removal of NO with hydrocarbon in flue gas under elevated temperatures. 
Catalysis Communications.Vol. 842016, pp. 40-3. 

[14] Yu JC-C, Nguyen V-H, Lasek J, Wu JC. Titania nanosheet photocatalysts with dominantly 
exposed (001) reactive facets for photocatalytic NOx abatement. Applied Catalysis B: 
Environmental.Vol. 2192017, pp. 391-400. 

[15] Yu JC-C, Lasek J, Nguyen V-H, Yu Y-H, Wu JCS. Visualizing reaction pathway for the photo-
transformation of NO2 and N2 into NO over WO3 photocatalyst. Research on Chemical 
Intermediates.Vol. 2017, pp. 

[16] Nguyen V-H, Lin SD, Wu JCS, Bai H. Influence of co-feeds additive on the photo-epoxidation 
of propylene over V–Ti/MCM-41 photocatalyst. Catalysis Today.Vol. 2452015, pp. 186-91. 

[17] Nguyen V-H, Wu JC, Bai H. Temperature effect on the photo-epoxidation of propylene over V–
Ti/MCM-41 photocatalyst. Catalysis Communications.Vol. 332013, pp. 57-60. 

[18] Chan H-Y, Nguyen V-H, Wu J, Calvino-Casilda V, Bañares MA, Bai H. Real-time Raman 
monitoring during photocatalytic epoxidation of cyclohexene over V-Ti/MCM-41 catalysts. 
Catalysts.Vol. 52 2), 2015, pp. 518-33. 

[19] Lasek J, Głód K, Zuwała J, Iluk A, Yu JC-C, Kazalski K, et al. Photo-catalytic removal of NOx 
from real condition flue gases. Conference Photo-catalytic removal of NOx from real condition 
flue gases, Tatranské Matliare, Slovakia. 

[20] Natarajan S. Thermal metrology techniques for ultraviolet light emitting diodes: Georgia 
Institute of Technology, 2012. 

[21] Website. Optical Materials: Moldable optical silicone elastomers spark creativity in LED 
lighting, https://www.laserfocusworld.com/optics/article/14040094/moldable-optical-silicone-
elastomers-spark-creativity-in-led-lighting.Vol., pp. 

[22] Wu Y, Liu J, Jiao X, Cheng F, Lai G, Yang X. UV-cured transparent flexible silicone materials 
with high tensile strength. ACS omega.Vol. 511 11), 2020, pp. 6199-206. 

[23] Website. https://www.led-professional.com/resources-1/articles/transparent-material-
considerations-for-uv-optics-in-horticultural-lighting-applications.Vol., pp. 

152



[24] Xu J, Nagasawa H, Kanezashi M, Tsuru T. TiO2 Coatings Via Atmospheric-Pressure Plasma-
Enhanced Chemical Vapor Deposition for Enhancing the UV-Resistant Properties of 
Transparent Plastics. ACS omega.Vol. 62 2), 2021, pp. 1370-7. 

[25] Nagasawa H, Xu J, Kanezashi M, Tsuru T. Atmospheric-pressure plasma-enhanced chemical 
vapor deposition of UV-shielding TiO2 coatings on transparent plastics. Materials Letters.Vol. 
2282018, pp. 479-81. 

[26] Yamamoto A, Teramura K, Hosokawa S, Tanaka T. Effects of SO2 on selective catalytic 
reduction of NO with NH3 over a TiO2 photocatalyst. Science and Technology of Advanced 
Materials.Vol. 2015, pp. 

[27] Kang L, Liu XY, Wang A, Li L, Ren Y, Li X, et al. Photo–thermo Catalytic Oxidation over a 
TiO2‐WO3‐Supported Platinum Catalyst. Angewandte Chemie International Edition.Vol. 5931 
31), 2020, pp. 12909-16. 

 

153



154



7th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2022, 20-23 September 2022, Poland 

 

Model-based optimization of alkaline electrolysis 
systems for hydrogen production 

 

María C. Arpajou1, Diego G. Oliva1, Miguel C. Mussati1, Ignacio Schmidhalter1, Pio A. Aguirre1, 
Tatiana Morosuk2, Sergio F. Mussati1  

1 INGAR Instituto de Desarrollo y Diseño (CONICET-UTN), Avellaneda 3657, Santa Fe, 3000, Argentina 
e-mail: (mcarpajou, doliva, mmussati, ischmidhalter, paguir, mussati)@santafe-conicet.gov.ar 

 
2 Institute for Energy Engineering, Technishe Universität Berlin, Marchstrs. 18, 10587 Berlin, Germany 

e-mail: tetyana.morozyuk@tu-berlin.de 

 

Keywords: Green hydrogen, Alkaline water electrolysis, Efficiency, Optimization, Nonlinear 
mathematical programming. 

 

Abstract 

Hydrogen plays a crucial role in the sustainable transformation of the energy systems. It is certainly an 
essential factor for achieving the decarbonization of different sectors such as industry and transport. Water 
electrolysis using electricity generated from renewable energy sources, mainly wind and solar, is among 
the most environmentally friendly hydrogen production processes. Despite being the most mature 
technology at the moment, there is still room for improvements concerning cell materials, components, 
dimensions, and the process itself. In this paper, the focus is on an alkaline water electrolysis process. 
Model-based simultaneous optimization of the geometric dimensions and operating conditions such as cell 
temperature, electrolyte concentration, applied electrolyte pressure, and current density of an alkaline 
water electrolyzer is addressed. To this end, a nonlinear mathematical programming (NLP) optimization 
model, based on first principles, is developed. Gradient-based deterministic optimization is performed. In 
addition to the electrochemical reactions, the phenomena taken into account for the material balance are 
the mass transfer of the electrolysis products from the solution to the rising bubbles, the gas crossover 
through the separator (diaphragm), and the reaction rates at the electrodes. The model is firstly validated 
using two reference cases reported in the literature. Then, given process data and specifications as well as 
bounds on variables, the values of operating conditions and geometric dimensions that maximize cell 
efficiency are simultaneously optimized. In addition, the influence of critical operating variables on the 
optimal solution is investigated. Regarding computational aspects, the model is implemented in General 
Algebraic Modeling System (GAMS) software and solved using CONOPT solver. 

155



 

 

1 Introduction 

Nowadays, dealing with growing energy demand in a more sustainable and environmentally friendly 
manner is one of the greatest challenges. The limited supply of fossil fuels as well as their great 
contribution to greenhouse effect encourage the development of alternative and renewable energy sources. 
In the last decades, hydrogen has drawn especial attention due to its wide range of potential usage, 
especially in the energy sector. Hydrogen is a carbon-free fuel [1], and it can also be used as an energy 
carrier because of its great energy storage capacity [2]. There exist several methods for producing 
hydrogen, including reforming, gasification, and water electrolysis [3]. The present work focuses on the 
alkaline water electrolysis process. 

Many efforts have been made to model the phenomena that occur in an alkaline water electrolyzer. 
Ulleberg [4] proposed a dynamic model for an advanced alkaline electrolyzer based on fundamental 
thermodynamics, heat transfer theory, and empirical electrochemical and thermal relationships. A 
photovoltaic-hydrogen energy plant (PHOEBUS) [5] was used as a reference system to compare the 
model results with experimental data. This model has been frequently used when simulating different 
water electrolysis processes combined with dynamic renewable energy systems due to its exactitude and 
adaptability. Haug et al. [6] studied the product gas purity in an alkaline water electrolyzer by varying 
some of the operating conditions such as current density, electrolyte concentration, electrolyte flow rate, 
and cell temperature. The authors developed a steady state mathematical model based on a classical 
process engineering approach taking into account mass transport phenomena. They pointed out that a 
purer gas cathode stream can be obtained by increasing both the electrolyte concentration and cell 
temperature and decreasing the electrolyte flow rate. Abdin et al. [7] focused on studying the contribution 
of the equilibrium potential and cell overpotentials to the total voltage of an alkaline electrolyzer cell. 
Their model included physically-based parameters, which depended on the cell materials and components. 
The model served as a practical tool for improving the electrolyzer cell performance by modifying its 
geometry and enhancing its materials of construction. Jang et al. [8] worked on an alkaline water 
electrolyzer model in order to determine the effect of pressure on the cell performance. They developed a 
numerical model of the electrolyzer cell using Aspen Plus®, which was subsequently validated using 
experimental data. In addition, Jang et al. [9] also studied the effect of temperature on the cell efficiency. 
To predict the voltage needed by the cell stack to work, the authors developed an electrochemical model 
using a Fortran subroutine®. Varela et al. [10] performed a deterministic optimization of the operation 
schedule of an alkaline water electrolysis plant using the current-voltage model proposed by Ulleberg [4]. 
To the authors' knowledge, despite the existence of many publications concerning the study of alkaline 
water electrolyzer systems under different assumptions and using different computational tools, the 
literature does not yet provide a mathematical optimization model to systematically and simultaneously 
determine the optimal operation conditions and optimal geometric dimensions of an alkaline electrolyzer 
when maximizing the cell efficiency. To this end, an algebraic nonlinear mathematical programming 
(NLP) optimization model based on first principles is proposed. It is implemented in GAMS software and 
solved using CONOPT solver, which is based on the generalized reduced-gradient (GRG) method. 
Validation is performed by using the results reported by Haug et al. [6] and Abdin et al. [7] as reference 
cases.  

 

2 Process description 

A graphic representation of the alkaline water electrolysis (AWE) system is shown in Figure 1a. The 
system consists of a mixer, an electrolysis cell, electrolyte recirculation pumps, and valves. The cell is 
formed by two half cells – also called compartments –, in which the cathode and the anode are separately 
and fully immersed in the electrolyte. Hydrogen is formed in the cathode compartment and oxygen in the 
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anode compartment at a molar production rate ṅ , where i refers to the species (hydrogen and oxygen) 
and j refers to the cell compartments, according to the following electrochemical reactions:  

Cathode: 2 H O + 2 e  →  H +  2 OH  
Anode: 2 OH  →  0.5 O +  H O + 2 e   
Overall reaction: H O →  H +  0.5 O  

Even though the half cells are divided by a separator (diaphragm) to prevent the mixture of dissolved 
species, the crossover of both hydrogen and oxygen species Ncross i through the separator inevitably occurs. 

 
 
 

Figure 1: (a) Alkaline water electrolysis system. (b)Transport mechanisms present in each half cell. 

The process begins with a bubble-free electrolyte (potassium hydroxide solution) fed to each compartment 
j of the cell at a volumetric flow rate V ̇ j

Lmix and with an electric potential applied to the system. It is 
assumed that the electrolysis products are generated in dissolved form. When the amount of hydrogen and 
oxygen produced exceeds their respective solubilities in the alkaline electrolyte, gas bubbles begin to form 
on the electrode surface. After a certain time, they detach and leave the electrode boundary layer towards 
the upper region of the compartment. Both the gas and the saturated electrolyte streams abandon each half 
cell j at volumetric flow rates V̇j

G and V̇j
L, respectively. Subsequently, the bubble-free electrolyte is 

directed to the mixer by the recirculation pumps, where a homogeneous concentration of the electrolyte 
solution is obtained. Pure water is also added to the mixer at a volumetric flow rate V ̇ M

L, so as to 
compensate the water misbalance cause by the electrolytic reaction. Finally, the bubble-free electrolyte 
solution enters the cell compartments and the electrolyte circuit is completed. It should be noted that, in 
this work, the process is analyzed at steady state condition.    

Once produced, the dissolved species can be transported either to the liquid-gas interface of the attached 
bubbles or to the electrolyte bulk. Figure 1b shows the transport mechanisms present in each half cell. 
Whether the dissolved species evolve as gas bubbles at the electrode surface or move towards the 
electrolyte bulk depends on the operating conditions of the cell [6]. The reason for the first phenomenon to 
take place is the following. Due to the fact that the gas solubility in the concentrated alkaline media is 

(b) (a) 
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quite low, the electrode boundary layer becomes strongly supersaturated. In order to allow bubble 
formation at the electrode surface, nucleation sites must be active [6]. The supersaturation of the 
electrolyte determines a large deviation from equilibrium and, therefore, it favors nucleation site 
activation. Then, bubbles are formed on the electrode surface thanks to a constant supply of a fraction of 
the dissolved species present in the surrounding supersaturated electrolyte. Thus, the electrode behaves as 
a gas-evolving surface [11]. Gas bubbles grow and detach from the electrode when they reach a certain 
departure size, and a new bubble forms at the same nucleation site. The remaining fraction of dissolved 
species leaves the boundary layer in dissolved form. The gas evolution efficiency fGi determines the 
fraction of dissolved hydrogen and oxygen forming gas bubbles within the boundary layer. The rest, 
represented by (1 – fGi), abandons the boundary layer towards the electrolyte bulk [6,11].  In turn, outside 
the electrode concentration boundary layer, as the electrolyte is still supersaturated with the electrolysis 
products, a portion of the electrolysis products, which previously reached the electrolyte bulk in dissolved 
form, can still be incorporated into a second group of surrounding rising bubbles. These mass transfer 
phenomena occur in the region adjacent to the electrodes, where the total liquid-gas interfacial area is AL-

G
j. The absorption flux density of dissolved specie i, NL-bubble i

j from the electrolyte bulk to the gas bubbles 
depends on the mass transfer coefficient kj

L,i, as well as the bulk concentration of the specie i in the 
electrolyte Cbulk,i

j, and the equilibrium concentration Ceq,i
j [11]. As hydrogen is generated in the cathode 

compartment, the hydrogen bulk concentration in the cathode is much greater than that in the anode, and 
oppositely for the oxygen, whose bulk concentration in the anode is much greater than that in the cathode. 
This misbalance of the bulk concentrations in the cell compartments generates the mentioned diffusional 
crossover through the separator Ncross i, which can be described by the Fick’s law.  

Regarding energy aspects, for the electrochemical reactions to take place, some “barriers” have to be 
overcome. One of them is the equilibrium or reversible cell voltage Veq at the cell temperature and 
pressure conditions. The other ones are the cell overpotentials related to (a) the activation overpotential 
Vact – due to the activation energy of the electrochemical reactions occurring on the surfaces of the 
electrodes –; (b) the concentration overpotential Vc – due to the concentration of dissolved species in the 
electrolyte –, and (c) the ohmic overpotential Vohm, which is caused by the electrical resistance of the 
electrodes Relectrodes, the alkaline electrolyte Relectrolyte, and the separator Rsep. Then, the total cell voltage 
Vcell is determined by summing the equilibrium voltage and the activation, concentration, and ohmic 
overpotentials [12]. 

 

3 Mathematical model 

A comprehensive fist-principle-based nonlinear (NLP) optimization model for maximizing the voltage 
efficiency of an alkaline electrolyzer cell is developed and implemented in the modeling and optimization 
software GAMS. Material and energy balances, mass transfer and diffusion phenomena, cell voltage and 
overpotentials, among other operation and design constraints, are involved. The model comprises the 
following main assumptions and considerations: 

 Stationary process. 
 Uniform temperature in each half cell. 
 Monodisperse bubble size distribution. 
 No mass transfer phenomena present in pipes.  
 Ideal mixer. 
 Ideal gas behavior. 
 No recombination reactions take place in the cell electrodes. 
 The gas bubbles abandon the cell and only dissolved gases are recycled to the electrolysis cell. As 

a result, the inlet partial pressure of the species to the cell can be set to zero. 
 The hydrogen at the cathode and the oxygen at the anode are totally produced in dissolved form. 
 The size of the rising gas bubbles depends only on the density current. 
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 The only electromagnetic field lines considered are the ones that are perpendicular to the electrode 
area. 

Some constraints considered in the model are listed below. 

Mass balances:  

Mass balances:  

1 − f ṅ + V̇  C + N  A = V̇  C + N A  
(1) 

1 −  f ṅ + V̇  C = V̇  C + N A + N  A  (2) 

f ṅ + N  A =  
V̇

R T
p  (3) 

Cin,i
j is the inlet concentration of the specie i in compartment j, Asep the separator area, V̇G

j the gas 
volumetric flow rate, and pout,i

j the partial pressure of the species i in compartment j. The mass balances in 
the mixer can be expressed as follows: 

V̇ C + V̇ C =  V̇  C +  V̇  C  (4) 

V̇ + V̇ =  V̇ + V̇ +  V̇  (5) 

C =  C  (6) 

Equation (6) implies that the electrolyte concentration leaving the mixer is equal to the electrolyte 
concentration entering the electrolyzer cell.  

According to Eq. 7, the molar flux rate of hydrogen and oxygen generated at the electrodes can be 
calculated with the applied current density Jcd, the electrode area Ae, the stoichiometric coefficient of the 
species i

j (1.0 and 0.5 for hydrogen at the cathode and oxygen at the anode, respectively, and 0 for 
hydrogen at the anode and oxygen at the cathode), z the number of transferred electrons in the 
electrochemical reaction, and the Faraday constant F. 

ṅ =  
Φ   J   A

z F
 (7) 

The gas evolution efficiency fGi is determined with the correlation proposed by Haug et al. (2017) [6]. 

f = 0.25744 J .  (8) 

Furthermore, the crossover of species Ncross i – the molar flux of the species that crosses through the 
separator – is estimated with Eq. (9). 

N =  
D

δ
 C − C  (9) 

where Deff i is the effective diffusion coefficient, δsep the separator thickness, and Cbulk i
ctd and Cbulk i

and the 
bulk concentration of specie i in the cathode and anode, respectively. 

The absorption flux density is calculated according to Eq. 10. 

N =  κ ,  C −  C  (10) 

The molar flow of dissolved specie i moving from the electrolyte bulk to the rising bubbles is obtained by 
multiplying the absorption flux density and the liquid-gas interfacial area AL-G

j. The liquid-gas interfacial 
area can be expressed as follows:  

159



 

 

A = 6
ε  l

d
 A  (11) 

where εhcell
j is the gas fraction inside each half cell, ls

j the distance between each electrode and the 
separator, and dbubbles

j the gas bubble diameter.  

Next, the rest of the main model equations are listed. 

Cell voltage: 

V = E + (T −  T )
∆S

z F
+  

R T

z F
ln

p p
.

a ,
 (12) 

Cell overpotentials: 

V =
R T

α  z F
ln

J

J ,
(1 − θ )

 (13) 

V =
Φ R T

z F
ln

J

z F κ , C
+ 

C

C
 (14) 

V = J A R +  R + R  (15) 

Electrical resistances:  

R = λ
δ

A
1 + ϑ (T + 293.15 K) +  λ

δ

A
1 +  ϑ (T + 293.15 K)  (16) 

R = λ
l − β

A
+  λ

β

A
+  λ

l − β

A
+  λ

β

A
 

 

(17) 

R = λ
τ δ

ω ξ A
 

 

(18) 

Total cell voltage: 

V = V +  V +  V +  V  (19) 

Cell efficiency: 

Eff =
V

V
 x 100 (20) 

Geometric constraints: 

A = A  (21) 

l ≥ β  (22) 

Gas bubble diameter: 

d = 720x10 (1 + 0.2J ) .  (23) 

The most relevant variables in the equations are: the cell voltage efficiency Effcell, the temperature T, the 
partial pressure of hydrogen and oxygen at the cathode and anode pout H2

ctd and pout O2
and, respectively, the 

charge transfer coefficient αj, and the bubble layer thickness j. According to Mandin et al. [13], a good 
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estimation for j is 19 times the bubble diameter. As regards constant values, R is the gas universal 
constant, z the number of transferred electrons in the electrochemical reaction, and F the Faraday constant. 
E0 is the standard cell voltage and S0 the standard entropy change (−173.67 J/(mol K)).  

Physicochemical, thermodynamic, and transport property estimation equations for species (hydrogen and 
oxygen), electrolyte, and water can be found elsewhere and they are not here included. 

 

4 Problem statement 

Given the flow sheet shown in Figure 1a, process data and specifications, as well as bounds on variables, 
the optimization problem consists of maximizing the voltage efficiency of the alkaline electrolyzer cell 
(Eq. (20)) to satisfy a required hydrogen production flow rate. Then, based on the main model constraints 
Eqs. (1–19, 21–23), the formulation is expressed as follows (Eq. 24): 

Maximize Effcell 

subject to: 

⎩
⎪
⎪
⎨

⎪
⎪
⎧

                                                                                                         
Mass balances                                                                                                         
Physicochemical and thermodynamic property estimation equations
Voltage equations                                                                                                  

Electrolyzer design equations and constraints (sizing)                            

Hydrogen production molar rate of 2 × 10 mol s⁄                                  

Half cell electrolyte volumetric flow rate of 180 ml min⁄                         
Process data                                                                                                          

 

(24) 

By solving the stated NLP optimization problem, the optimal values of the following continuous variables 
are obtained: 

 Maximal cell voltage efficiency. 
 Optimal operating conditions: cell temperature, total pressure in each compartment, electrolyte 

concentration, current density, and pump pressure. 
 Optimal values of cathode gas stream purity. 
 Optimal equilibrium voltage and cell overpotentials. 
 Optimal dimensions of some system components: electrode area, separator thickness, and 

distances between each electrode and the separator. 

 

5 Results 

5.1 Model validation 

The proposed model is validated by comparing the model outputs with two different reference cases 
reported in literature [6, 7]. To this end, the model is solved in simulation mode i.e. with zero degrees of 
freedom by setting the same operation and design variable values as in the reference cases. Then, the 
model’s verification is performed by comparing the calculated values with the reported ones.  

In the first reference case, the hydrogen content in the anode gas stream is experimentally studied [6]. 
Different operating conditions, such as cell temperature, current density, electrolyte concentration, and 
electrolyte flow rate are considered. Figure 2a illustrates the comparison between the simulation model 
outputs (symbols) and the experimental data reported by Haug et al. (2017) [6] (dashed lines) for a mixed 
electrolyte cycle strategy. It depicts the dependence of the anode gas stream impurity on the current 
density for different electrolyte volumetric flow rates. As a second reference case for model verification 
purposes, the work of Abdin et al. (2017) [7] is considered. Unlike the previous reference case, this work 
deals with cell polarization aspects. Figure 2b shows the cell voltage for different values of current density 
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and temperature reported by the authors based on their experimental setup (dashed lines) and the 
predictions using the proposed model (symbols). Based on these comparisons, a good agreement between 
both reference cases and the developed model is obtained. It can be concluded that the proposed NLP 
mathematical model is suitable to perform model-based simultaneous optimization of the operating 
conditions and cell dimensions (sizing) of an alkaline electrolyzer cell, in the examined variation ranges of 
critical process variables. 

 
(a)                                                                      (b) 

Figure 2: Result comparison of the proposed model with reference cases: (a) Haug et al [6].; (b) Abdin et 
al [7]. 

5.2 Optimization results 

Once verified, the optimization model is solved to maximize the cell voltage efficiency for a desired 
hydrogen production molar rate of 2×10−3 mol/s, as stated in the section Problem statement (Eq. (24)). The 
temperature is allowed to freely vary from 323.15 K to 353.15 K, the electrolyte concentration from 25% 
wt. to 35% wt., the current density from 100 A/m2 to 5000 A/m2, and the electrode area from 0.1 m2 to 0.3 
m2. The maximum allowable absolute pressure in both the cathodic and anodic compartments, as well as 
the electrolyte recirculation pump pressure, is 10.13 bar (upper bound). The charge transfer coefficient is 
fixed at 0.425 for the cathodic compartment and 0.925 for the anodic compartment, which are the values 
reported by Haug et al. [6]. The electrolyte volumetric flow rate is set at 180 mL/min.   

Table 1: Optimal solution OS0 for the optimization problem given in Eq. (24) 

Variables Symbol Unity Value 

Objective function: Cell voltage efficiency Eff  % 74.03 
Temperature T K 353.15 
Electrolyte concentration w  %wt 26.79 
Current density  J  A / m2 1286.47 
Pump pressure P  bar 10.11 
Partial pressures    
Hydrogen at the cathode p  bar 9.79 

Oxygen at the cathode p  bar 0.0123 

Hydrogen at the anode p  bar 0.0479 

Oxygen at the anode p  bar 9.76 

Water at both compartments p  Bar 0.32 
Cathode gas stream purity - % 96.7 
Total cell voltage V  V 1.67 
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Table 1 shows the main results of the optimization problem. The obtained maximum cell voltage 
efficiency is 74.03% (Table 1). The optimal value of the temperature corresponds to the upper bound 
value (353.15 K). The partial pressure of hydrogen at the cathode and oxygen at the anode account for 
9.79 bar and 9.76 bar, respectively. The water partial pressure in both compartments is 0.32 bar, while the 
pump pressure nearly reaches the upper bound value (10.11 bar). In addition, the total cell voltage is 1.67 
V, of which 1.24 V corresponds to the equilibrium voltage and 0.43 V to the sum of the cell 
overpotentials. The optimal cathode and anode area values are 0.3 m2 and the optimal separator thickness 
is 0.5 mm. Both the cathode-separator and  anode-separator distances are equals and account for 1.12 mm. 
The optimization results also show that, even if the hydrogen production rate is set at 2×10−3 mol/s, a 
hydrogen molar flow rate of 1.995×10−3 mol/s leaves the cathode compartment in the gas stream. The rest 
of the produced hydrogen remains in the electrolyte solution, of which a fraction passes through the 
separator to the anode compartment. Also, an oxygen molar flow rate of 0.998×10−3 mol/s leaves the 
anode as gas stream. Furthermore, since the hydrogen production rate is 2×10−3 mol/s, water is produced 
in the anode compartment by the electrochemical reaction at 1×10−3 mol/s, conversely, water is consumed 
in the cathode compartment at a rate of 2×10−3 mol/s. The net water consumption per cell is therefore 
1×10−3 mol/s. As regards energy aspects, the electric current intensity and the cell overpotentials 
determine a dissipated power in the optimal solution of 167.24 W for the examined variation ranges of 
operation and design variables.  

Next, the behavior of some of the most relevant model’s variables (cell temperature, electrode area, 
distance between the electrodes and the separator, separator thickness, and charge transfer coefficient) is 
analyzed. Furthermore, the critical trade-offs established among them are elucidated by comparing the 
optimal solution obtained above (named as ‘OS0’) with the optimal solutions obtained when changing a 
(fixed) value of a given operation/design parameter (named as ‘OS#’). It should be noted that the objective 
function to be optimized – maximization of the cell voltage efficiency – is the same in all performed 
optimization runs and that the required hydrogen production rate is always fixed at 2×10−3 mol/s in all 
studied scenarios.   

Regarding the operation temperature of the process, from an electrochemical point of view, a temperature 
increase has a positive impact on cell efficiency [14]. This is due to the fact that a higher temperature 
produces a reduction in the ohmic resistance of the cell. For instance, Phillips et al. (2017) [15] reported a 
33% reduction on the ohmic resistance when increasing temperature from 30 ºC to 80ºC. In this study, it is 
found that, if temperature is fixed at 323.15 K (i.e. at a value lower than the optimal value of 353.15 K 
obtained in OS0), then the cell voltage efficiency decreases to 69.76% (‘OS1’), which is a 5.8% less than 
the value obtained in the optimal solution OS0. As mentioned, when the system’s temperature is a (free) 
optimization variable, it reached the imposed upper bound value (353.15 K). In that case, the equilibrium 
cell voltage accounts for 1.24 V, followed by the activation overpotential (0.28 V), the ohmic 
overpotential (9.44×10−2 V), and the concentration overpotential (5.38×10−2 V), resulting in a total cell 
voltage of 1.67 V in OS0. When temperature is set at 323.15 K, the values of both the equilibrium cell 
voltage and the activation overpotential increase to 1.26 V and 0.35 V, respectively (in line with Zeng and 
Zhang (2010) [16]). Besides, the ohmic overpotential greatly increases by around 48.3%, while the 
concentration overpotential rises 13.4%, reaching 6.1×10−2 V. The result is a total cell voltage of 1.81 V in 
OS1 (> 1.67 V in OS0). 

The electrode area is another variable considered in the analysis. The larger the electrode area, the lower 
the ohmic overpotential, and therefore, the greater the cell efficiency. When reducing the electrode area 
from its upper bound to its lower bound (from 0.3 m2 to 0.1 m2), a significant decrease in the cell 
efficiency is observed (‘OS2’), from 74.03% in OS0 to 63.46% in OS2, (14.3% reduction). This is due to 
the fact that the electrode area plays a very important role in the electrode, electrolyte, and separator 
electrical resistance (see Eqs. 16−18), and therefore, it affects the ohmic overpotential. Particularly, this 
decrease in the electrode area causes an increase of almost 200% in the ohmic overpotential, being equal 
to 0.28 V in OS2. The thickness of the separator also plays a critical role in the cell efficiency. In OS0, the 
separator thickness reaches its lower bound, which is 0.5 mm. Nonetheless, when this variable is fixed at 
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10 mm (‘OS3’), the cell voltage efficiency reduces to 44%. Interestingly, the increase in the separator 
thickness produces an increase in the cathode gas purity, which rises from 96.70% in OS0 to 97.29% in 
OS3.  

 
 

Figure 3: (a) Cell voltage vs electrode-separator distance. (b) Comparison between the purity and the cell 
voltage efficiency for different electrode-separator distances. 

Following, the effect of the distance between the electrodes and the separator lsj on the cell voltage 
efficiency is analyzed. The corresponding optimization results are presented in Figure 3. In OS0, the 
optimal lsj values of both the cathode-separator and the anode-separator distance account for 1.12 mm. 
Electrode-separator distances lsj shorter and longer than 1.12 mm are analyzed in suboptimal solutions 
‘OS4-a’ and ‘OS4-b’, respectively. It is observed that, when lsj is fixed at 0.7 mm (‘OS4-a’), the cell voltage 
efficiency decreases by 15.6%, being 64.02%. In this suboptimal solution, it is also noted that the area of 
the electrode is reduced from 0.3 m2 to 0.105 m2. This behavior is explained as follows. When lsj is fixed 
at 0.7 mm, the constraint lsj ≥ βj (Eq. (22)) becomes active in OS4-a i.e. lsj = βj = 0.7 mm (βj is the bubble 
layer thickness). As βj is assumed to be 19 times the gas bubble diameter dbubbles

j [13], the bubble diameter 
in OS4-a is considerably smaller than that in OS0. Equation (23) shows that the greater the current density, 
the smaller the gas bubble diameter. Consequently, the present value of the gas bubble diameter makes the 
current density to considerably increase to 3691.85 A/m2. In order to satisfy the required hydrogen 
production rate of 2×10−3 mol/s (by keeping the same electric current intensity), this rise in the current 
density is only possible by decreasing the electrode area, which varies from 0.3 m2 in OS0 to 0.105 m2 in 
OS4-a. This reduction in the electrode area causes an increase in the electric resistances of the electrode, 
electrolyte, and separator. Therefore, a rise in the ohmic overpotential is observed, from 9.44×10−2 V in 
OS0 to 0.27 V in OS4-a (approximately a 186% increase), which consequently causes the reduction in the 
cell voltage efficiency. On the other hand, for lsj values longer than 1.12 mm, it is observed that, when lsj 
is fixed at 10 mm (‘OS4-b’), a rise in the ohmic overpotential also takes place, and, as a result, the cell 
voltage efficiency reduces from 74.03% in OS0 to 67.34% in OS4-b. However, the decrease in the cell 
voltage efficiency is not due to the decrease in the electrode area, since this variable accounts for 0.3 m2 as 

(b) (a) 
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in OS0. In this case, as lsj is greater than βj (see Fig. 5a), Eq. (17) shows that the increment in the electric 
resistance of the electrolyte occurs only because of the increase of lsj. The ohmic overpotential increases 
to 0.26 V, making the cell voltage efficiency to diminish to 67.34% in OS4-b, which is nearly 9.1% less 
compared to OS0.   

Figure 3b shows the hydrogen purity of the cathode gas stream and the cell voltage efficiency for different 
electrode-separator distances lsj. It should be noted that all the plotted points correspond to optimization 
runs. It is clearly seen a trade-off or opposite trends between these variables: for lsj =1.12 mm – the 
optimal lsj in OS0 –, the optimal efficiency value is the highest one, as expected (as it is the optimal 
solution for the unconstrained problem) but the hydrogen purity value is the lowest one. As the electrode-
separator distance lsj moves to either shorter or longer values than 1.12 mm, the cell efficiency decreases 
but the hydrogen purity in the cathode gas stream increases. Therefore, it is not possible to simultaneously 
obtain the highest cell efficiency and the highest hydrogen purity in the cathode gas stream. 

Finally, though the charge transfer coefficient is neither an operating nor a design parameter, it is 
important to see its influence in determining the cell efficiency. In the present model, the fitted value 
reported by Abdin et al. (2017) [7] is used in the optimizations. However, according to Hammoudi, et al. 
(2012) [17], a more conservative value of 0.5 can be assumed for each electrode. With this value, the cell 
efficiency is reduced to 66.23% (‘OS5a’) due to an increase in the activation overpotential (0.583 V). In 
addition, Hammoudi, et al. (2012) [17] used a temperature-dependent correlation for this coefficient. It is 
important to note that the authors do not specify the type of alkaline electrolyzer used in their work. In 
contrast, Henao et al. (2014) [18] used the same correlation in a HRI electrolyzer model. Since in such 
correlation the greater the temperature the greater the charge transfer coefficient, a lower activation 
overpotantial is obtained if temperature is increased, which means a greater cell efficiency. As a result, 
when the Hammoudi’s expression is used (‘OS5b’), an optimal charge transfer coefficient value of 0.453 is 
obtained for the cathode (being 0.425 in OS0) and 0.403 for the anode (being 0.925 in OS0). Consequently, 
cell efficiency results in 62.5%, suffering a 15.88% reduction with respect to OS0. 

 

6 Conclusions  

In this work, the simultaneous optimization of the operating conditions and cell dimensions of an alkaline 
water electrolyzer cell to maximize the cell voltage efficiency for producing a required hydrogen gas 
demand (2×10-3 mol/s) is addressed. The study is performed using mathematical programming techniques 
and a generalized gradient-based optimization algorithm. A nonlinear programming (NLP) model is 
derived from the material and energy balances, the equilibrium and overpotential equations, the geometric 
constraints, and the physicochemical, thermodynamic, and transport property estimation equations. For 
model validation purposes, two reference cases reported in literature are used. 

The optimization results show that the maximum cell efficiency is 74.03% under the studied scenario 
(OS0). An 5.8% decrease in the cell efficiency is obtained when the system temperature is set to its lower 
bound (OS1). In OS0, the optimal temperature value equals the upper bound as the ohmic resistance 
considerably decreases with increasing temperature values. The electrode area also plays a critical role in 
the cell efficiency. A 14.3% reduction in the cell efficiency results when the electrode area is decreased 
from 0.3 m2 (upper bound in OS0) to 0.1 m2 (fixed value in OS2). The variation of the electrode-separator 
distance from the optimal value in OS0 shows that it is not possible to simultaneously obtain the highest 
cell voltage efficiency and the highest hydrogen purity in the cathode gas stream. In addition, the charge 
transfer coefficient significantly influences the cell efficiency. When a temperature-dependent correlation 
is used to estimate the charge transfer coefficient (OS5b), the cell efficiency decreases by 15.88% with 
respect to OS0. It is evident that the charge transfer coefficient plays a critical role in the electrolyzer 
model when maximizing the cell efficiency. Then, an expression to estimate it accurately is required.  
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In future works, a thorough study involving other objective functions such as the hydrogen purity in the 
produced gas stream and the total cell cost will be carried out. Besides, water management, energy balance 
and the incorporation of gas separation units will also be considered.  
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Abstract 

This paper investigates the optimal integration of a hybrid renewable energy system consisting of wind 
turbines and/or photovoltaic solar panels with membrane-based desalination units used to obtain 
freshwater from seawater or brackish water with zero brine production. The minimization of the total 
annual cost is proposed as the objective function. In the first case study, no grid connection is 
considered and wind turbines and/or photovoltaic panels can be only used for providing the electrical 
power required by the desalination processes to meet variable freshwater demand. Then, in a second 
study, a grid-connected hybrid renewable energy system is investigated. The possibility of variable 
freshwater storage is considered in order to conveniently accommodate the renewable energy 
generation towards a cost-effectiveness process design. To show the model powerful, renewable 
energy sources available in the South of Argentina are assumed. Data taken from NASA are used to 
characterize the weather conditions, such as solar irradiance and wind speed. Also, data taken from 
catalogue are considered for the wind turbines. The proposed model has the potential to assess to what 
extent variable water demands can be covered by wind and solar energy in any site of the world with 
only changing the input information associated to the freshwater demand and meteorological wind and 
solar data. 

1 Introduction 

Seawater desalination plants play an important role in producing freshwater for human drinking, 
irrigation and industry. Commercial desalination technologies can be divided into two categories: 
thermal and membrane. The most common thermal technologies include multi-stage flash distillation 
(MSF) and multiple-effect distillation (MED) while the membrane-based technologies comprise 
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reverse osmosis (RO) and electrodialysis (ED). All the technologies are energy-intensive: high 
requirements of steam in MSF and MED and electricity in RO and ED are needed. To move towards 
to climate change mitigation, the usage of renewable energies is an attractive option to be integrated 
with desalination technologies. This paper investigates the potential utilization of both wind and solar 
energy in the city of Río Grande (Argentina) to drive a RO desalination unit for obtaining freshwater. 
Río Grande is a city located in the Province of Ushuaia in the South of Argentina and it is considered 
one of the best places around the world with promising wind conditions for electricity generation. 
Then, the main objective of the current study is to develop an optimization mathematical model that 
can be used to optimally size the components of a grid-connected hybrid PV-wind powered reverse 
osmosis desalination system under the weather conditions existing in Río Grande. The proposed model 
includes the mass and energy conversion and performance in addition to the capital and operation 
expenditures of the system. The characterizations of the solar energy and wind energy for the studied 
zone were done by the help of the collected weather data taken from the National Aeronautics and 
Space Administration [1]. The optimization model was implemented using GAMS [2], a high-level 
modeling system for mathematical programming and optimization. The model is able for determining 
the optimal generation system (i.e wind and/or solar) with the corresponding electrical power that 
must be generated per hour as well as the optimal strategy of the freshwater production considering the 
possibility of hourly freshwater storage. 

2 Process description  

Figure 1 illustrates the proposed hybrid renewable energy system coupled with the desalination 
processes.  

 

Figure 1: Schematic of a grid-connected hybrid renewable energy system and reverse osmosis 
desalination process 

As it is shown, the system consists of an electricity grid, photovoltaic (PV) panels, wind turbines 
(WT), high pressure pump (HPP) and a desalination system integrating reverse osmosis (RO) process, 
electrodialysis (ED) unit and a crystallizer (CRY). The desalination system may run with energy 
generated by the wind turbines and/or PV panels and or energy imported from the grid. Also, in case 
that extra energy is produced it is possible to export to the grid. Hourly freshwater storage with respect 
to the required demand can be done through the storage tank INV if it is convenient from the 
availability of the sources and a cost point of view. For instance, in the time period for which the price 
of the energy imported from the grid is low, freshwater can be produced and storaged to satisfy part of 
the demand needed later when the price of the energy is high. But also, another trade-offs must be 
simultaneously taken into accounts, such as the availability and quality of the wind and solar energy 
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when the price of the energy is high. Thus, the optimization of the system illustrated in Fig. 1 is a 
challenging task because of all the trade-offs existing between the process variables.      

3 Mathematical Model  

In this work, a linear optimization mathematical model proposed is developed. It includes all the 
constraints required to size each one of the systems. Manufacturer data are considered for the wind 
turbines. Mass balances of the desalination units are included. The model also accounts for cost of the 
CO2 emission. The details of the developed mathematical model are given hereunder. A set T 
containing 8760 elements t is defined to indicate the variation of the main optimization variables with 
time. Each element represents a time period corresponding to an hour. 

 
Total freshwater production per hour 
Equation (1) calculates the total freshwater production (TWP) produced by the three desalination 
processes. 
 

𝑇𝑊𝑃 = 𝑄𝑊𝑃 + 𝑄𝑊𝑃 + 𝑄𝑊𝑃   (1) 
 
where 𝑄𝑊𝑃 , 𝑄𝑊𝑃  and 𝑄𝑊𝑃  represent the hourly flowrates in the in reverse osmosis 
(RO), electrodialysis unit (ED) and crystallizer (CRY) 
 

Mass balances associated to the desalination processes 

The main overall mass balances corresponding to the desalination units are expressed form Eq. (2) to 
Eq. (7). 
 

𝑄𝐹 = 𝑄𝑊𝑃 + 𝑄𝐵  (2) 
 

where 𝑄𝐹 , 𝑄𝑊𝑃  and 𝑄𝐵  refer, respectively, to the feed, freshwater and brine flowrates. The 
water recovery ratio RR (freshwater production and brine ratio) is calculated by Eq. (3). 
 

𝑅𝑅 =
𝑄𝑊𝑃

𝑄𝐵
∙ 100 (3) 

 
Then, Eq. (4) gives the ratio between 𝑄𝑊𝑃  and 𝑄𝐵  

 

𝑄𝑊𝑃 = 𝑄𝐵 ·
𝑅𝑅

(1 − 𝑅𝑅)
 (4) 

 
The performances of the ED and CRY units are calculated in Eq. (5) and Eq. (6). 
 

𝑄𝑊𝑃 =
𝑄𝐵

3
 (5) 

  

𝑄𝑊𝑃 =
𝑄𝐵

6
 (6) 

 
The total water produced per hour 𝑇𝑊𝑃  in the three desalination modules is calculated from the total 
mass balance expressed in Eq. (7): 
 

𝑄𝐹 = 𝑇𝑊𝑃 + 𝑆𝐴𝐿𝑇  (7) 
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Freshwater inventory per hour (water storage) 

The mass balance expressed in Eq. (8) corresponds to the cycle inventory for the freshwater 
production.  

 
𝐼𝑁𝑉 + 𝑇𝑊𝑃 = 𝐼𝑁𝑉 − 𝑊𝐷  (8) 

 
Energy balances  

The overall energy balance per hour is expressed in Eq. (9)  

 
𝐸 + E + E ≥ 𝐸 + E + E + E  

(9) 

 
where 𝐸 and E  refer to the energy generated by the photovoltaic solar panels and wind turbines, 
respectively, E  is the energy imported from the grid, E  represents the energy exported to the 
grid. Finally, 𝐸 , E and Et

CRY refer to the energy required by the RO, ED and CRY units, 
respectively. 
 
Energy generated for PV per hour: 

𝐸 = 𝑆𝐼 · APV · 𝜂  (10) 
 
where SIt is the is hourly solar irradiance over the whole year (Fig. 3a), APV refers to the total area of 
PV (optimization variable) and ηPV is the PV efficiency treated as model parameter. 
 
Energy generated for wind turbine per hour: 

𝐸 = EWT · 𝑁  (11) 
 
𝐸  represents the hourly power generated by a turbine and it takes into account data taken from 
catalogue (Fig. 6) and wind conditions per hour per in all year (Fig. 3b).  
 
Grid connection regulation:  

In all countries, there are several regulations for grid connection. As a first approximation, a typical 
regulation is considered which is expressed in Eq. (12).  

24 24 24

1 1 1

0.7 1.3EI EE EI
t t tE E E       (12) 

 
Energy requirements per RO unit, ED unit and CRY unit: 

𝐸 = 𝑊𝑃 · 𝑆𝐸C
 

(13) 
𝐸 = 𝑊𝑃 · 𝑆𝐸C  (14) 

𝐸 = 𝑊𝑃 · 𝑆𝐸C  (15) 
 
where 𝑆𝐸C refers to the specific energy (kWhr/m3) required by each one of the desalination 
processes (Table 2). 
 
Cost model 

The total annual cost (TAC) of the entire system is calculated in Eq. (16) and takes into account the 
total the annualized capital expenditure (annCAPEX), the total operating expenditure (OPEX), the 
carbon emission cost (CEC) calculated using the Eq. (26) and the economic impact of the grid (GEI) 
(Eq. (27)). Here, it is important to mention that when a grid-connected system is considered, there is a 
possibility to import/export energy from/to the grid under a grid connection regulation (Eq. (12)). The 
potential sale and purchase of energy will depend on the variation of the prices with time. 
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8760 8760

1 1t t
TAC annCAPEX OPEX CEC GEI      (16) 

 

where annCAPEX ($/yr.) is calculated in Eq. (17) and it includes the CAPEX associated to the 
photovoltaic panels, wind turbines, reverse osmosis and inventory. 

 
( )PV WT RO INVannCAPEX CAPEX CAPEX CAPEX CAPEX CRF      (17) 

 

where the model parameter CRF is the capital recovery. Then, each cost-item in Eq. (17) is calculated 
from Eq.(18) to Eq. (21): 

 
𝐶𝐴𝑃𝐸X = N · K  (18) 

𝐶𝐴𝑃𝐸X = N · K  (19) 
𝐶𝐴𝑃𝐸X = 𝐾 ∙ 𝐷𝑊𝐷 (20) 

𝐶𝐴𝑃𝐸X = 𝐼𝑁V · K  (21) 
 

where KPV and KWT
 refer, respectively, to the cost of a solar panel and a wind turbine, while KRO and 

KINV represent the specific costs associated to the RO unit and inventory tank ($/m3). The values of 
these parameters are listed in Table 2. On the other hand, NPV and NWT represent the number of 
photovoltaic solar panels and wind turbines, DWD refers to the maximum production of fresh water 
generated in a day per RO unit and INVMAX represents the maximum size required by the inventory, 
all considered as optimization variables. As a first approximation in order to simplify the solution 
algorithm, NPV and NWT are considered as continuous variables instead of integer variables.   

The total operating expenditure OPEX in Eq. (16) is given in Eq. (22)  

𝑂𝑃𝐸𝑋 = (𝑂𝑃𝐸X + 𝑂𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋 ) · 𝑟 (22) 

where r represents the discount rate (3%). Then, the operating expenditures associated to the solar 
panels, wind turbines and desalination units are expressed from Eq. (23) to Eq. (25): 

𝑂𝑃𝐸𝑋 = C · N  (24) 

 8760 ,1 ,2 ,3

1

RO RO RO RO
tOPEX TWP C C C     (25) 

where CPV and CWT are the corresponding maintenance costs per unit. In Eq. (22), OPEXRO includes 
the operating cost CRO,1, chemical treatment cost CRO,2

 and membrane replacement cost CRO,3 (Table 2).  

The carbon emission cost CECt in Eq. (26) is calculated as follows:  
𝐶𝐸𝐶 = 𝐸 · 𝐸𝐹 · 𝑇𝐴𝑋 (26) 

where EF refers to the emission factor (1.07 kgCO2/kWh) and Et
IE the energy imported per hour from 

the grid. TAX is a model parameter representing the carbon tax (0.41$/kgCO2).  

Finally, the economic impact of the grid is calculated as follows: 

𝐺𝐸𝐼 = EP · (𝐸 − 𝐸 )
 

(27)
 where EPt is the energy price which varies with time (hour) according to the Fig. 5.  

4 Optimization problem statement  

The optimization problem consists in minimizing the total annual cost (TAC) subject to: -) mass and 
energy balances, -) hourly freshwater demand, -) meteorological conditions. As a result, the  following 
outputs are obtained: -) minimum value of TAC, -) optimal distribution of TAC among CAPEX and 
OPEX, -) removal or selection of PV panels, -) removal or selection of wind turbines, -) optimal 
strategy for freshwater storage. In the case that solar pannels and/or wind turbines are selected, the 
corresponding optimal sizes are also obtained.   
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5 Pre-processing data and solution strategy  

The proposed model involves 183983 variables and 193837 constraints (including inequality and 
equality constraints) and the employed solution procedure is briefly shown in Fig. 2.  

Figure 2: Data management, interation betwen tools and solution strategy. 

As it is shown, the input data required to solve the optimization problem is collected directly from an 
Excel file (*.xls) which includes the data on the wind and solar energy available taken from the 
National Aeronautics and Space Administration NASA (https://power.larc.nasa.gov/data-access-
viewer/) corresponding to the specific site of Río Grande. In the Excel file, a pre-processing of the data 
is carried out. Then, a file containing the organized information is obtained (*.gdx) which is 
automatically called from GAMS (*.gms). Then, all the model constraints including the objective 
function are simultaneously solved using GORUBI which is one of the linear solvers supported by 
GAMS. 

6 Case studies 

The optimization problem proposed in section 4 is solved for different daily freshwater demands in 
each season of the year (fig.4). The lowest freshwater demand occurs in winter, with 1186.37 m3/day, 
followed by spring (1251.23 m3/day), autumn (1296.35 m3/day) and summer (1416.15 m3/day). These 
demands are considering supply 11864 population with 100 m3 per day in winter and a max 
consumption of 119.3 m3 per day in summer. 

 
 

Figure 3: Hourly values of meteorological parameters: (a) solar irradiance, (b) wind speed [1]. 

The hourly variation of the meteorological weather conditions is shown in Fig. (3) while the hourly 
freshwater demand representative per season is illustrated in Fig. (4). The hourly variation of the 
energy price is given in Fig. 5. Figure 6 and Tables (1) and (2) show the specifications assumed for the 
wind turbine and PV panels were taken from catalogue. Table (2) summarizes the parameter values 
used in the model.  
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Figure 4: Hourly freshwater demand per season.           Figure 5: Hourly variation of the energy price. 

 

Table 1: Data assumed for the wind turbines 

  

 

Figure 6: Frequency and power vs. wind speed 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wind turbine    
Producer  Enercon 
Type  E-33 
Wind turbine price (kWT) $/unit 904500 
Annual maintenance cost 
 per unit of wind turbine (CWT) 

$/y  3% of kWT 

Capacity  kW 300 
Rotor diameter m 33.4 m 
Cut-in wind speed  m/s 5 
Cut-out wind speed  m/s 26 
Air density  Kg/m3 1.225 
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 Table 2: Parameter values used model and cost equations.  

Parameters  Unit  Value  
Water and brine treatment [3]   
RO unit cost (KRO) $/m3 532 
Maintenance cost RO unit (CRO,1) $/m3 0.2 
Chemical treatment cost feed water (CRO,2) $/m3 0.06 
Membrane replacement cost RO unit (CRO,3) $/m3 0.06 
Specific energy requirement for RO unit (SERRO)  kWh/m3 3 
Specific energy requirement for ED unit (SERED) kWh/m3 3.7 
Specific energy requirement for CRY uni t(SERCRY) kWh/m3 4.5 
Photovoltaic panel [4]   
Model Number  CS3U-355-40MM 
Nominal Max. Power   355 watts 
Cell type  Poly-crystalline Split Cell  
Frame  Silver Aluminium 
Dimensions  2.0 m. x 0.992 m. x 0.044 m. 
Pv efficiency (ƞPV)  16% 
Panel cost (KPV) $/unit 225 
Annual maintenance cost per area (CPV) $/unit 3% of KPV 
Tank [3]   
Inventory tank cost (KINV) $/m3 255 
Cost    
Capital recovery factor (CRF)  0.10 
Discount rate  0.03 
Emission factor (EF)  1.07 
Emission tax (Tax) $/kgCO2 0.41 

6.1 Case study 1: PV–WT–RO-ED-CRY hybrid system  
In this first case study, no grid connection is considered (Et

IE=Et
EE=GIEt=0). Therefore, the seawater 

desalination plants are only run with renewable energy. Under this assumption, the optimal system 
will be selected from the following candidate systems: -) PV/desalination system, -) WT/desalination 
system, -) a hybrid PV/WT/desalination system. Also, the sizes of the wind farm (number of turbines) 
and the number of solar panels, as well as the freshwater inventory, are simultaneously obtained. The 
first result to highlight is that the optimal configuration corresponds to the hybrid PV/WT/desalination 
system consisting of 2.8 wind turbines, 4750.65 solar panels with a total surface of 9425 m2, including 
a freshwater inventory with a maximum capacity of 6183.8 m3. The total installed power capacity of 
the system is 2623 kW, where 936.5 kW corresponds to wind energy and 1686.4 kW to solar energy. 
The contributions of annCAPEX and OPEX to the TAC are 470580 $ and 89165 $, respectively. Wind 
turbines are the largest contributor to the total annual cost with 37.1 percent, followed by the 
desalination system, the storage tank and photovoltaic panels with 25%, 23% and 15%, respectively.   

Figure 7 shows the optimal hourly distributions throughout the year (8760 hrs) of the freshwater 
produced by the three technologies. As it is expected, the RO unit is the technology with the highest 
values of freshwater production, followed by the ED and CRY. 
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Figure 7: Optimal hourly and seasonally production of freshwater in RO, ED and CRY units. 

By comparing Figs. (4),  (7) and (8), it is observed that the distributions of the three profiles in Fig. 7 
follow the same profiles of the total freshwater demands (Fig. 4), with the maximum production in the 
summer season, the minimum production in winter and intermediate productions in autumn and spring 
seasons. Considering that the hourly water demand changes seasonally and the wind and sun 
conditions change hourly throughout the year, the optimal freshwater production changes hourly and it 
differs from the hourly water demands, as can be clearly observed in Fig. (8) and (9). 

The optimal profiles of the freshwater productions shown in Figs. (7) and (8) are a consequence of 
both the optimal water storage policy (inventory) shown in Fig. (9) and the optimal distribution of the 
total electricity generated by the wind turbines and solar panels shown in Fig (10). From Fig. (10A), it 
is easy to observe that the contribution of the PV system in the autumn and winter seasons is less 
important than the contribution observed for the summer and spring seasons due to the low solar 
irradiance (Fig. 3A). On the other hand, the electrical power generated by wind turbines depends on 
the conditions of the wind. Then, according to Fig. (10B) the variation in wind speed is not marked by 
the seasons of the year, resulting in a more uniformly distributed profile for the power generation over 
the years. 

 

 

Figure 8: Optimum production of representative freshwater for: (A) Summer, (B) Autumn, (C) Winter, 
(D) Spring. 

177



Figure 9: Comparison of the total freshwater production (TWP), freshwater demand (WD), and 
inventory (INV) over a given time period (from 5500 hr. to 6000 hr). 

 

Figure 10: Optimal energy output: (A) solar panels, (B) wind turbines. 

Figure 11 shows the energy required by RO and ED/CRY. But, it is important to highlight that, in this 
case study, not all the energy generated by the hybrid PV/WT system is used by the treatment 
processes. The system generates more energy than that required by the treatment processes which it is 
not used (Fig. 12). According to the proposed objective function, there is not incentive to use this 
“remaining” energy to increase the freshwater production. If the possibility to sell an extra freshwater 
production is included in the objective function, then the “remaining” energy will be used to decrease 
the total annual cost or to obtain a profit, depending on the sale price for water. 
 

 
Figure 11: Optimal energy required by each technology     Figure 12: Energy generated but not used 
 
Figure 13 presents the optimal hourly freshwater inventory. As it is shown, the inventory increases in 
the autumn and winter seasons because the freshwater demand decreases in these seasons and the 
system has a surplus of electricity. The inventory reservoir has a capacity of 6183.8 m3. Considering 
the seasonal water demand, this reservoir has the capacity to supply water for: 4.36 days in summer, 
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4.77 days in autumn, 5.2 days in winter and 4.92 days in spring. This reservoir offers the opportunity 
to have fresh water available in possible contingencies. 

 

Figure 13: Optimal inventory obtained for freshwater. 

6.2 Case study 2: Grid-connected–PV–WT–RO-ED-CRY hybrid system 

In this case study, the grid connection is considered possibiliting to import/export energy from/to the 
grid. The amounts of the imported/exported energy represent continuous decisions of the model. As 
was mentioned in the model presentation, regulations on the grid connection limiting the amount of 
energy that may be imported and exported must be considered (i.e. Eq. (12)).  

In the new optimization problem, upper bounds on the number of wind turbines (NWT) and solar panels 
(NPV) are imposed. These upper bounds (NWT

UP) and solar panels (NPV
UP) correspond to the optimal 

values obtained in the previons case without grid connection. Thus, lower values for NWT and NPV with 
respect to the previous case study can be obtained from the optimization algorithm. The new objective 
function differs from the previous one in the fact that the term associated with an economic impact of 
the grid (GEI) is now included. Finally, it should be mentioned that, compared to the previous 
optimization problem, the consideration of the grid-connected system leads to an increase in the 
freedom degrees and it is expected to a lower value of the objective function (minimization). 

The optimization results indicate that the total annual cost decreases 13271 $/yr. (from 559744 $/yr. to 
546473$/yr.), the optimal values NWT reached the upper bound, that is, the total available number of 
turbines (2.8), and almost the total available area of the solar panels (99.7% of the available area) is 
used (9402 m2 vs. 9425 m2). Therefore, the profile of the energy generated by the wind turbines is the 
same as that obtained in the previous case (Fig. 14) while the profile of the energy generated by the 
solar panels is almost the same (Fig. 15). Table 3 includes the optimal values obtained for the main 
cost-items. 

 

   Figure 14: Energy generated by wind turbines              Figure 15: Energy generated by solar panels 
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With regard to the grid connection, the optimal values shown Figs. (16) and (17) indicate that energy 
is imported and exported during the autumn and winter seasons, respectively. The profiles of the 
imported/exported energy in Figs. (16) and (17) influence the profiles of the freshwater production and 
inventory, as it is shown in Fig. (18) and Fig. (19), respectively. It can be seen in Fig. (18) that the 
total freshwater production has a non-uniform profile, with marked peaks in water production at 
several time periods. However, this behaviour does not have a strong impact on the maximum daily 
freshwater production, it increases from 1259.177 m3 to 1308.285 m3.   

 

  Figure 16: Optimal energy imported from the grid.   Figure 17: Optimal energy exported to the grid 

 

 
Figure 18: Optimal freshwater production in                     Figure 19: Comparison the inventory 

                   RO, ED and CRY.                                                            of Case 1 and 2. 

                                                                                                             

 

Figure 20: Energy required by RO, ED and CRY       Figure 21: Energy generated by wind turbines. 
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Figure 19 compares the optimal inventory distribution obtained in Case 1 (without grid connection) 
and Case 2 (with grid connection). As expected, the inventory corresponding to Case 2 is smaller than 
that obtained in Case 1. Energy is imported at a low price to produce freshwater for storage in order to 
satisfy further water demands when the energy price is high. This behaviour directly depends on the 
opportunity to import/export energy which, in turn, depend on the energy price, inventory cost, CO2 
emissions cost and grid regulations. Which results in export being able to sell the surplus to energy. 
Also in this case study, it is possible to dispose of electricity from the grid when a further increase in 
production is necessary to compensate for the inventory. The size of the inventory is 4626.1 m³, which 
represents a decrease of 25% compared to Case 1. This represents a reduction of $ 31777 in total 
annual cost.  It is possible to have a maximum inventory of 3.26 days in summer, 3.56 days in autumn, 
3.89 days in winter and 3.69 days in spring. Figure 22 illustrates the optimal profiles of the total water 
production (TWP), water demand (WD), and inventory (INV) for the time period ranging from 5500 
hr. to 6000 hr. It can be observed that from 5500 to 5650, the freshwater production is higher than the 
water demand resulting in an increased inventory. Then, from 5650 to 5670, the water demand is 
satisfied inventory and water production. But, when t = 5670 hr the water production is null and the 
demand is only satisfied with the inventory. This behaviour is repeated at several time periods.     

                                                                                           Table 3: Comparison of the optimal results 
                                                                                            obtained in Case 1 and Case 2                                                                                         

 

Figure 22: Freshwater comparison between total 

water production (TWP), water demand (WD), 

and inventory (INV) for the range of time period 

5500–6000 hr 

7 Conclusion 

This work focused on the optimization of a hybrid renewable energy system consisting of wind 
turbines and/or photovoltaic solar panels with membrane-based desalination units used to obtain 
freshwater from seawater or brackish water with zero brine production. To do this, a complex linear 
mathematical model taking into account hourly variations of 22 of September 2020 and 21 of 
September 2021 was used. For the weather conditions found in Río Grande, Argentina, two case 
studies with and without grid connection were investigated. When the renewable energy system is 
connected to the grid, the total annual cost was reduced by 2.37% with a smaller inventory of 
freshwater. However, 55596.866 kgCO2/year is emitted into to the atmosphere. Then, based on the 
slight difference in cost, it is possible to conclude about the convenience of using a hybrid renewable 
system only without a grid connection.  

The proposed model is robust enough for optimizing the size of PV–WT–desalination hybrid systems 
with/without grid connection. It represents our first step towards the development of a more ambitious 
mathematical model that can include several energy storage technologies such as batteries and pumped 
hydro energy storage.      

  Case 1 Case 2 

TAC $/yr. 559745 546472 

annCAPEX $/yr. 470580 440685 

PV $/yr. 85510 85302 

Wind turbine  $/yr. 205330 205330 

RO $/yr. 53590 55680 

Inventory $/yr. 126150 94373 

OPEX $/yr. 89164 89162 

PV $/yr. 962 959 

Wind turbine $/yr. 2309 2309 

RO $/yr. 85893 85893 

Carbon tax $/yr. - 22795 

Profit of energy  $/yr. - 6165 
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Abstract 

The article presents oxygen gasification installation for waste biomass in the waste-to-fuel technology, 
in which the final product is liquid methanol (being the reference case). The balance of the system 
includes the energy consumption of the Air Separation Unit. The installation of oxygen gasification of 
waste biomass has two potential locations to use the waste heat of the generated syngas. The first such 
location is in front of the SHIFT reactor and the second is in front of the membrane. A comparison of 
the use of an expander, Stirling engines and ORC modules to power the electrolytic hydrogen 
generation installation was proposed. The produced hydrogen is an additional substrate for the 
methanol reactor, which will consequently increase the methanol yield from the entire installation and 
reduce the specific CO2 emissions. Oxygen from the electrolysis process can be used in the gasifier, 
which will reduce the energy consumption of the Air Separation Unit, and thus increase the efficiency 
of the entire gasification system. 

1 Introduction 

1.1 Hydrogen technologies 

Hydrogen is the simplest and most abundant element in the universe. It is a major component of water, 
oil, natural gas, and all living matter. Despite its simplicity and abundance, hydrogen rarely occurs 
naturally as a gas on Earth. It is almost always combined with other elements. It can be generated from 
hard coal, lignite, oil, natural gas, biomass and bio-waste or by splitting water. Demand for hydrogen, 
which has grown more than threefold since 1975, continues to rise [1]. Around 70 million tons of 
hydrogen per year is used today in pure form, mostly for oil refining and ammonia manufacture for 
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fertilizers. Further 45 million tons of hydrogen per year is used in industry without prior separation 
from other gases. This hydrogen is almost entirely supplied from fossil fuels, with 6% of global 
natural gas and 2% of global coal going to hydrogen production. As a consequence, production of 
hydrogen is responsible for massive carbon dioxide emissions of around 830 million tons per year [4]. 

Of course, hydrogen is a colorless gas, but the colors mentioned are really related to the technology of 
its production. Usually the main three colors are given: green, blue and gray, but in fact we have a 
whole palette of hydrogen colors. The hydrogen wide color spectrum is presented in Figure 1. 

 

Figure 1: The hydrogen color spectrum 

However, even such an extensive color palette of hydrogen is not perfect. It still does not include the 
production of hydrogen from biomass or bio-waste through gasification and plasma technologies. If 
we look closely at the color distribution in Figure 1, we notice that there is a potential for adding 
biomass as an indigo color (authors' proposal). In table 1 presents comparison of hydrogen production 
methods. 

Table 1: Comparison of hydrogen production methods [2,3] 

Production technology Main 
feedstocks 

System energy eff. (%) H2 cost 
($/kg) 

Maturity 
level 

2015 2020 2015 2020 
Reforming: Steam 
methane 

Natural gas + 
steam 

74 ≥74 2.1 ≤2.1 Commercial 

Gasification: Biomass Biomass 55 – 68* 
~80S** 

58 – 70* 
>80** 

2.1 2.0 Pilot 
projects 

Electrolysis: Alkaline Water + 
electricity 

73 75 3.5 2.2 Commercial 

Water splitting: Solar 
thermo-chemical 

Water + 
sunlight 

10% 20% 14.8 3.7 Pilot 
projects 

Biological: Photolysis 
(photosynthesis) 

Water + 
sunlight 

2% 5% N/A 9.2 Pilot 
projects 

Biological: Dark 
fermentation 

Biomass 4 mol H2/ 
mol glucose 

6 mol H2/ 
mol glucose 

N/A N/A Research lab 
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2 System for the production of methanol from sludge (waste biomass) – 
Reference case 

Figure 2 shows liquid methanol production unit concept based on oxygen gasification from sludge. 

 

Figure 2: Liquid methanol production unit concept based on oxygen gasification from sludge (waste 
biomass) 

2.1 Oxygen gasification unit 

In order to analyze the biomass oxygen gasification system, based on an examination of the literature 
[5-6], sludge was proposed as waste biomass, and its chemical composition is presented in Tab. 2. 

Table 2: Chemical composition of biomass (wt%) 

Biomass 
Organic fraction 

Organic fraction Moisture Ash 
C H N S O 

Sludge 50.2 7.09 5.63 1.77 34.9 41.8 32.5 25.7 

A detailed diagram of the biomass oxygen gasification installation is presented in Fig. 3. The 
installations were modeled using the Ebsilon Professional program. The raw biomass was firstly steam 
dried at a temperature of t14 = 250°C. The degree of moisture content in biomass at the outlet of the 
steam dryer was assumed X = 0.05. The gasification reactor works with the assumed parameters: 
850°C and 2.5 MPa. The dried biomass went to the gasifier, in which the biomass was converted into 
gas as a result of thermal decomposition in an oxygen atmosphere. The oxygen required for the 
biomass gasification process could come, for example, from an Air Separation Unit (ASU) or from 
water electrolysis. It was assumed that the biomass gasification process would take place at a 
temperature tBG and a pressure pBG. It was also assumed that the gasifier used was capable of partial 
ash discharge (10%). Cyclonic separation was used to remove the dust from the synthesis gas. The 
dedusted syngas mainly consisted of CO, CO2, H2O, and H2. In order to enrich the synthesis gas with 
hydrogen, the syngas was cooled in the Syngas Cooler to 250°C and directed to the WGSR, where an 
exothermic WGS reaction took place, converting CO and steam into CO2 and hydrogen according to 
the equation: 

CO(g) + H2O(g) ↔ CO2(g) + H2(g)           ΔH = -41.2 kJ/mol (298 K) (1) 

The need to cool the syngas resulted from the fact that the reaction equilibrium is shifted towards the 
products as the temperature is lowered. This means that at lower temperatures it is possible to achieve 
a lower CO content in the synthesis gas. The working pressure in the WGSR has no influence on the 
equilibrium of the CO conversion but may influence the kinetics of the reaction [7]. In the analyzed 
system, it was assumed that an LTS conversion that allowed for the reduction of the CO concentration 
to 0.1% took place in the reactor. The model assumed that the steam stream to the WGSR was selected 
so that the moisture content in the syngas was 0.3%. The synthesis gas enriched in this way consisted 
mainly of CO2 and H2. Due to the exothermic nature of the WGS reaction, it was necessary to cool 
the syngas again (cooling to 30°C was assumed). 
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Figure 3: Oxygen gasification unit structure 

The waste heat from the installation was high-temperature (from Syngas Cooler 1: from 850°C to 
250°C; from Syngas Cooler 2: from approx. 570°C to 25°C). According to the adopted methodology, 
the generated power could be added to the meter (8), which would increase the energy efficiency of 
the gasification installation and the entire analyzed system. 

Membrane separation was used to separate hydrogen from CO2. Membrane gas separation is based on 
the use of differences in the solubility and diffusivity of different gases in the specific polymers that 
make up the membrane. It is a process in which the driving force is the pressure difference between 
each side of the diaphragm. The aim of the process is to enrich or deplete a given gas stream with a 
selected component. 

The entire biomass gasification model was set up for 1 kg/h of hydrogen, which also allowed us to 
compare the amount of biomass of a given type needed to produce 1 kg of hydrogen (the results are 
presented in section 4). 

2.2 Methanol production plant 

The production of methanol is based on the exothermic reactions of hydrogen with carbon dioxide or 
carbon monoxide according to the reactions: 

CO(g) + 2H2(g) ↔ CH3OH(l)                           ΔH = -128 kJ/mol (298 K) (2) 

CO2(g) + 3H2(g) ↔ CH3OH(l) + H2O(g)            ΔH = -87 kJ/mol (298 K) (3) 

In parallel, the endothermic reverse water gas conversion reaction also takes place: 

CO2(g) + H2(g) ↔ CO(g) + H2O(g)                    ΔH = +41.2 kJ/mol (298 K) (4) 

The mass of substrates and products in the methanol synthesis reaction (2) for 1 kg of H2 was as 
follows: 

7.277 kg CO2(g) + 1 kg H2(g) ↔ 5.298 kg CH3OH(l) + 2.979 kg H2O(g)             (5) 

where:  

MCO2 = 44.00950 g/mol; MH2 = 2.01588 g/mol; MCH3OH = 32.04190 g/mol; MH2O = 18.01528 g/mol [8]. 

The analysis of the methanol production and purification installation was carried out for  
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1 kg/hH2(g), meaning that the amount of CO2 supplied to the installation was in accordance with the 
stoichiometry of equation (5) and amounted to 7.227 kg/h. The analyzed installation was based on 
reaction (2), which took place in the methanol synthesis reactor (RMeOH). Fig. 4 shows a diagram of 
the methanol synthesis installation with a reaction loop. A detailed analysis of such an installation, but 
linked to an electrolysis installation powered by excess energy from renewable energy sources, was 
presented by the authors in references [9-10]. 

 

Figure 4: Installation for methanol synthesis and purification 

The operation of the installation began with mixing hydrogen and carbon dioxide (from the biomass 
oxygen gasification installation). The mixture of H2 and CO2 was remixed with the recycled gas 
stream. This stream was then heated in a heat exchanger, HX1, to a temperature of 210°C and injected 
into an adiabatic fixed bed reactor, RMeOH. The gases leaving the reactor were separated into two 
streams: the first (60% of the initial stream) was used to preheat the gas mixture in the heat exchanger 
HX1 at the reactor inlet, while the second was directed to the heat exchanger of the distillation column 
(Re), and also to preheating the feed to the distillation column (HX3). The two streams were mixed 
again and cooled to 35°C with water in heat exchanger HX2. The water and methanol that had been 
condensed in HX2 were separated from the unreacted gases in the separator (S1). Some of the 
unreacted gases were cleaned to minimize the build-up of inert substances and by-products in the 
reaction loop. The medium leaving the separation tank (S1), called crude methanol, consisted mainly 
of methanol, water, and other dissolved gases. The crude methanol was expanded to 1.2 bar in the 
throttle valve. The residual gases were then almost completely removed in the separator (S2). The 
remaining stream was heated to 80°C in the heat exchanger HX3 and then directed to the distillation 
column (DC). The water flowing from the bottom of the column at 102°C contained 23 ppb by weight 
of methanol. Methanol was withdrawn from the top of the column at 1 bar pressure and 64°C in 
gaseous form, containing 69 ppm by weight of water and unreacted gases. The methanol was then 
compressed (F2) and cooled in the heat exchanger HX4 to 40°C. In the separation column (S3), 
unreacted gases were withdrawn from the top of the column, while "pure" methanol was obtained 
from the bottom of the column in liquid form. Table 3 shows the main assumptions for the installation 
calculation. 
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Table 3: Assumptions for the methanol production and purification installation 

Quantity (Symbol), Unit Value 
Temperature of H2 and CO2 at the reactor inlet (tin.R.MeOH), °C 210 

Working temperature of the methanol synthesis reactor (tout.R.MeOH), °C 284 

Medium pressure downstream of the throttle valve (pout.Va), MPa 7.36 

Medium temperature at the outlet of the reboiler (tout.Re), °C 156 

Medium temperature at the inlet to the distillation column (tin.DC), °C 75 

Temperature of the medium at the inlet to the separator S1 (tin.S1), °C 35 

The water temperature at the outlet of HX5 (tout.HX5), °C 40 

The gas pressure at the outlet of F2 (pout.F2), MPa 0.12 
Temperature of the medium at the inlet to the separator S3 (tin.S3), °C 40 

Additionally, it was assumed that the preparation of the substrates (hydrogen and carbon dioxide) for 
the methanol reactor took place in a three-section compression installation with intersectional heat 
removal (gas cooling to an assumed temperature of 25°C). The gases were compressed from the 
gasification pressure (less pressure losses occurring in the gasifier, heat exchangers, and the WGSR) to 
a pressure of 7.8 MPa. The model assumed equal pressure between the individual sections of 
compressors (calculated separately for each gasification pressure), internal efficiency of compressors 
of ηi.C = 0.88, and mechanical efficiency of the driving device ηm.C = 0.985. 

3 Modifications of the installation for the production of methanol from 
sludge (waste biomass) 

Modifications aimed at improving the efficiency and increasing the methanol yield are shown in Fig. 
5. The oxygen gasification installation of waste biomass has two potential locations to use the waste 
heat of the generated syngas. The first such location is in front of the Shift reactor and the second is in 
front of the membrane. It was proposed to compare the use of an expander, Stirling engines and ORC 
modules to power the electrolytic hydrogen generation installation. The produced hydrogen is an 
additional substrate for the methanol reactor, which will consequently increase the methanol yield 
from the entire installation and reduce the specific CO2 emissions. Oxygen from the electrolysis 
process can be used in the oxygen gasifier, which will reduce the energy consumption of the oxygen 
generating unit (ASU), and thus increase the efficiency of the entire gasification installation. 

The efficiency of conversion of chemical energy is expressed as the ratio of the chemical energy of the 
produced fuel to the chemical energy of the converted (primary) fuel: 

 Efficiency of converting the chemical energy of biomass into hydrogen: 

 𝜂 / =
�̇�

�̇�
=

�̇� ∙ 𝐻𝐻𝑉

�̇� ∙ 𝐻𝐻𝑉
 (6) 

 Efficiency (total) of conversion of biomass chemical energy to methanol: 

 𝜂 / =
�̇�

�̇�
=

�̇� ∙ 𝐻𝐻𝑉

�̇� ∙ 𝐻𝐻𝑉
 (7) 
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Figure 5: Oxygen gasification unit structure with modifications 

The energy efficiency of the gasification installation is defined similarly to the conversion efficiency 
in equation (6), with the difference that the auxiliary power of the compressors (oxygen compressor 
NC.O2 and the steam fan in the dryer NF.SD), the energy supplied to the circulation in the form of heat 
(steam heat in the steam dryer QSD and steam heat in the WGSR QWGSR) and energy consumption of air 
separation unit: 

 𝜂 =
�̇� + 𝑁

�̇� + 𝑁 . + 𝑁 . + �̇� + �̇� + 𝑁
 (8) 

where, 

Nel – Electric energy generated from expander, Stirling engine and ORC (for reference case  
Nel = 0) 

The CO2 unit emission indicator from the biomass gasification installation was determined as the ratio 
of the difference between the CO2 mass stream generated from the gasification installation and the 
CO2 mass stream directed to the methanol reactor relative to the stream of hydrogen produced: 

𝑒 . =
�̇� . − �̇� .

�̇�
 (9) 

The total CO2 emission factor from the analyzed system was defined analogously to equations (10), 
taking into account CO2 emissions from the methanol installation: 

𝑒 =
�̇� . − �̇� . . + �̇� .

�̇�
 (10) 

where: 

�̇� .  - CO2 mass stream generated from the gasification installation; 

�̇� . .  - CO2 mass stream required by the methanol reactor from the gasification installation; 

�̇� .  - sum of CO2 mass streams contained in the residual gases and the waste gas. 

Unit yields were determined as the ratio of the mass stream of the produced fuel to the mass stream of 
the converted fuel (primary): 
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 Hydrogen yield: 

𝑦 =
�̇�

�̇�
 (11) 

 Methanol yield: 

𝑦 =
�̇�

�̇�
 (12) 

The production potential of the biomass gasification installation can also be presented from the side of 
the substrate, i.e. in the form of the amount of biomass required to produce 1 kg of hydrogen: 

𝛼 =
�̇�

�̇�
 (13) 

3.1 Expander 

Due to the fact that the gasification process takes place in an overpressure (2.5 MPa) and the pressure 
change in the WGSR reactor does not affect the equilibrium state of the CO conversion reaction, it is 
possible to use the expander (Fig. 5) to produce additional electricity. It was assumed that the 
isentropic efficiency of the expander is ηi.EXP = 0.9, the mechanical efficiency is ηm.EXP = 0.99 and the 
generator efficiency is ηG = 0.986. The final pressure of the expansion process was also assumed to be 
100 kPa. 

3.2 Stirling Engine 

The Stirling engine is a heat engine that converts thermal energy into mechanical energy, but without 
the internal combustion process of the fuel, and due to the supply of heat from the outside, making it 
possible to supply it with heat from any source. The Stirling engine produces energy not by 
deflagration - like conventional internal combustion engines - but continuously, so it produces much 
less noise and does not require large flywheels to improve smoothness of rotation. Due to the necessity 
to use a very large radiator, these engines were not used in the automotive industry. A simplified 
diagram of the Stirling engine balance model is shown in Fig. 6. is a heat engine that converts thermal 
energy into mechanical energy, but without the internal combustion process of the fuel, and due to the 
supply of heat from the outside, making it possible to supply it with heat from any source. The Stirling 
engine produces energy not by deflagration - like conventional internal combustion engines - but 
continuously, so it produces much less noise and does not require large flywheels to improve 
smoothness of rotation. Due to the necessity to use a very large radiator, these engines were not used 
in the automotive industry. A simplified diagram of the Stirling engine balance model is shown in Fig. 
6. 

Fig. 8 shows that the heat flux supplying the Stirling engine �̇�  should be understood as the sum of 
heat fluxes: useful �̇� , exhaust �̇� , losses �̇�  and electric power of this engine 𝑁 .  in 
accordance with the equation: 

�̇� = �̇� + �̇� + �̇� + 𝑁 .  (14) 

In the case at hand, the heat stream feeding the engine is the heat stream of syngas feeding the first 
heat exchanger. The loss stream takes into account the efficiency of the heat exchanger ηHX (ηHX = 
0.99), the supply heat flux �̇�  and the exhaust heat flux �̇�  from the engine: 

�̇� = (1 − 𝜂 ) ∙ �̇� − �̇�  (15) 

The electric power of the Stirling Nel.SS engine is understood as the difference between the supply heat 
flux �̇�  and the outlet heat flux �̇� , taking into account the electric efficiency of the motor ηel.SS 

(obtained from Fig. 7) in accordance with the equation: 

190



𝑁 . = 𝜂 . ∙ �̇� − �̇�  (16) 

 
Figure 6: Simplified balance model of the Stirling engine 

The electricity generation efficiency of the Stirling engine was determined based on the electrical 
efficiency characteristics of the Stirling engine (Philips 1-98 [11]), including the temperature of the 
upper and lower heat source, which is shown in Fig. 7. 

Carnot efficiency was calculated as the difference of average temperatures of the upper źgT .  and lower 

heat source źdT .  related to the temperature of the upper heat source źgT . : 

𝜂 =
𝑇 .ź − 𝑇 .ź

𝑇 .ź
 (17) 

 

Figure 7: Electric efficiency of the Stirling engine as a function of the average temperature of the 
upper heat source for two average temperatures of the lower heat source [11] 

3.3 Organic Rankine Cycle 

The last proposed solution is the use of the ORC module for heat recovery. The diagram of the ORC 
module is shown in Fig. 8. The organic Rankine cycle functions analogously to the classical Rankine 
cycle, however, it uses the organic factor as a circulating factor. In the analyzed case, Benzene was 
used as a circulating medium. The main assumptions for the operation of the ORC module are 
presented in Table 4. In the ORC module boiler, ΔTpp was kept at such a level that the temperature of 
the medium at the boiler outlet was 250°C. The pressure of the medium downstream of the turbine in 
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the module was assumed as the saturation pressure for the temperature of 25°C. The pressure at the 
inlet to the turbine was assumed to be 4.25 MPa. 

 

Figure 8: Diagram of the ORC module with recuperation 

Table 4: Assumptions for the calculations of ORC modules 

Quantity Symbol Value Unit 
Internal efficiency of the turbine ηiEXP 84 % 
Mechanical efficiency of the turbine ηmEXP 98 % 
Internal efficiency of the circulation pump ηiCP 83 % 
Electro-mechanical efficiency of a circulation pump ηel-mCP 98 % 
Generator efficiency ηG 98 % 
Relative pressure loss of the refrigerant on the economiser ζECO 2 % 
Cooling water temperature at the inlet condenser t1c 15 °C 
Cooling water temperature difference at the inlet of the ORC 
condenser and the temperature of the working medium at its outlet 

∆tI 10 K 

Temperature difference of the working medium at the outlet of the 
recuperator (4's) and the temperature of the medium at its inlet (2s) 

∆tII 5 K 

4 Results of the analysis 

Each of the proposed solutions increased the efficiency and yield of methanol, as shown in Table 5. 
The combination of the expander and the Stirling engine allowed for the highest increase in the 
efficiency of the installation, amounting to approx. 7 pp. The combination of both concepts gives the 
possibility of increasing the methanol recovery from the entire installation by approx. 0.024 
kgCH3OH/kgBio. ORC modules fared the worst in the whole list, where the increase in the efficiency 
of the biomass gasification installation was approx. 3.2 pp. The additional stream of produced 
hydrogen directed to the production of methanol made it possible to reduce the specific emission of 
CO2 from the installation to the level of 1.468 kgCO2 per kg of gasified biomass. 
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Table 5: Comparative analysis results (for 1 kgH2/h produced from BG installation) 

Case I II III IV V VI VII 

Quantity, Symbol, Unit REF 
EKS+ EKS+ SSI+ SSI+ ORCI+ ORCI+ 

SSI ORCI SSII ORCII SSII ORCII 
Expander power EXP, kW - 3.19 3.19 - - - - 
Stirling engine power SSI, kW - 1.976 - 1.976 1.976 - - 
Stirling engine power SSII, kW - - - 2.12 - 2.12 - 
Module power ORCI, kW - - 1.065 - - 1.065 1.065 
Module power ORCII, kW - - - - 1.251 - 1.251 
Produced hydrogen stream from electrolysis; 
kg/h 

- 0.0914 0.0753 0.0725 0.0571 0.0563 0.041 

Produced oxygen stream from electrolysis, kg/h - 0.7259 0.5979 0.5756 0.4535 0.4476 0.3255 
Oxygen compressor drive power, NC.O2, kW 0.539 
Steam dryer fan power, NF.SD, kW 0.445 
The heat of the supply steam SD, QSD, kW 1.201 
The heat of the supply steam WGSR, QWGSR, kW 2.981 
H2 compressor drive power, NC.H2, kW 1.635 
CO2 compressor drive power, NC.CO2, kW 1.075 
ASU Energy consumption, NASU, kW 0.6352 0.5425 0.5648 0.5686 0.5899 0.5909 0.6122 
Conversion efficiency H2/Bio, % 84.914 92.675 91.308 91.07 89.763 89.695 88.395 
Conversion efficiency CH3OH/Bio, % 61.008 66.584 65.602 65.431 64.492 64.443 63.51 
Efficiency of the installation BG, % 75.498 82.545 81.293 81.075 79.878 79.816 78.628 
Unit lift of CO2 from the installation BG, 
kgCO2/kgH2 

14.631 

Specific CO2 emission from the installation BG, 
kgCO2/kgCH3OH 

1.746 1.468 1.513 1.521 1.566 1.569 1.615 

Methanol yield, kgCH3OH/kgBio 0.255 0.279 0.274 0.274 0.270 0.270 0.266 

5 Conclusion 

The study uses 3 technologies of utilizing the waste heat of syngas downstream of the waste biomass 
gasification reactor (sludge) to produce additional electricity. Stirling engines, ORC modules and an 
expander were used. 

 The additional electricity allowed to produce an additional stream of hydrogen (and oxygen) 
from the electrolysis process. The combination of the expander and the SSI Stirling engine 
turned out to be the most effective, due to the fact that it was possible to generate 0.0914 
kgH2/h (remembering that it is calculated in relation to the unit production from the 
gasification installation - 1 kgH2/h). 

 The produced electrolytic oxygen was directed to the gasification reactor, where the 
gasification process takes place in an atmosphere of pure oxygen. Additional oxygen from the 
electrolysis process relieves the ASU installation, which reduces its energy consumption and, 
as a result, improves the efficiency of the entire gasification installation. In the case of the best 
variant, it was possible to reduce the energy consumption of the ASU by approx. 0.9 kW, 
which allowed to achieve an increase in the efficiency of the gasification installation by 
approx. 7 pp. to the level of 82,545%. 

 The electrolytic hydrogen is directed to the installation for the production of liquid methanol. 
This means that due to the additional amount of hydrogen in the methanol reactor, an 
additional amount of CO2 is required, which ultimately reduces the CO2 unit emission from 
the installation and increases the methanol yield per unit of biomass. The reduction of the 
specific emission in each analyzed variant is not much, in the best combination it amounted to 
0.278 kgCO2 per kg of produced methanol. The methanol yield from the entire installation 
increased by approx. 0.024 kgCH3OH/kgBio. 
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Nomenclature 

�̇�  chemical energy, MW 
�̇�  heat flux, kJ, MJ 
�̇�  mass stream, kg/s; kg/h 
e  CO2 unit emission, kgCO2/kgH2; kgCO2/kgCH3OH 

HHV  higher heating value, kJ; MJ 
N  power, kW; MW 
p  pressure, MPa 
t temperature, °C 
X  moisture content, - 
y  yield, kgH2/MgBio; kgCH3OH/kgBio 
α  production potential, kgBio/kgH2; kgBio/kgCH3OH 
Δ  change 
η  efficiency, -, % 
M  molar mass, g/mol 
 
Subscripts 
.    separator of subscripts 
1 ÷ 23    numbers in characteristic points of installations 
BG    biomass gasification 
Bio    biomass 
C    compressor 
CH3OH  methanol 
CO2    carbon dioxide 
F    fan 
H2    hydrogen 
H2O    water 
i    isentropic 
in    inlet 
m    mechanical 
MeOH  methanol 
O2   oxygen 
out    outlet 
SD    steam dryer 
SS    Stirling engine 
EXP    Expander 
loss    losses 
use    useful 
ca    Carnot 
 
Abbreviations 
ASU   Air Separation Unit 
DC   Distillation column 
F   Fan 
HX   Heat Exchanger 
LTS   Lower Temperature Shift 
ORC   Organic Rankine Cycle 
R   Reactor 
Re   Reboiler  
S   Separator 
SS   Stirling engine 
WGS   Water Gas-Shift 
WGSR  Water Gas-Shift Reactor 
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Abstract 

This study relates to 2D numerical calculations of oxidative fast pyrolysis of pine and pine bark in a 
drop tube reactor at 550 °C. Numerical studies were supported by experiments using thermogravimetric 
analysis of pine and pine bark. The study involved three different atmospheres of pyrolysis: pure 
nitrogen, 95 % nitrogen/5 % oxygen and 90 % nitrogen/10 % oxygen v/v. Numerical calculations were 
performed using Euler-Lagrange multiphase theory. According to received results, it was possible to 
linearly reduce the amount of solid residue from 49 % to 34 % for pine and from 57 % to 36 % for pine 
bark, as the oxygen content in the carrier gas increased from 0 to 10 % v/v. Furthermore, the addition of 
oxygen allowed to decrease the required energy for pyrolysis from 1.55 to 1.1 MJ/kg for pine and from 
1.6 to 1.1 MJ/kg for pine bark at the maximum considered content of oxygen.  

1 Introduction 

In modern times, renewable energy sources have gained crucial meaning in diversifying the primary 
energy supply. Renewable energy sources had around a 17 % share of primary energy supply in 2019. 
In recent years, this share has still increased and going to be at the same level as the use of coal or natural 
gas [1]. This situation occurs mainly due to the decrease in the use of fossil fuels which are limited in 
the world and its recovery will take a long time[2,3]. In addition, many countries have agreed to follow 
the international agreement on the share of increase of the renewable energy in their domestic energy 
demands [4]. Among renewable energy sources, the dominant content has biomass. Bioenergy allowed 
to supply 12 % of the primary energy demand in 2019 and 85 % consisted of solid biomass [1]. 
Lignocellulosic biomass is built of three main components, cellulose, hemicellulose, and lignin. 
Additionally, biomass contains ash and extractives such as fats and proteins, and the concentration of 
these ingredients depends on the origin [5].  

The route of biomass usage is thermochemical conversion that involves oxidation, partial oxidation or 
only releasing of volatiles of biomass particles at high temperature (>200 °C) in processes such as 
combustion, gasification, or pyrolysis [5]. Combustion is mainly focused on providing heat from 
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biomass. The gasification is aimed towards producing gaseous species as carbon monoxide, methane, 
or hydrogen and requires external heat source to keep the temperature of gasification. The last thermal 
process is pyrolysis. The pyrolytic process supplies valuable products that can be classified as char (solid 
residue after pyrolysis), gas (non-condensable gases), and liquid (primary tars and condensed water). 
The concentration of these fuels depends on the composition of the biomass and mostly on the operating 
parameters of the pyrolysis.  

Generally, pyrolysis occurs under an inert atmosphere, mainly nitrogen being used to prevent 
combustion. But some studies indicate that the addition of oxygen to the atmosphere could improve the 
conversion of biomass feedstock, mainly due to the partial oxidation of evolved char to gas generation 
[6–11]. Chen et al. [7] showed that oxygen played an important role in the gas evolution from biomass 
residues pyrolysis. The researcher noticed that gases such as CH4, CO2, H2O, NH3, NO, and NO2 were 
promoted by oxidative pyrolysis for all considered feedstocks. Kim et al. [8] presented a study of 
oxidative fast pyrolysis of red oak in a fluidized bed reactor. Researchers increased the content of oxygen 
to 8.4 %v/v and the gas yield linearly increased from 13 % (inert atmosphere) to 55 %, and carbon 
dioxide and carbon monoxide were the main gases. Similar results in gas yield were observed in work 
[9], where oxidative pyrolysis was carried out in the continuous fixed-bed reactor. The gas yield was 
55 % and carbon dioxide and carbon monoxide were also dominant species in the gaseous phase. In 
another work, Chouchene et al. [10] presented a study of the oxidative pyrolysis of olive residue in 
which the impact of particle size was investigated. Researchers proved that the peak of CO2 emission 
strictly depended on particle size of the particles, where the peak occurred at lower temperatures because 
the particles were smaller. The decomposition of lignin in the oxidative atmosphere was investigated in 
microscale by Wądrzyk et al. [11]. The work suggested that other atmospheres than inert were promoted 
to receive the intermediate species.   

In every investigation, experiments should always play an important role. However, in recent years, the 
number of published articles suggests that numerical studies can be successfully applied in biomass 
pyrolysis investigations [12–17]. The numerical studies involve the multiphase flow theory according 
to two different approaches. The first approach is Euler-Euler theory, where biomass and carrier gases 
are treated as interpenetrated fluids [12,13]. The second approach is Euler – Lagrange theory, where the 
biomass particles are tracked in the fluid zone [15,16]. A detailed review of numerical calculations in 
biomass pyrolysis can be based on [18]. In many cases, numerical studies are used to predict product 
yields with good experimental verification [12,13]. Some articles also provided information on process 
parameters such as temperature distribution or species evolution [14,17]. In addition, some innovative 
ideas as solid particle separation are presented [14].  

As mentioned above, the products depend on the composition of the biomass feedstock. Lignin is 
considered as the main component, and the high content of lignin leads to an increase in the char content 
in the pyrolytic products. In this study, the fast oxidative pyrolysis of pine and pine bark was 
investigated. The main aim of this investigation was to oxidize the evolved char particle and shift the 
pyrolytic products toward the gaseous fraction. This article tries to answer the following questions: Is it 
possible to reduce the amount of char obtained by involving oxidative fast pyrolysis? It should be noticed 
that presence of oxygen can lead to complete combustion of particles and non-desirable carbon dioxide 
could be the dominating product. This work could enhance the knowledge for the following parts: 

a) Development of a numerical model based on Euler – Lagrange multiphase theory. The assumptions 
made allowed to combine the multistage model of pyrolysis with partial combustion of evolved char. 

b) Investigation of the impact of oxygen on the pyrolytic product yield, the temperature distribution and 
the energy required for pyrolysis based on the numerical model.  

c) The impact of oxidative pyrolysis was supported by microscale experiments based on 
thermogravimetric analysis. The TG analysis allowed to confirm the assumption and results which were 
made by CFD analysis. 

To the best of knowledge, no paper has been found  concerning CFD modelling of oxidative pyrolysis 
with a focus on lignin reduction, which would favour this study for special interest. 
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2 Materials and methods 

2.1 Feedstock characterization 

Two lignocellulosic biomasses: pine and pine bark were selected as feedstocks in this study. Raw 
biomasses were dried under ambient conditions. Then biomasses were milled separately and for further 
investigations, biomasses with particle size of 250 μm were involved. The lignin (alkaline, L0082) was 
purchased in TCI (Tokyo Chemical Industry) commercial store in black powder form. For selected 
materials, basic analysis was performed including: ultimate analysis, proximate analysis and fibre 
analysis. The ultimate analysis used a Truspec CHNS 628 Leco analyser. The proximate analysis was 
performed according to the following standards: EN ISO 18134–2:2017 (moisture), EN ISO 18122:2015 
(volatile matter), and EN ISO 18122:2015 (ash). Due to the higher ignition temperature of lignin and its 
slower thermal decomposition, the ash content of this feedstock was determined according to the PN-
80/G-04512 [19]. The biomass component analysis was performed according to the van Soest method. 
The results of the ultimate, proximate and fibre analysis are presented in Table 1. 

 Table 1: Ultimate, proximate and fibre analysis of pine, pine bark and lignin at air-dry state 

Sample Pine Pine bark 
Ultimate analysis 

C 48.10 48.50 
H 6.57 5.90 
N 0.10 0.17 
Oa 45.23 45.43 

Proximate analysis 
Moisture (M) 7.51 10.10 

Volatile Matter (VM) 80.28 61.05 
Ash (A) 0.10 0.89 

Fixed Carbon (FC)b 12.11 27.96 
Component analysis 

Cellulose 50.18 22.14 
Hemicellulose 14.60 5.68 

Lignin 22.07 49.60 
Extractives 13.16 22.58 

aO by difference, ash free 

bFC = 100 – M – VM – A 

2.2  Thermogravimetric analysis 

Experiments were performed using the STA 449 F3 Jupiter apparatus. Around 7 mg of biomass were 
placed in the crucible with Al2O3 inlay. The sample was heated from 25 °C to 800 °C.  The heating rate 
was constant of 10 K/min at pressure of 1 bar. The volume flow rate of the carrier gas was set to 
60 ml/min. After stabilizing the final temperature, the sample was kept for 20 minutes under isothermal 
conditions and then cooled to the initial temperature. Before experiments, the chamber was purged three 
times to provide the appropriate gas conditions. Experiments were carried out twice to investigate 
repeatability, and a good consistency, with the standard errors of ±1°C, was observed. 

2.3  Numerical methods 

2.3.1 2D reactor model and boundary conditions 

In this study, 2D analysis of the fast pyrolysis in a drop tube reactor was calculated for pine and pine 
bark. In Fig. 1, the reactor model is presented. The reactor was adopted from work [20] and all the 
dimensions and properties were used in the numerical model based on it. The reactor scheme consisted 
of two regions. The first zone was the main reactor, where the fast pyrolysis occurred. The second zone, 
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the cooling zone, was added to the model to cool the products from pyrolysis. The reactor was built from 
stainless steel pipe. The inner diameter of reactor d was 0.035 m. The length of reactor zone Lr was 3.05 
m where the heating section was 2.77 m high. Additionally, the length to the cooling section LC was 
3 m.  

 
Figure 1: Numerical model of drop tube reactor  

According to Fig. 1, at the inlet of the reactor, the volume flow rate of carrier gas was set at 18 dm3/min 
and the feedstock mass flow rate was 1 kg/h. The temperature of the carrier gas and the feedstock was 
set at 25 °C. The size of the particles was 500 μm what corresponded to the average value reported in 
[20]. On the walls of the pipe, isothermal conditions were applied. In the heating section, the wall 
temperature Th was set at 550 °C, while in the rest part of the reactor, the wall temperature Tc was 25 °C. 
At the outlet, the pressure-outlet boundary was established with surrounding conditions (101 325 Pa at 
25 °C). The model was considered in cylindrical coordinates and in the middle of reactor, axis boundary 
condition was applied. Transient calculation was involved and the initial temperature of 550 °C was set 
in the heating zone while temperature of 25 °C was set in the cooling section. The reactor operating 
conditions were determined on the basis of work [20] and were equal for all cases. Only the oxygen 
concertation in the carrier gas was changing. Three variations of carrier gas were modelling: 100 % 
nitrogen, mixture of 95 % nitrogen/5 % oxygen and mixture of 90 % nitrogen/10 % oxygen. 

2.3.2 Governing equations 

The biomass pyrolysis modelling involves two separated phases: fluid and solid, and for their behaviour 
description in this study the Euler-Lagrange multiphase theory was used. The Eulerian phase was fluid, 
consisting of carrier gases and gaseous products of pyrolysis. The Lagrangian phase was represented by 
biomass particles and their residue after the process. In the calculation, the biomass particles were 
considered to be discrete phases that occupied a small volume. The volume fraction of biomass was 
significantly less than for the fluid phase, even if the total mass of biomass was higher. According to 
this assumption, the following conservation equations were solved for the Eulerian and Lagrangian 
phase. The equations refer to conservation of mass, momentum, heat, and species. 
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The mass conservation of the Eulerian phase was written in the Eq. (1) 

 + 𝛻(𝜌�⃗�) = 𝑆 + 𝑆  (1) 

The conservation of momentum for the gaseous phase was solved according to the Navier – Stokes 
equation presented in Eq. (2) 

 
( ∙ ⃗)

+ ∇(𝜌 ∙ �⃗� ∙ �⃗�) = −∇𝑝 + ∇ ∙ 𝜏 + 𝜌 ∙ �⃗� + �⃗� + �⃗�  (2) 

The conservation of the energy of Eulerian phase was calculated according to the Eq. (3) 

 
( ∙ )

+ ∇ ∙ �⃗� ∙ (𝜌 ∙ 𝐸 + 𝑝) = ∇ 𝑘∇𝑇 − ∑ ℎ 𝐽 + (τ ∙ �⃗�) + 𝑆 + 𝑆 + 𝑆  (3) 

Where 𝑆  refers to the heat source from radiation and  the radiation was computed using discrete 
ordinates model.  
The species transport equations was calculated according to the Eq. (4) 

 
( ∙ )

+ ∇ ∙ (𝜌 ∙ �⃗� ∙ 𝑌 ) = −∇ ∙ 𝐽 + ℛ + S , + 𝑆 ,  (4) 

For the Lagrangian the force balance is based on the Newton’s second law of dynamics and the general 
formula is written in the Eq. (5) 

 
𝑣𝑝

= 𝐹 �⃗� − 𝑣𝑝 +
⃗

+ �⃗� + �⃗� (5) 

The formula of heat balance of a particle was written in Eq. (6). 

 𝑚 𝑐 = 𝑎𝐴 𝑇 − 𝑇 + 𝑒 𝐴 𝜎 𝑇 − 𝑇 − 𝐻  (6) 

2.3.3 Reaction scheme/ List of reactions 

Table 2 presents the list of reactions used in this calculation. In this model, biomass is considered 
material consisted of three main components: cellulose, hemicellulose and lignin,  and as well as 
moisture and ash. The reaction model is a combination of three stages that could occur in the oxidative 
pyrolysis. In the first stage, the moisture included in the feedstock evaporates. In the second stage, the 
primary components become an active component and this reaction is known as depolymerization [21]. 
Then, in parallel reactions, the active component releases volatiles (primary tars) and goes into the char 
with releasing non-condensable gases. This stage refers to the main pyrolysis, and the pyrolysis scheme 
was adopted from [21]. In the final part, the evolved char from the biomass component reacts with 
oxygen included in the carrier gas, and other light weight gases were generated. 

Limited data led to making some assumption in the presented reaction scheme. Pyrolytic products were 
categorized into three main groups: solid residue (char and ash), liquid (condensable primary tar and 
moisture) and light weight gases (pyrolytic gas, CO, CO2, etc.). All reactions were computed according 
to Arrhenius theory. The devolatilization of biomass feedstock did not depend on the composition of the 
carrier gas. Char from pyrolysis is referred to as pure carbon. The gas released from pyrolysis was a 
mixture of light-weight gases such as carbon dioxide, carbon monoxide, methane, etc but the 
quantitative of these gases was not known. This mixture was named as ‘gas’ and homogonous reactions 
in this mixture were not be considered. The combustion of primary tar was skipped and only tars 
cracking was included. The kinetic constants of reactions presented in Table 2 can be found in works 
[21–23]. 
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Table 2: List of reaction involved in numerical modelling 

Drying 
(𝐻 𝑂)( ) → (𝐻 𝑂)( ) R1 

Devolatilization 
𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝐴𝑐𝑡𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 R2 

𝐴𝑐𝑡𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑡𝑎𝑟𝑠 R3 
𝐴𝑐𝑡𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 0.35 𝐶ℎ𝑎𝑟 +  0.65 𝐺𝑎𝑠 R4 
𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝐴𝑐𝑡𝑖𝑣𝑒 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 R5 
𝐴𝑐𝑡𝑖𝑣𝑒 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑡𝑎𝑟𝑠 R6 

𝐴𝑐𝑡𝑖𝑣𝑒 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 0.6 𝐶ℎ𝑎𝑟 +  0.4 𝐺𝑎𝑠 R7 
𝐿𝑖𝑔𝑛𝑖𝑛 → 𝐴𝑐𝑡𝑖𝑣𝑒 𝐿𝑖𝑔𝑛𝑖𝑛 R8 

𝐴𝑐𝑡𝑖𝑣𝑒 𝐿𝑖𝑔𝑛𝑖𝑛 → 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑡𝑎𝑟𝑠 R9 
𝐴𝑐𝑡𝑖𝑣𝑒 𝐿𝑖𝑔𝑛𝑖𝑛 → 0.75 𝐶ℎ𝑎𝑟 +  0.25 𝐺𝑎𝑠 R10 

Primary tars cracking 
𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑡𝑎𝑟𝑠 → 𝐺𝑎𝑠 R11 

Char reactions 

𝐶ℎ𝑎𝑟 +
1

2
𝑂 → 𝐶𝑂 R12 

𝐶ℎ𝑎𝑟 + 𝑂 → 𝐶𝑂  R13 
𝐶ℎ𝑎𝑟 + 𝐶𝑂 → 2𝐶𝑂 R14 

𝐶ℎ𝑎𝑟 + 𝐻 𝑂 → 𝐶𝑂 + 𝐻  R15 
Homogenous reaction 

𝐶𝑂 +
1

2
𝑂 → 𝐶𝑂  R16 

𝐶𝑂 + 𝐻 𝑂 → 𝐶𝑂 + 𝐻  R17 
𝐶𝑂 + 𝐻 → 𝐶𝑂 + 𝐻 𝑂 R18 

 

2.3.4 Material properties 

The material properties used in this numerical model are presented in Table 3. In this model, the 
following assumptions were done:  i) biomass feedstock was considered as a composition of three 
components, and for those components, the thermophysical properties were identical, ii)  pine and pine 
bark had the same physical properties and had a different component composition according to Tab 1., 
iii) active components had the same properties as cellulose, hemicellulose and lignin. iv) particle 
shrinkage was not considered, and particle size remained the same, v)  density of the Eulerian phase was 
calculated with respect to the ideal gas theory, vi) other properties of the continuous phase were constant 
and did not change as a function of temperature, vii) mass diffusivity coefficient Dm and the thermal 
diffusivity coefficient DT were calculated according to the kinetic theory explained in the works [24]. 
The reference values were provided by Ansys Fluent software [25]. 

Table 3: Material properties used in numerical calculations [21,24,25] 

Eulerian phase 
Species Formula Mw μ cp k 𝜌 
Nitrogen N2 28 3.58·10-5 825 0.0563 

Ideal 
gas 

theory 

Oxygen O2 32 1.92·10-5 920 0.0246 
Carbon dioxide CO2 44 1.37·10-5 840 0.0145 

Carbon monoxide CO 28 1.75·10-5 1043 0.0250 
Hydrogen H2 2 8.41·10-6 14283 0.1670 

Gas 
(CO2, CO, CH4, H2, 

etc.) 
30 3·10-5 1100 0.0256 

Tars CxHy 100 3·10-5 2500 0.0257 
Water vapour H2O(g) 18 1.34·10-5 2014 0.0261 
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Lagrangian phase 
Species Formula Mw d cp λ 𝜌 

Cellulose C6H10O5 162 

0.0005 

2300 0.1256 650 

Active cellulose C6H10O5 162 
Hemicellulose C5H10O4 134 

Active hemicellulose C5H10O4 132 
Lignin C10H10O4 194 

Active lignin C10H10O4 194 
Moisture H2O(l) 18 4182 0.6 998.2 

Ash 77 795 0.071 600 
Char C 12 1100 0.0837 350 

2.4 Model validation 

The model sensitivity tests were performed for red oak feedstock under nitrogen atmosphere due to fact, 
that the experimental results are presented in the work [20]. Calculation results of pine and pine bark 
pyrolysis were not validated. It was assumed that good prepared model for red oak pyrolysis will be 
valid also for other feedstocks.  In the model sensitivity tests, three meshes and four time steps were 
checked. Initial calculations concerned the selection of the time step. In the first test, the calculation 
time step was 1⋅10-4 second and this value corresponded to the fastest reaction rate from Table 2 at 
550 °C. In other tests, the time step was increased five, ten and twenty times and it was 5⋅10-4, 1⋅10-3 
and 2⋅10-3 seconds. The reason for those tests of increasing the time step was to decrease the calculation 
time and to maintain the high precision of the numerical results.  In the tests, the primary tars mass flow 
rate at the outlet was monitored. The air-dry red oak contains a low amount of moisture and for this 
reason, moisture evaporation was skipped [26]. 

After the time step was established, the mesh dependency test was performed. Three quadrilateral 
meshes with different amount of elements were selected. The first mesh contained elements with 1.2×4 
mm in size and the total amount of elements was 22 605. The second mesh had 40 140 elements with 
0.875×3 mm in size. The third mesh was characterized by 60 175 elements with 0.7×2.5 in size. The 
size of single element is based on literature review and was adjusted to current study [12]. The tests 
were similar as for the time step impact analysis. The primary tars mass flow rate as a function of time 
was monitored at the outlet. 

The model sensitivity tests allowed to establish a time step and  mesh size. For further analysis, a time 
step of 5⋅10-4 seconds and a mesh with 60 175 elements were chosen. For these parameters, the model 
was validated with the experiment reported in [20]. The results of validation are presented in Fig. 2.  

The presented results suggest that the numerical model reflects the experimental results with good 
convergence. Noticeable differences are for tars and char, but the differences between experiment and 
numerical data are less than 5 %. This disproportion can be due to limited data on material properties. 
It could be assumed that this model could be used in further calculations. 

 

Figure 2: Validation of numerical model with experimental data for red oak 
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3 Results 

3.1 Yield of products 

In Fig. 3, the yields of pyrolytic products received from pyrolysis and oxidative pyrolysis are presented. 
The pyrolytic products consisted: char (solid residue received at outlet), liquid (primary tars and 
moisture) and non-condensable gases. The yields of products are presented in function of concertation 
of oxygen in the carrier gas.  

 

Figure 3: Yields of pyrolytic products received from oxidative pyrolysis of a) pine, b) pine bark  

It can be observed that the yield of the solid product decreased as the concentration of oxygen in the 
carrier gas increased. For both cases, the linear dependence of the solid residue drop is noticed.  In the 
nitrogen atmosphere, around 49 % of solid residue was evolved from pine, while pine bark allowed to 
obtain around 57 %. This difference is due to the higher content of lignin in the pine bark, which 
promoted the formation of char. The addition of 10% oxygen in carrier gas reduced the amount of solid 
residue to 34 % for pine and 36% for pine bark. Fig. 3 shows that the higher content of oxygen in the 
carrier gas promoted the higher conversion of the feedstock richer in lignin. In the case of pine bark, 
21 % less char was obtained in comparison to inert atmosphere. For pine, this difference was 15 %.   

The lower char content with the  oxygen increasing is the result of partial combustion of solid particles 
and CO and CO2 evolved. Next, the amount of non-condensable in pyrolytic products was higher when 
the concertation of oxygen increased. Under inert atmosphere, about 15 % of light weight gases was 
evolved from pine, while 12.5 % were obtained from pine bark. Increasing the concentration of oxygen 
promoted the evolution of non-condensable gases, where under 10 % of oxygen content, around 32 % 
gases were obtained from pine. For pine bark, around 34 % of the gases were obtained. Additionally, it 
can be noticed, that feedstock richer in lignin allowed to obtained higher amount of gases. 

The increase of  oxygen concertation led to a slight decrease in the amount of primary tar in the case of 
pine. As tar combustion was not included, the decrease of the amount of tars can be a result of secondary 
cracking. Due to partial oxidation, the local temperature could increase to crack the tars [23]. As pine 
was characterized by a higher amount of volatiles, this difference was noticeable in the model. For pine 
bark, the primary tar was nearly at the same level, as a result of the lower amount of volatiles.  

The yields of the received pyrolytic products under inert atmosphere are in the typical range of for drop 
tube reactor [27,28]. It is worth mentioning that Gable and Brown [20] obtained the solid residue of 
57 % from red oak under the same conditions of inert gas pyrolysis. A similar tendency of solid mass 
reduction and gas mass increase  under oxygen condition was reported in work [29]. The yield of char 
dropped from around 37 % up to 25 % when the oxygen concentration in the carrier gas increased from 
0 % up to 21 %. 
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3.2 Energy required 

The exothermic oxidative reaction increased the local temperature in the reactor. It is a positive effect 
that can led to decrease the energy required in the pyrolysis. In Fig. 4, the energy required to maintain 
the isothermal conditions on the reactor wall is presented as a function of addition of oxygen. 

 

Figure 4: Energy required in the pine and pine bark fast pyrolysis 

Under an inert atmosphere, the energy required for pyrolysis pine and pine bark were 1.55 MJ/kg, and 
1.6 MJ/kg, respectively. The addition of oxygen reduced the amount of required energy to 1.1 MJ/kg 
and 1.12 MJ/kg for pine and pine bark in the case of 10% oxygen content. The higher energy demand 
for pine bark could result from the higher moisture concentration. More energy was needed to evaporate 
the moisture from the particle. Moreover, a higher energy demand could result in a higher lignin content, 
where more energy was required to decompose the lignin. As the oxygen content increased, the energy 
demand between the feedstocks was approaching the same level. It can be concluded that the addition 
of oxygen has a better effect in the case of feedstock richer in lignin. The received values of the energy 
required at 550 °C in an inert atmosphere converge with work [30]. In this work, around 2 MJ/kg of 
energy was estimated for beech wood. The reduction in required energy as a function of the oxygen 
concentration was confirmed at work [31],where the best effect was observed under 10% oxygen 
content. 

3.3 Thermogravimetric analysis 

Figs. 5 and 6 present the thermogravimetric analysis of pine and pine bark pyrolysis under an inert and 
oxidative atmosphere.  

  

Figure 5: TG and DTG curves of pine pyrolysis under inert and oxidative atmosphere 
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Figure 6: TG and DTG curves of pine bark pyrolysis under inert and oxidative atmosphere 

In the first step, moisture evaporation from the sample was  observed. . The highest moisture loss 
occurred at about 100 °C. Then, the pyrolysis process was dependent on the atmosphere. In all cases, 
under an inert atmosphere, a release of volatile matter occurred and a peak was observed. Volatile release 
happened mainly up to 400 °C. The conversion rate depended on the composition of the biomass. Pine, 
which is rich in cellulose, converted faster than lignin-rich pine bark. The maximum mass loss of pine 
under an inert atmosphere was around 10.7 %/min while for pine bark it was around 3.35 %/min. Up to 
400 ° C, almost all pine was converted and in the last stage residual volatiles were released. In the case 
of pine bark, at 400 °C, around 53 % of the initial mass still remained and was slowly converted up to 
800 °C. At the end of pyrolysis, the pine supplied approximately 16 % of the solid residue, while for the 
pine bark it was around 34%. 

The addition of oxygen to the carrier gas caused the shift of the highest conversion to lower  
temperatures. For pine, the temperature was changed from 370.4 to 343.4 °C and also the conversion 
rate increased from 10.7 %/min to 13.4 %/min in the case of 10 % oxygen in carrier gas. For pine bark, 
temperature of the highest conversion decreased from 359.6 ° C to 321.2 °C and the conversion rate 
increased from 3.35 %/min to around 4.1 %/min. The highest conversion rate can be explained that 
sample not only lost the volatiles matter, but also reactions between sample and oxygen were initialized.  

Under an oxidative atmosphere, the second peak could be observed between 400 and 550 °C. This peak 
refers to the combustion of the charcoal. In the case of pine bark, the peak of particle combustion was 
more dominant than the peak from volatile release. Under an atmosphere with 10 % oxygen content, the 
conversion rate was 4.4 %/min at around 447.5 °C. This value was higher than at the peak of the release 
of volatiles. For pine, under the same atmosphere, the conversion rate from combustion was only 
3.2 %/min and was less than during main pyrolysis. It means that under the oxidative atmosphere, 
gasification or partial oxidation of particles played a dominant role in the lignin-rich biomass. At 
800 °C, almost all of the samples were consumed and in the case of pine bark, the solid residue content 
was significantly reduced. 

The thermogravimetric analysis allowed to confirm the following  results and assumption made in CFD 
calculations: i) the release of volatiles was not dependent on the atmosphere. The curves nearly 
overlapped in the temperatures of pyrolysis, ii) partial oxidation played a significant role in lignin-rich 
biomasses, iii) the final mass was reduced and this reduction was higher for lignin-rich feedstocks, iv) 
the higher oxygen content was the higher mass conversion was obtained. 

4 Conclusions 

This study presents the CFD modelling of fast pyrolysis of pine and pine bark under an oxidative 
atmosphere in a drop tube reactor at 550 °C. The numerical calculations were supported by experimental 
studies using thermogravimetric analysis. The analysis allowed the following conclusions to be drawn: 
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 The addition of oxygen to the carrier gas linearly reduced the amount of solid residue from 49 % 
to 34 % for pine and from 57 % to 36 % for pine bark, as the oxygen content in the carrier gas 
increased from 0 to 10 % v/v. Meanwhile, the content of non-condensable gases increased from 
15 % up to 32 % for pine and from 12.5 % to 34 % for pine bark. The higher mass drop of solid 
residue was observed for lignin-rich pine bark. 

 The higher oxygen content led to an exothermic reaction, and the local temperature in the reactor 
increased. Thanks to it, the energy required for pyrolysis dropped from 1.55 to 1.1 MJ/kg for 
pine and from 1.6 to 1.1 MJ/kg for pine bark as the oxygen content in the carrier gas increased 
from 0 to 10 % v/v. 

 Thermogravimetry analysis allowed to observe two main regions of oxidative pyrolysis of pine 
and pine bark. The first region referred to the release of volatiles in the temperature range 
between 300 °C and 400 °C. The second region corresponded to sample partial oxidation or 
gasification in the temperature range of 400 – 550 ° C. The conversion due to combustion was 
dominant in the case of pine bark. 
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Nomenclature 

A  surface, m2 
𝐶   drag coefficient, (-) 
𝑐   heat capacity at const. pressure, J/kgK 
𝐷   coefficient of mass diffusivity, m2/s 
𝐷   coefficient of thermal diffusivity, m2/s 
𝑑  diameter, m 
𝐸  internal energy, J 
e  emissivity, (-)   
�⃗�  force, N 
�⃗�  gravity force, m/s2 

H  enthalpy, J  
ℎ specific enthalpy, J/kg  
𝑘  thermal conductivity, W/mK 
𝐽  mass diffusivity,  kg/m2s 
𝑚 mass, kg 
𝑀  molar mass, g/mol 
𝑝  pressure, Pa  
𝑅  gas constant, J/Kmol 
ℛ mass source due to reaction, mol/s 
𝑆  source term 
𝑆   radiation source energy, W/m3 
𝑡  time, s 
𝑇  temperature, K 
�⃗�  velocity vector, m/s 
Y  local mass fraction, (-) 
 
Subscripts 
DPM  discrete phase model 
p particle 
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r radiation 
s solid 
i  ith species 
j  jth reaction 
∞ ambient 
 
Greek letters 
α  volume fraction, (-) 
μ  dynamic viscosity, Pa·s 
𝜌  density, kg/m3 
𝜎  Stefan – Boltzman constant, W/m2K4 

𝜏  stress tensor, Pa 
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Abstract 

According to the majority of scenario projections to a net-zero economy, the role of Carbon Capture, 
Utilization and Storage is significant and diverse. Of all the different CO2 capture technologies, chemical 
absorption has the highest Technology Readiness Level and has been the main field of research during 
the last decade. Nevertheless, low-temperature CO2 capture technologies have the potential to offer 
several unique advantages, notably to provide higher CO2 recovery and purity than other separation 
technologies. This paper covers an overview of different CO2 capture techniques that have been 
developed with a focus on selected low-temperature technologies. Their respective Technology 
Readiness Levels are also considered, together with associated costs, environmental impact and scaling 
potential of the different technologies. Considerations regarding the complete Carbon Capture, 
Utilization and Storage value chain, as well as future challenges and disadvantages that prevent 
widespread adoption are also presented. The potential applications as well as synergies considering the 
characteristics of low-temperature CO2 capture technologies are included to discussion. 

1 Introduction 

In December 2015 the UNFCCC parties signed the Paris Agreement; the Paris Agreement is a legally 
binding treaty in which the signatory Parties agreed to limit temperature increase to 2°C and preferably 
to 1.5°C compared to pre-industrial levels [1]. The EU has since transformed it into EU regulation by 
adopting the European Climate Law (Regulation EU, 2021/1119) which sets out the EU targets of 55% 
GHG emissions reduction by 2030 compared to 1990 and climate neutrality by 2050, enshrining in law 
the targets of the EU Green Deal. The achievement of the carbon neutrality at EU level and the 
achievement of 2°C or 1.5°C worldwide requires according to the majority of models also the use of 
carbon capture, utilization and storage (CCUS) at least to some extent. The latest IPCC mitigation report 
modelling results all show deployment of CCUS [2] and the World Energy Outlook of the IEA 2021[3] 
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also sees CCUS deployment. It is therefore expected that CCUS will have a role to play in order to allow 
the world to comply with the climate goals it has set itself.  

Initially the role of CCUS is to manage emissions from existing industrial assets. In the long term, its 
role is projected to shift to carbon capture from biomass and air to enable carbon removal from the 
atmosphere, resulting in negative emissions. These negative emissions are crucial in net-zero scenarios 
because they offset all remaining emissions [4]. 

Nevertheless, the role of CCUS in future energy systems is not accepted unanimously among academics, 
businesses, activists, and policymakers. The major arguments against CCUS are the high energy costs 
of the technology, concerns about impacts resulting from geological storage of CO2 as well as the 
technology’s potential to extend the use of fossil fuels. Despite the arguments mentioned above, most 
researchers agree on the potential of CCUS and its role in the future net-zero economy [5]. 

The CCUS chain consists of the following parts: carbon capture, transportation, and utilization or 
storage. Various technologies exist or have been proposed that are of different levels of maturity today 
in all parts of the value chain. The role of carbon capture as a viable strategy towards net-zero emissions 
depends on the technology readiness and commercial availability of all technologies involved at each 
stage of the CCUS process. In some specific processes, CO2 capture has been used already at large scale. 
However, the path towards decarbonisation requires the adoption of CO2 capture in a much wider range 
of applications including the production of cement, iron and steel, chemicals, fuels production and power 
generation. Furthermore, considering that all capture technologies are associated with a significant 
energy cost which limits their potential commercial viability and widespread adoption, further 
development of these technologies and their customization to specific applications is crucial. Among 
the different technologies that have been proposed (i.e. absorption, adsorption, membrane) low-
temperature CO2 separation has been considered as an option which has certain unique advantages. As 
these technologies are considered high energy consuming due to the refrigeration capacity that is 
required to drive the CO2 separation, further research and development is required before they can be 
commercially viable. 

2 Bibliographic study 

This work includes a bibliographic study on CO2 capture, a review of different technologies and a 
comparison considering different assessment criteria. The assessment is both qualitative and quantitative 
based on data published in the literature.  

The bibliographic research using the Scopus database provided more than 16.500 publications related 
to carbon capture by May 2022, Figure 1. The research was subsequently limited to the area of Energy, 
English language and the one of the following keywords: “Carbon Dioxide”, “Carbon Sequestration”, 
“Carbon Capture and Storage”, “Carbon Capture and Storage (CCS)”, “Post-combustion” which 
resulted in 5.611 publications. The software VOSViewer was used to identify the interconnection of 
keywords, Figure 2. 
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Figure 1: Carbon Capture related documents in the Scopus database (1983-2022) 

 

Figure 2: Interconnection of keywords (by VOSViewer) 

To further limit the research space for applications involving low temperature separation technologies, 
the following keywords were applied: “Cryogenic Carbon Capture”, “Cryogenic separation”, “Low 
temperature”, “Cryogenic CO2 separation”, “CO2 desublimation”. With regard to the terminology used, 
it should be noted that a number of publications use the term “Cryogenic” for temperatures above 120K. 
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In the authors’ opinion this term should be avoided because this use contradicts the definition of the 
International Institute of Refrigeration (IIR). Nevertheless, the term was used in the bibliographic search 
in order to identify the maximum number of research publications. In addition, five review papers were 
identified that covered at least partially and some aspects of the subject of low temperature CO2 
separation for different applications [6–10]. 

3 Overview of CO2 separation strategies and technologies 

Several different CO2 separation technologies are available which are absorption, adsorption, 
membrane, low-temperature, and biological. 

3.1 Absorption 

Chemical absorption of CO2 is the technology with the highest maturity and has been used widely in 
different industries. It has been also applied to a number of CCUS projects of different scales worldwide. 
Monoethanolamine (MEA) is the most common absorbent used for post combustion capture. 
Disadvantages of this technology are the high energy required for absorbent regeneration, degradation 
of absorbent and high corrosion rate. 

3.2 Adsorption 

Adsorption is another separation technology widely used in the industry. In this technology, CO2 gas 
molecules are bound in the surface of a solid adsorbent. Typically, two or more adsorption chambers 
exist because of the periodic nature of the operation. A number of different materials have been proposed 
as physical or chemical adsorbers, which have an important influence on selectivity, energy 
requirements and cost of CO2 captured [11]. 

3.3 Membranes 

Membrane CO2 separation is under development for a different number of applications [12]. The 
technology is based on polymeric or inorganic membranes with high CO2 selectivity, which do not let 
other gases in the gas stream to pass through. Membranes can also be highly selective to another 
substance and let that pass through, acting as barrier to CO2. Disadvantages of the technology are: limits 
to operational temperature, sensitivity to corrosive gasses, long term performance. 

3.4 Biological 

In biological CO2 capture micro-organisms and plants are used for removing the CO2 from a gas stream 
and the atmosphere. Microalgae has been proposed as a post-combustion CO2 separation option, using 
solar energy and producing biodiesel in the process [13]. Disadvantages of the technology are speed, 
area requirements, separation efficiency, sensitivity to contaminants. 

3.5 Low temperature 

Low temperature technologies are based on the different condensation and desublimation properties of 
CO2 than the remaining substances of a gas stream. These methods, which will be further explained in 
the next section, can be in turn divided into processes where is separated in the liquid and solid phases. 
Various technologies have been proposed, some of which are of high maturity for certain applications. 
Low temperature separation technologies have the advantages of high separation efficiency, possibility 
to separate also other substances apart from CO2 and the potential to integrate with other processes. 
More specifically, the use of cold from other processes, such as from Liquefied Natural Gas (LNG) 
regasification, is an effective way to reduce the energy consumption of separation. Main disadvantage 
of the methods is high energy consumption, because of the refrigeration capacity needed to drive the 
separation. 
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4 Low temperature CO2 separation technologies 

Based on the literature search, we have identified a number of different separation technologies that 
have been proposed for CO2 separation. Some of the technologies mentioned below have been 
specifically developed for natural gas purification, while others for treatment of flue gases. 

4.1 Distillation 

Being one of the most common separation technologies, distillation has been research for CO2 capture 
from gas streams. Holmes et al. [14] patented a cryogenic process for natural gas purification. Additional 
designs and configurations have been proposed by other researchers [7]. Careful selection of column 
pressure and insertion of additives such as heavier hydrocarbons (C3-C5) or helium (He) have been 
proposed as methods to avoid solidification of CO2 in the processes. 

4.2 External cooling loop 

The process has been proposed by Baxter et al. [15]. The required refrigeration is provided by either an 
external cooling loop or LNG. The gas stream is pre-treated, cooled and then expanded, with solid CO2 
captured in a separator. The CO2 is subsequently pressurised and reheated. 

4.3 Cryogenic packed bed 

The process was proposed by Tuinier et al. [16]. It is a periodic process using multiple packed beds 
where CO2 is deposited at the packing surface, the beds are cooled by LNG. 

Willson et al. [17] have proposed a process based on moving packed beds, named Advanced Cryogenic 
Carbon Capture (A3C) by the authors. The moving bed removed the necessity to use multiple beds and 
a periodic process. 

4.4 Anti-sublimation 

The process was proposed by Clodic and Younes [18]. It is based on a swing process running at 
atmospheric pressure that allows for recovery of the latent energy of CO2 sublimation and melting. The 
process has been demonstrated in the laboratory by the authors [19]. 

4.5 Controlled freezing zone 

The process has been proposed and been successfully demonstrated at commercial scale by ExxonMobil 
[20]. The process is developed for natural gas purification and consists of a distillation column where 
solidification of CO2 is allowed and managed in a specific area of the column. In ExxonMobil’s plant 
the captured CO2 was mostly used for Enhanced Oil Recovery (EOR) operations.  

4.6 CryoCell 

The CryoCell process was developed by Cool Energy Ltd for natural gas purification. A demonstration 
plant was created in Western Australia in collaboration with other industrial partners including Shell 
Global Solutions [21]. The gas stream is pre-treated, cooled and then undergoes a Joule-Thomson 
expansion, which reduces the temperature further. The CO2 is then separated in the solid phase. 

4.7 Stirling cooler 

A Stirling cooler system was proposed by Song et al. [8,22] for CO2 capture. The system is composed 
of three stages: refrigeration, capture and storage, each of whom is refrigerated by a Stirling cooler. CO2 
is captured in the solid phase as dry ice in the second cooler. The system was tested at laboratory scale 
using a binary CO2/N2 mixture with 13% CO2 concentration. 
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5 Perspectives of low temperature capture technologies for CO2 

In-depth comparisons of the different CO2 capture technologies have been published in the literature; 
Table 1: CO2 capture technologies summarizes the review conclusions. It should be noted however, that 
the groups mentioned cover a wide range of different technologies with different characteristics, 
therefore only general remarks could be provided [6,8–11,23] 

Table 1: CO2 capture technologies 

 Low 
temperature 

Absorption Adsorption Membrane Biological 

Advantages CO2 purity 

Capture 
efficiency 

Process 
integration 

High TRL in 
specific 
applications 
only 

High TRL 

Solvent cost 

 

Sorbent cost Easy 
operation 

Separation 
efficiency 

Useful 
products 

Disadvantages Energy 
intensive 

Low TRL 
(most 
applications) 

Solvent loss 

Heat required 
for 
regeneration 

Energy 
required for 
regeneration 

Limited 
operating 
temperature 

Sensitivity to 
impurities 
Capital cost 

Low TRL 

Costs 

 

Maturity Medium 

High for 
CH4/CO2 

High High Low Low 

Scaling Small to large Large Large Small to 
medium, 
easily 
stackable 

Small to 
medium 

Capture cost 

[USD /tCO2] 

55-130 50-150 40-100 15-80.46 793 

CO2 recovery 
[%] 

90-99.99 80-95 60-95 60-90 10-95 

Energy 
consumption 

[GJ/tCO2] 

0.43-5.2 4-6 2.3-9.2 0.5-6 3.09-70.36 

Environmental 
impact 

No chemicals 

Energy 
Intensive 

Chemicals 
required 

Adsorbent 
required; 
recycle 
possible 

No chemicals Area required 

5.1 Potential applications, process integration 

Low temperature CO2 capture technologies are quite flexible and can be scaled, which makes them 
feasible for a wide range of applications. As examples of small-scale applications, researchers have 
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highlighted the shipping sector and upgrading of biogas. For large scale applications, the available 
literature covers post combustion capture of powerplants and industrial processes, blue hydrogen 
production, treatment of natural gas. Low temperature capture has also the potential to provide CO2 at 
high purity, which may be crucial if CO2 will be utilized in downstream processes. No research 
publications were identified on the suitability of low temperature CO2 capture technologies for direct 
air capture (DAC), however an extrapolation of data for atmospheric CO2 concentrations indicates that 
the technology may be not suitable for such applications [6]. 

It should be also noted that low temperature CO2 capture technologies benefit greatly from heat 
integration of available low temperature sources. An excellent example is the gasification of LNG, 
whose integration would greatly reduce the energy requirements for CO2 capture. “Hybrid” capture 
processes combing low temperature technologies have been studied. Air Liquide has demonstrated such 
a separation plant at industrial scale for syngas treatment, which combines low-temperature and 
membrane separation technologies [24]. Hybrid technologies, combining low-temperature separation 
with either absorption, adsorption or hydrate have been also researched [8,25]. Other researchers 
proposed a system that combines separation by both de-sublimation and condensation of CO2 [26]. An 
additional concept that has been proposed is the adaption of a sublimation-based process that is able to 
store energy. This involves storing energy during off-peak times in the form of liquefied refrigerant [27]. 

As the majority of CO2 utilization and storage technologies have not yet achieved high maturity and 
commercial applications, the adoption of CCUS has been very low. Low temperature CO2 capture 
technologies, however, have a set of characteristics that may make them well suited for the CO2 value 
chain of the future. Low temperature technologies consume only power, no other form of high 
temperature thermal energy like steam is required, which can be an important advantage for an energy 
system based on renewable energy generation. They have the potential to separate CO2 at high purity, 
which may make it an ideal feedstock for several different applications. They may develop to very 
flexible and scalable technologies, suitable for the carbon capture of a variety of systems, varying both 
in size and exhaust gas characteristics. The separated CO2 is delivered in a highly dense state, making it 
ready for transport or storage. They can be added to existing systems, without any significant upstream 
modifications. Finally, they have the potential to integrate energy storage in the form of low temperature 
thermal storage, allowing for a continuous operation with flexible energy demand. 

6 Conclusions 

CCUS is a technology that will be most probably necessary for a net-zero economy in the near future. 
This review work covered different carbon capture technologies with a focus on low temperature 
methods. Various considerations were also presented, including technological maturity, advantages and 
disadvantages of the competing methods. 

References 

[1] United Nations Framework Convention on Climate Change, FCCC/CP/2015/L.9/Rev.1: 
Adoption of the Paris Agreement, 2015. 

[2] P.R. Shukla, J. Skea, R. Slade, A. Al Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. 
Some, P. Vyas, R. Fradera, M. Belkacemi, A. Hasija, G. Lisboa, S. Luz, J. Malley,, Climate 
Change 2022: Mitigation of Climate Change: Contribution of Working Group III to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change, 2022. 

[3] International Energy Agency, CCUS in clean energy transitions, 2020. 
[4] International Energy Agency, Energy Technology Perspectives 2020, 2020. 
[5] C. Greig, S. Uden, The value of CCUS in transitions to net-zero emissions, The Electricity 

Journal 34 (2021) 107004. https://doi.org/10.1016/j.tej.2021.107004. 
[6] D. Berstad, R. Anantharaman, P. Nekså, Low-temperature CO2 capture technologies – 

Applications and potential, International Journal of Refrigeration 36 (2013) 1403–1416. 
https://doi.org/10.1016/j.ijrefrig.2013.03.017. 

217



[7] K. Maqsood, A. Mullick, A. Ali, K. Kargupta, S. Ganguly, Cryogenic carbon dioxide separation 
from natural gas: a review based on conventional and novel emerging technologies, Reviews in 
Chemical Engineering 30 (2014). https://doi.org/10.1515/revce-2014-0009. 

[8] C. Song, Q. Liu, S. Deng, H. Li, Y. Kitamura, Cryogenic-based CO2 capture technologies: State-
of-the-art developments and current challenges, Renewable and Sustainable Energy Reviews 101 
(2019) 265–278. https://doi.org/10.1016/j.rser.2018.11.018. 

[9] C. Font-Palma, D. Cann, C. Udemu, Review of Cryogenic Carbon Capture Innovations and Their 
Potential Applications, C 7 (2021) 58. https://doi.org/10.3390/c7030058. 

[10] W.Y. Hong, A techno-economic review on carbon capture, utilisation and storage systems for 
achieving a net-zero CO2 emissions future, Carbon Capture Science & Technology 3 (2022) 
100044. https://doi.org/10.1016/j.ccst.2022.100044. 

[11] X. Wang, C. Song, 2020. Carbon Capture From Flue Gas and the Atmosphere: A Perspective. 
Front. Energy Res. 8, 560849. https://doi.org/10.3389/fenrg.2020.560849. 

[12] X. He, A. Lindbråthen, T.-J. Kim, M.-B. Hägg, Pilot testing on fixed-site-carrier membranes for 
CO 2 capture from flue gas, International Journal of Greenhouse Gas Control 64 (2017) 323–332. 
https://doi.org/10.1016/j.ijggc.2017.08.007. 

[13] A. Jacob, A. Xia, J.D. Murphy, A perspective on gaseous biofuel production from micro-algae 
generated from CO 2 from a coal-fired power plant, Applied Energy 148 (2015) 396–402. 
https://doi.org/10.1016/j.apenergy.2015.03.077. 

[14] A.S. Holmes, J.M. Ryan US 4318723, 1982. 
[15] Larry L. Baxter and Andrew Baxter and Stephanie Burt, Cryogenic CO 2 Capture as a Cost-

Effective CO 2 Capture Process (2009). 
[16] M.J. Tuinier, H.P. Hamers, M. van Sint Annaland, Techno-economic evaluation of cryogenic 

CO2 capture—A comparison with absorption and membrane technology, International Journal of 
Greenhouse Gas Control 5 (2011) 1559–1565. https://doi.org/10.1016/j.ijggc.2011.08.013. 

[17] P. Willson, G. Lychnos, A. Clements, S. Michailos, C. Font-Palma, M.E. Diego, M. 
Pourkashanian, J. Howe, Evaluation of the performance and economic viability of a novel low 
temperature carbon capture process, International Journal of Greenhouse Gas Control 86 (2019) 
1–9. https://doi.org/10.1016/j.ijggc.2019.04.001. 

[18] D. CLODIC, M. YOUNES, A new Method for CO2 CaptureFrosting CO2 at Atmospheric 
Pressure, in: Greenhouse Gas Control Technologies - 6th International Conference, Elsevier, 
2003, pp. 155–160. 

[19] D. CLODIC, M. YOUNES, A. BILL, Test results of CO2 capture by anti-sublimation capture 
efficiency and energy consumption for boiler plants, in: Greenhouse Gas Control Technologies 7, 
Elsevier, 2005, pp. 1775–1780. 

[20] P.E. Michael E. Parker, S. Northrop, J.A. Valencia, R.E. Foglesong, W.T. Duncan, CO2 
management at ExxonMobil’s LaBarge field, Wyoming, USA, Energy Procedia 4 (2011) 5455–
5470. https://doi.org/10.1016/j.egypro.2011.02.531. 

[21] A. Hart, N. Gnanendran, Cryogenic CO2 capture in natural gas, Energy Procedia 1 (2009) 697–
706. https://doi.org/10.1016/j.egypro.2009.01.092. 

[22] C.F. Song, Y. Kitamura, S.H. Li, Evaluation of Stirling cooler system for cryogenic CO2 capture, 
Applied Energy 98 (2012) 491–501. https://doi.org/10.1016/j.apenergy.2012.04.013. 

[23] J. Singh, D.W. Dhar, 2019. Overview of Carbon Capture Technology: Microalgal Biorefinery 
Concept and State-of-the-Art. Front. Mar. Sci. 6, 29. https://doi.org/10.3389/fmars.2019.00029. 

[24] D. Pichot, L. Granados, T. Morel, A. Schuller, R. Dubettier, F. Lockwood, Start-up of Port-
Jérôme CRYOCAP™ Plant: Optimized Cryogenic CO2 Capture from H2 Plants, Energy 
Procedia 114 (2017) 2682–2689. https://doi.org/10.1016/j.egypro.2017.03.1532. 

[25] D. Surovtseva, R. Amin, A. Barifcani, Design and operation of pilot plant for CO2 capture from 
IGCC flue gases by combined cryogenic and hydrate method, Chemical Engineering Research 
and Design 89 (2011) 1752–1757. https://doi.org/10.1016/j.cherd.2010.08.016. 

[26] W. Yang, S. Li, X. Li, Y. Liang, X. Zhang, Analysis of a New Liquefaction Combined with 
Desublimation System for CO2 Separation Based on N2/CO2 Phase Equilibrium, Energies 8 
(2015) 9495–9508. https://doi.org/10.3390/en8099495. 

[27] L. Baxter, C. Hoeger, K. Stitt, S. Burt, A. Baxter, Cryogenic Carbon Capture™ (CCC) Status 
Report, SSRN Journal (2021). https://doi.org/10.2139/ssrn.3819906. 

218



7th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2022, 20-23 September 2022, Poland 

The combustion of torrefied biomass in commercial-
scale domestic boilers 

Janusz A. Lasek*, Katarzyna Matuszek, Piotr Hrycko, Krzysztof Głód 

Institute of Energy and Fuel Processing Technology 
e-mail: jlasek@itpe.pl, kmatuszek@itpe.pl, phrycko@itpe.pl, kglod@itpe.pl  

 

Keywords: Domestic boilers, Torrefied biomass, NOx, CO, SO2 emission, Fuel substitution, 
Decarbonisation 

Abstract 

The limitation of fossil fuels use (especially coal) as an energy source for space heating and hot water 
enhances the development of new energy sources in domestic applications. Within different sources of 
renewable energy, the application of biomass is recognized as the main way for this purpose. The use 
of solid renewable fuels (e.g. wood pellets) in domestic-scale boilers is especially common in places 
where the distribution of natural gas by network or other renewable energy sources is strongly limited 
(mountain and foothill regions). Moreover, the application of raw or processed pelletization biomass 
can be problematic due to specific conditions during fuel transportation and storage. Namely, high 
moisture (humidity) and limited ventilation have a destructive impact on fuel stability. Wood pellets are 
extremely moisture unstable and present significant problems during the transportation, storage, and 
handling stages. Thermal treatment of biomass (including torrefaction) is recognized as a possible way 
to enhance the wood pellets’ hardness under wet conditions. Nevertheless, there are a few investigations 
of thermally–treated combustion biomass in domestic-scale boilers. Thus, the lack of knowledge in this 
field is observed. In this work, the combustion performance and emission of main pollutants (NOx, SO2, 
CO) during combustion of torrefied biomass are analyzed. The experiments were carried out using two 
types of boilers, i.e. (1) coal-fired 25 kWth (retort burner) and (2) biomass-fired 10 kWth (pellets burner). 
The construction of boilers has been not modified to analyze the direct fuel substitution in commercially 
available boilers. The nominal boiler’s output was achieved, and the emission issues are strongly 
influenced by oxygen excess. The emission of CO dramatically increased at oxygen excess of less than 
5 vol.%. An overall conclusion is that torrefied biomass can be used as a substitute fuel in coal-fired 
domestic boilers. Nevertheless, the boiler construction can be improved to obtain lower emissions of 
carbon monoxide. 
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1 Introduction 

The limitation of fossil fuels use (especially coal) as an energy source for space heating and hot water 
enhances the development of new energy sources in domestic applications. Within different sources of 
renewable energy, the application of biomass is recognized as the main way for this purpose [1]. The 
use of solid renewable fuels (e.g. wood pellets) in domestic-scale boilers is especially common in places 
where the distribution of natural gas by network or other renewable energy sources is strongly limited 
(mountain and foothill regions). Moreover, the application of raw or processed pelletization biomass 
can be problematic due to specific conditions during fuel transportation and storage. Namely, high 
moisture (humidity) and limited ventilation had a destructive impact on fuel stability. 

Wood pellets are extremely moisture unstable and present significant problems during the 
transportation, storage, and handling stages. The degradation of wood pellets was observed after being 
submerged in water for 180 s [2]. Torrefaction is recognized as a possible way to enhance the wood 
pellets’ hardness under wet conditions. The moisture uptake of torrefied wood pellets was examined by 
Peng and colleagues [3] in the humidity chamber with air at 90% relative humidity and 30 °C. For 
torrefied pellets, the saturated moisture content of torrefied wood pellets was less than 10%, which was 
about 40% lower than that of the untreated wood pellets [3]. Li and colleagues [4] analyzed water 
adsorption by dry torrefied pellets exposed to 90% humidified air at 30 °C in a humidity chamber over 
48 h. The water adsorption capacity of wood decreased significantly after torrefaction to the level of 12–
13.6%. Nevertheless, the water uptake rate decreased only slightly with increasing the torrefaction 
temperature [4]. Yoshida and colleagues [5] noticed that in comparison with normal biomass pellets, 
which disintegrate under wet conditions, one of the advantages of torrefied biomass pellets is better to 
water resistance. They considered two production schemes for the torrefied pellets for comparison: the 
torrefaction of wood chips followed by pelletization (pre-torrefaction) and the pelletization of wood 
chips followed by torrefaction (post-torrefaction). Observation of the pellet shape after weathering 
revealed that the normal pellets had almost entirely lost their shape, while the pre-torrefied pellets 
showed partial swelling and collapse. Finally, Yoshida and colleagues [5] concluded that torrefied 
pellets could also be used by personal and community consumers on a small scale for long-term indoor 
and outdoor storage as advanced solid biofuels with high waterproof performance, energy density, and 
lower biodegradation. Based on these considerations, the application of torrefied fuels in domestic-scale 
boilers is justified and reasonable. Graham and colleagues [6] analyzed the impact of temperature and 
humidity on the pellets’ degradation. They noticed that when humidity was coupled with high 
temperature (i.e. 30 °C), the degradation rate was more severe and occurs faster. Humidity played a 
more important role in the pellets’ degradation process because temperature, when not coupled with 
high humidity, did not discernibly impact the pellets’ mechanical strength. Moreover, thermal 
processing of pellets by steam explosion showed the highest ability to pellets protection against 
mechanical degradation, whereas torrefaction did not provide such intensive effect. To confirm that 
observation, Järvinen and Agar concluded that outdoor heap storage of torrefied pellets is not 
recommended [7].  

Considering the application of thermally processed biomass in domestic-scale boilers, they are a lack of 
systematic investigations to analyze this issue, and they are only a few papers concerning the field. 
Pawlak-Kruczek and colleagues [8] investigated a transition of a domestic boiler from coal to raw and 
torrefied Palm Kernel shells (PKS). They noticed significantly high CO emission (CO concentration in 
flue gas more than 3000 ppm) for air excess ratio less than 1.6. Moreover, they noticed higher emission 
of NO for combustion of torrefied PKS when it was compared to combustion of raw PKS. Michel and 
colleagues [9] investigated the combustion of torrefied biomass in a 50 kW pellet boiler. They observed 
that during combustion of torrefied biomass particulate emissions were about 30% higher compared to 
combustion of unprocessed pellets and this was due to the lower ash content of unprocessed pellets. 
Moreover, they observed that the combustion of torrefied pellets emitted significantly less NO than 
classical unprocessed pellets. The authors explained this phenomenon by the fact that fuel nitrogen 
content was certainly much lower in the torrefied pellets than in the unprocessed pellets. 

Instead of torrefied fuel combustion in automatic fuel-feed boilers, they are few studies about torrefied 
fuel application in burning stoves. Mitchell et al. [10] applied the torrefied wood in a 6 kW domestic 
stove. They observed lower Particulate Matter (PM) emissions when compared to raw wood and coal. 
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Maxwell and colleagues [11] investigated emissions from the combustion of torrefied and raw biomass 
fuels in a domestic heating stove. They noticed that torrefied fuels emit significantly less particulate 
matter and slightly less NOx/GJ energy. Barr and colleagues [12] examined the application of briquettes 
made of torrefied biomass in a cook stove.  

Instead of the presented state-of-the-art of torrefied fuel biomass combustion in domestic-scale 
chambers, there are a few unsolved research questions in this field. The first is the lack of systematic 
investigations of the torrefied biomass application in automatic fuel-feed boilers. It especially concerns 
the combustion performance as well as the emission of gaseous pollutants and particulates. Another 
important question is if it is possible to apply torrefied biomass in coal-fired retort boilers (as coal 
substitute) and if such application needs some major changes in boiler construction (boiler retrofitting). 
What are the comparative differences in combustion performance in domestic-scale boilers when 
unprocessed and thermally processed wood pellets are applied? Is it necessary for boiler retrofitting 
needs to obtain an optimal construction in terms of emission and boiler efficiency? This work aims to 
answer (even partly) these scientific questions. 

2 Experimental 

2.1 Fuel analysis 

Physical and chemical analyses were performed at the Institute for Chemical Processing of Coal 
(IChPW) in Zabrze, Poland in an analytical laboratory by the European Standards and Procedures of 
IChPW. All samples were investigated in at least of doubled series of measurements. According to the 
used standards, two independent single tests are enough if the results do not exceed the repeatability 
limit. The proximate analysis involves the determination of the following parameters for the collected 
samples (by the standard method): moisture, ash, volatile matter, and fixed carbon. The volatile matter 
content (VM) was determined by weighing a closed crucible without air at 850 ± 15 °C for 7 min. Then, 
the difference between the total weight loss and weight loss due to the evaporation of water was 
calculated. The ash content was determined by incinerating the samples in a muffle furnace, which 
consisted of heating the samples in the air at a specific rate to a temperature of 815 ± 10 °C and 
maintaining this temperature until a constant weight was reached. Determination of moisture content on 
the as-received basis was prepared by European standards. The analysis is conducted by drying the 
sample in an oven at the temperature of 105 ± 2 °C, under an air atmosphere. The percentage of moisture 
is calculated from the loss in mass of the test sample. The results of the fuel analysis are presented in 
Table 1. In the case of biochar, the biomass origin was the wood biomass after cutting of conifers. In 
the case of torrefied biomass, the biomass origin was the mixed wood biomass (i.e. conifers and 
deciduous trees) 

Table 1: Proximate and ultimate analysis of applied fuels 

Nr Parameter Symbol Unit Hard coal Wood 
pellet 

Torrefied 
biomass 

Biochar 

1 Moisture content, as 
received 

Mr wt. % 7.6 5.9 6.6 10.8 

2 Moisture content, 
air-dry state 

Ma wt. % 3.0 7.4 3.1 2.6 

3 Ash content, air-dry 
state 

Aa wt. % 5.8 0.2 0.6 3.6 

4 Ash content, as 
received 

Ar wt. % 5.5 0.2 0.6 3.3 

5 Volatile matter, dry-
ash-free state 

Vdaf wt. % 23.5 84.6 77.0 32.6 

6 Carbon content,  air-
dry state 

Ca wt. % 79.4 47.5 54.1 74.5 
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7 Hydrogen content, 
air-dry state 

Ha wt. % 3.32 5.5 5.6 3.3 

8 Sulfur content, air-
dry state 

Sa wt. % 0.86 <0.02 <0.02 <0.02 

9 Nitrogen content, 
air-dry state 

Na wt. % 1.13 0.14 0.13 0.48 

10 Oxygen content, air-
dry state 

Oa wt. % 6.6 39.2 36.5 15.5 

11 Higher heating 
value, air-dry state 

HHVa J/g 30630 18672 21400 27700 

12 Lower heating value, 
air-dry state 

LHVa J/g 29830 17293 20100 27000 

13 Lower heating value, 
as received 

LHVr J/g 28300 17613 19300 24500 

2.2 Combustion tests 

The experimental investigations included the application of two boilers types i.e. (1) coal-fired 25 kWth 
(retort burner) and (2) biomass-fired 10 kWth (pellets burner with drop-down feeding). These boilers 
were equipped with an automatic fuel-feeding system. The experimental investigations were carried out 
using an experimental setup placed in the Institute for Chemical Processing of Coal. The scheme of the 
experimental setup is presented in Figure 1. The experimental setup was equipped with a stack made of 
steel (inner diameter of 0.3 m and length of 6 m), a heat exchanger system, and flue gas analyzers. The 
temperature of the inlet and outlet circulating water was measured using a resistance thermometer (Pt-
100, accuracy below 0.5 °C). The composition of the exhaust gas from the boiler was measured 
continuously using a mobile set of analyzers manufactured by Siemens, consisting of two types of 
analyzers: Ultramat (non-dispersive infrared spectroscopy) and Oxymat 61 Siemens (paramagnetic). 
The flue gas was analyzed for CO (0–5 vol.%), CO2 (0–25 vol.%), NO (0–1000 ppm), SO2 (0–1000 
ppm), organic gaseous carbon (OGC), and particulates (PM) contents. The flue gas from the boiler stack 
was continuously sampled by a probe system with a heated ceramic filter, a heated hose, and a gas 
conditioning system (PSS–5, M&C Products). Heat from the boiler was removed by cooling towers. 
The boiler efficiency was determined using formulas from the standard PN-EN 303–5:2012. All 
mentioned investigations (excluding determination of electric parameters points 5.7 – 5.10 and 5.8.5 in 
PN-EN 303-5:2012) were carried out in accordance with Accreditation Certificate No. PCA AB 081. 
Estimated relative uncertainty for specific parameters is presented in Table 1. The absolute uncertainty 
of water temperature measurement was δTwater=0.115 °C. 

The test procedure was as follows: first, a combustion chamber was heated up to obtain quasi-steady-
state thermal conditions. Next, the main test was carried out. During the experiments, selected process 
parameters were continuously monitored and registered (water flow rate, water temperature, fuel 
consumption, and higher heating value). According to the Ecodesign Regulation, seasonal space heating 
energy efficiency for boilers with a rated heat output of 20 kW or less shall not be less than 75 % and 
seasonal space heating energy efficiency for boilers with a rated heat output of more than 20 kW shall 
not be less than 77 %. The main settings of boilers during the stable period of combustion are presented 
in Table 2. 
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Figure 1: Scheme of the experimental setup. 1– boiler, 2– the point of flue gas sampling, 3– chimney, 
4– water-air heat exchangers (cooling towers), 5– control system, 6– system for data collecting, 

processing, and archiving 

Table 2: Main settings of boilers during the stable period of combustion 

Type of 
boiler 

Fuel type Capacity 
(kWth) 

Fuel feeding period Air fan, % 
Feeding 
interval, 
seconds 

Break 
interval, 
seconds 

Pellet-fired 
boiler, 10 
kWth 

Torrefied wood 
pellets 
(TOR_USA) 

High (10.2 
kWth) 

3 19 36 

Biochar pellets 
(BP 2) 

High (9.7 
kWth) 

3 16 43 

Wood pellet High (9.5 
kWth) 

3 14 33 

Wood pellet Low (2.9 
kWth) 

1 16 23 

      
Coal-fired 
retort boiler, 
25 kWth 

Biochar pellets 
(BP 2) 

Medium 
(14.6 kWth) 

13 47 35 

Biochar pellets 
(BP 2) 

High (24.3 
kWth) 

21 39 40 

 Coal High (26 
kWth) 

2 7 40 

 Coal Low (7.37 
kWth) 

1 11 18.5 
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3 Results and discussion 

3.1 Combustion performance 

Figure 2 shows the example of selected parameters measured in function of time during a stable period 
of the combustion process. These measurements were carried out after the heating up process during 
combustion of torrefied biomass using a pellet-fired boiler of 10 kWt. Figure 3 represents the 
experimental results using a coal-fired retort boiler. In the case of pellet-fired boiler, O2 CO and CO2 
concentration changed in a certain range of ~3.5–9.8 vol.%, ~95–1717 ppm, and 6.6–15 vol.% 
respectively. The time interval of measured points is 0.5 minutes quite a wide range of measured 
concentration can be explained by the interval of the fuel feeding period as well as by the nature of 
combustion. The deviations of fewer amplitudes were observed during combustion in a coal-fired retort 
boiler. It should be explained that fuel feeding in the combustor is different compared to the pellet-fired 
combustor. Namely, in the retort boiler, the volume of fuel particles is pulled out from below the pipe 
and this fuel sample is transported to the hot part of the retort. Then, the ignition and combustion process 
of this volume (as a whole) is realized thus the concentration of gaseous combustion products as well as 
O2 concentration is more uniform. In pellet-fired combustion, the fuel (i.e. pellets) is introduced to the 
hot zone of the combustor one by one. The construction of a burner includes drop-down feeding of 
pellets into the hot zone of the burner. Thus, the effects of parameter deviation are more intensive in 
such combustor types.  

 

 

Figure 2: Selected parameters measured in function of time during stable combustion (after the 
heating process) of torrefied biomass, pellet-fired boiler 10 kWth 
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Figure 3: Selected parameters measured in function of time during stable combustion (after the 
heating process) of biochar, coal-fired retort boiler 25 kWth (high capacity) 

3.2 Efficiency issues 

The impact of process parameters (including the type of used fuel) on boiler efficiency is presented in 
Table 3. It is known that the value of the efficiency of domestic-scale boilers (solid-fuel fired) varied in 
the range of 50–96% [13, 14]. Such a wide range of efficiency values depended on many parameters 
like combustion performance (e.g. oxygen excess number, CO concentration), boiler type (manual or 
automatic feeding), fuel type, and others. For old-fashioned constructions (before 1985) the boiler 
efficiency was lower than 70% [15]. In the case of this study, the efficiency varied in the range of 87– 
93.7%. As was expected, the boiler efficiency during combustion of thermally treated biomass was 
lower compared to the combustion of dedicated fuels. Nevertheless, this efficiency loss was significant, 
but it was not dramatically high. For example, in the case of a 25 kWth coal-fired boiler (nominal 
capacity) the boiler efficiency during combustion of coal (dedicated fuel) and biochar was 93.4 % and 
90.63% respectively. In the case of a 10 kWth wood pellets-fired boiler, the efficiency during combustion 
of regular fuel (i.e. wood pellets) was 91.1%, whereas the efficiencies during combustion of torrefied 
biomass and biochar were 90.23% and 88.93% respectively. The efficiency of the boiler depends on 
specific heat losses, namely heat loss in flue gas, ζk, %, heat loss from CO, ζCO, %, heat loss due to 
unburned combustibles in slag ζC, and heat losses due to radiative and convective heat transfer by boiler 
outside walls, ζot, %. Figure 4 and Figure 5 show the comparison of efficiency loss in 25 kWth coal-fired 
and 10 kWth wood pellets-fired boilers at nominal power, respectively. In the case of the 25 kWth coal-
fired boiler, the main differences are observed in the values of heat loss in flue gas, ζk, heat loss due to 
unburned combustibles in slag, ζC as well as heat loss from CO, ζCO. A higher value of heat loss in flue 
gas, ζk, in the case of combustion of biochar was caused by the higher temperature of flue gas (i.e. 109.2 
°C, compared to 101.2 °C, see Table 3) at comparable values of air excess ratio. The combustion of 
biochar is characterized by a higher value of ζCO due to a significantly higher concentration of CO (i.e. 
2030 mg/m3

u and 23.1 mg/m3
u for biochar and coal respectively, see Table 3). The higher value of ζC 

was caused by a higher content of combustible matter in slag (i.e. 17.4% and 42% for coal and biochar 
respectively) at comparable values of slag flow rate. Per analogy, this analysis can be also done for the 
efficiency losses in a 10 kWth wood pellets-fired boiler. Nevertheless, some specific nuances should be 
explained. Namely, in the case of torrefied biomass combustion, the value of ζk is the lowest (i.e. 7.16%) 
despite the higher value of flue gas temperature (i.e. 140.5 °C and 131.6 °C for torrefied biomass and 
wood pellets respectively). It was caused by the differences in air excess ratio that was higher for wood 
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pellets (i.e. λ= 1.43 and λ= 1.55 for torrefied biomass and wood pellets respectively). The highest value 
of ζCO in the case of biochar combustion (i.e. 1%) was caused by a significantly higher concentration of 
CO (i.e. 2285 mg/m3

u). 

Table 3: The efficiency of boilers and the parameters influencing the efficiency value 

Parameter Efficienc
y 

Powe
r 

Powe
r ratio 

Air 
exces
s ratio 

Flue 
gas 
temp. at 
chimne
y 

Carbon 
monoxide 
concentration 

Slag 
flow 
rate 

Combustibl
e matter in 
slag 

Symbol ŋ Q Q/Qzn λ tsp CO Gs ba 

Unit % kW % - oC mg/m3
u kg/h % 

25 kWth coal-fired boiler 

Coal, nom. 
power 

93.4 26.01 104 1.25 101.2  23.1 0.188 17.4 

Coal, 
min.power 

93.1 7.37 29.5 1.62 64.7 170 0.058 23 

Biochar, 
nom. 
power 

90.63 24.3 97.2 1.3 109.2 2030 0.177 42 

Biochar, 
medium 
power 

87.01 14.6 58.4 2.06 95.9 4620 0.097 44.3 

10 kWth wood pellets-fired boiler 

Wood 
pellet, 
nom. 
power 

91.1 9.51 95.1 1.55 131.6 412 0.005 22.2 

Wood 
pellet, 
min. 
power 

93.7 2.91 29.1 2.33 58.9 27.3 0.002 47.9 

Torrefied 
biomass, 
nom. 
power 

90.23 10.2 102.2 1.43 140.5 610 0.02 58.5 

Biochar, 
nom. 
power 

88.93 9.7 97 1.56 148.7 2285 0.05 13.9 
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Figure 4: The comparison of efficiency loss (heat loss in flue gas, ζk, %, heat loss from CO, ζCO, %, 
heat loss due to unburned combustibles in slag ζC, and heat losses due to radiative and convective heat 
transfer by boiler outside walls, ζot, %) during combustion of coal and biochar in a 25 kWth coal-fired 

boiler at nominal power 

 

 

Figure 5: The comparison of efficiency loss (heat loss in flue gas, ζk, %, heat loss from CO, ζCO, %, 
heat loss due to unburned combustibles in slag ζC, and heat losses due to radiative and convective heat 

transfer by boiler outside walls, ζot, %) during combustion of wood pellets, torrefied biomass and 
biochar in a 10 kWth wood pellets-fired boiler at nominal power 

3.3 Emission issues 

It is known that a decrease of oxygen excess, λ inhibits efficiency loss. Nevertheless, too low λ causes 
higher emissions of CO. Even if the oxygen excess is higher than 1, inefficient mixing of fuel and air 
causes the formation of incomplete combustion products. It is known that in the case of domestic-scale 
boilers, an average oxygen fraction in flue gas is 10 vol.%. Thus, this value is accepted as a reference 
base for the determination of pollutants emission. Depending on boiler construction and capacity, 
oxygen excess can be optimized to obtain as low as possible value. Nevertheless, at a certain value, a 
significant increase in CO emission is observed. Figure 6 presents the concentration of selected gaseous 
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compounds in flue gas (NO and CO) in the function of oxygen concentration in flue gas during 
combustion of torrefied biomass in a 10 kWth pellet-fired boiler. It can be noticed that O2 concentration 
at a level of 4–5 vol.% is a limit value where lower O2 concentration significantly enhanced CO 
emission. Thus, this range of O2 concentration (i.e. 4–5 vol.%) is recognized as a limit value to keep 
complete combustion. In the case of biochar combustion, the increase in oxygen concentration caused 
the increase in CO emission. It can be explained by the effects of flame freezing. This effect was 
investigated by Demesoukas and co-workers [16]. They explained that when the temperature decreased 
(2200K for CO), τCO increased and the CO mass fraction began to deviate from equilibrium. They 
suggested that the ‘freezing’ effect was naturally described by their reduced chemistry model. At 1800K, 
CO reactions become very slow and the change in CO mass fraction is negligible [16]. The freezing of 
CO oxidation was also observed during the modeling of fires. Gottuk and colleagues [17] noticed that 
high CO concentrations can be created even for over-ventilated burning conditions if upper layer 
temperatures are below about 800K, which will result in freezing out the CO-to-CO2 reaction. It was 
observed that NO emission decreased when λ increased.  

 

Figure 6: Impact of oxygen concentration in flue gas on emission NO, ppm and CO, ppm (based on 10 
vol% O2) during combustion of torrefied biomass in a 10 kWth pellet-fired boiler 

 

 

Figure 7: Impact of oxygen concentration in flue gas on emission NO, ppm and CO, ppm (based on 10 
vol.% O2) during combustion of biochar in a 10 kWth pellet-fired boiler 
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The emissions per energy (g/GJ) of gaseous compounds, i.e. CO, SO2, NOx, OGC as well as particulates 
were presented in Figure 8 and Figure 9. Significantly higher emission of CO was observed when coal 
was substituted by biochar in a 25 kWth boiler. The typical CO emission from the combustion of solid 
biomass is in the range of 30–10000 g/GJ, nevertheless, for wood pellet stoves the emission is in the 
range of 30–120 g/GJ [18]. Ozgen and colleagues [19] noticed that average emission factors of NOx for 
woody biomass combustion were in the range of 63–72 g/GJ which is slightly lower compared to the 
observed in this study (i.e. 85 g/GJ). Nevertheless, they concluded that NOx emission from biomass 
automatic fuel-feed can exceed 100 g/GJ. Maxwell and colleagues [11] reported comparable values, i.e. 
in the range of 45–135 g/GJ. They combusted torrefied and raw biomass (Norway spruce logs, torrefied 
spruce briquettes, willow logs, torrefied willow briquettes, olive stone, and torrefied olive stone 
briquettes). It should be noticed that during the combustion of solid fuels, NOx emissions are 
significantly influenced by N-fuel content and varied in the range of 100–1000 mg/m3 (ref. 11 vol.% 
O2) [14]. As was expected, the application of raw and torrefied biomass significantly decreased the 
emission of SO2 compared to coal. It is known that the emission of SO2 during the combustion of hard 
and brown coal varied in the range of 300–1000 g/GJ [18].  

 

Figure 8: Impact of fuel type on the emission (g/GJ) of CO, SO2, NOx, OGC, and particulates in a 25 
kWth coal-fired boiler 

 

 

Figure 9: Impact of fuel type on the emission (g/GJ) of  CO, SO2, NOx, OGC, and particulates in a 10 
kWth pellet-fired boiler 
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4 Conclusions 

The combustion of thermally treated biomass was carried out in domestic-scale boilers, i.e. 25 kWth 
coal-fired retort boiler and 10 kWth pellet-fired boilers. These investigations aimed to check the direct 
application of thermally treated biomass in commercially available boilers without interference in boiler 
construction. The combustion performance, boiler efficiency as well as emission issues were taken into 
account. The following conclusions can be presented: 

 Thermally treated biomass was stable and combusted in commercial domestic-scale boilers. 
Nevertheless, some efficiency losses were observed due to a higher concentration of CO, higher 
temperature of flue gas as well as a higher content of combustible parts in a slag. Considering 
the test at nominal power, in the case of a 25 kWth boiler, the efficiency loss (compared to 
standard fuel) was 2.77%, whereas in the case of 10 kWth boilers the efficiency loss (comparing 
to standard fuel) was 1.87% and 2.17% for the combustion of torrefied biomass and biochar 
respectively. 

 Significantly higher emission of CO was observed during combustion of biochar in both boilers 

 Significant limitation of SO2 emission can be obtained when coal is substituted by biochar 

 It should be concluded that coal can be substituted by thermally treated biomass. Nevertheless, 
process optimization or/and development of boiler construction is necessary to obtain as low as 
possible emission of CO. 
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Abstract 

Fly ash is a solid residue generated during the combustion of solid fuels such as coal and biomass. 
Depending on the fuel type, the ash content and its chemical composition are different. Generally, the 
ash production in large energy plants is huge and its utilization is crucial issue. In this study, two kinds 
of ashes (coal and biomass fly ashes) were selected for investigation its potential application for 
zeolites synthesis and next usage as catalysts in pyrolysis process. These ashes were characterised by 
different Si/Al ratio (SAR – silica alumina ratio) and high metal contents (including Al, Na, K, Ca, 
Mg, Fe, Ti) what is important taking into account its potential application as catalysts e.g. in pyrolysis 
process. To enhance their catalytic properties, the ashes were modified to prepare zeolites by specially 
prepared procedure. A detail characteristic of studied ashes and zeolites was performed to determine 
chemical composition (X-ray fluorescence spectrometry), phase composition (X-ray diffraction), 
surface area (Brunauer-Emmet-Teller method) and thermal stability (thermal analysis). These analysis 
confirmed the changes in physical and chemical properties of prepared zeolites comparing to raw fly 
ashes. It was proved that zeolites obtained from coal and biomass ashes had significantly higher 
specific area from ca. 2 and 2.6 to 130 and 220 m2/g, respectively. Intermediate pyrolysis of two 
agriculture biomass materials in the presence of these zeolites and non-catalyst was conducted under 
nitrogen atmosphere at 500 C. During the pyrolysis, char, oil and gas were obtained and the yield of 
process was determined. It was observed that the presence of zeolite caused the increase of gas yield. 
After five pyrolysis cycles the usage of catalyst was investigated analysing the changes in structure 
and phase composition. This work demonstrated that coal and biomass fly ashes can be successful 
used for zeolite production and next used as catalysts in pyrolysis process of biomass. 
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1 Introduction 

The global policy assumes ambitious strategies to increase renewable energy sources and reduce CO2 
emissions. The last COP26 in Glasgow stated that the most important is keeping the rise of global 
temperature to 1.5 C. It will be possible by the following actions: mitigation of coal power, 
adaptation - boosted efforts to deal with climate impacts already impacted by climate change, financial 
support, and collaboration among the counties. However, the amount of energy production from 
renewable sources is still increasing, but the amount of energy production from coal combustion is still 
significant in some part of world. Additionally, the last world conflicts significantly influence on 
energy policy. Analysing EU counties, in Poland the production of coal is the highest and the most of 
energy comes from coal. In heat and power plants annually the huge amount of fly ash as a waste is 
produced, not only from coal combustion, but biomass and municipal wastes, too. The fly ash is the 
solid residue which has to be utilised instead of disposal according to circular economy concept. The 
physical and chemical properties of ashes such as low density, high specific surface area, low thermal 
conductivity, and stable chemical properties allow to apply them in many ranges from construction 
industry to agriculture and wastewater treatment [1-4]. But due to constantly changes in 
law/environmental regulations and changes in combustion technologies, sometimes chemical 
composition of ashes do not meet requirements in commonly known applications (cement, concrete 
[5], roads and embankments [6]). Thus, the fly ash should be applied in other ways. Many studies have 
been reported in this field. The investigations concern the wide applications as: zeolites [7, 8], 
geopolymers [9], soil amendments [10], catalysts and/or sorbents [11, 12], environmental protection 
and metal recovery materials [13].  

In this work, the main focus is on the application fly ash to zeolite synthesis. Zeolites are crystalline 
alumina-silica based materials with a three-dimensional framework structure consisting of tetrahedral 
units (SiO4 and AlO4) and additionally they can include alkali and alkaline earth cations (e.g. Na+, K+, 
Ca2+, Mg2+, Sr2+). They characterised by very high specific area thus they can be used as sorbents, 
catalysts and ion exchanged materials. Zeolites have regular crystalline structure which can be 
described by the following formula M2/n[(Al2O3)(SiO2)y]zH2O where: M – cation with n valency, z – 
number of water molecules building in crystalline structure, y – silicon content. In nature zeolites are 
presented as minerals (e.g. clinoptilolite, chabazite, mordenite). The type of zeolites depends on the 
content of SiO2 (molar ratio of SiO2/Al2O3) thus they can be classified as low-, medium-, and high-
silica zeolites. The ratio of Si/Al determines the properties of zeolite. Low-silica zeolites characterise 
higher acidproofness, stability at  higher temperatures and hydrophilicity. On the other hand, high-
silica zeolites are more hydrophobicity and have high ions exchange features. The properties of natural 
zeolites in water solution depends on pH, very low value of pH can cause the damage of zeolite 
structure. Nowadays, the synthetic zeolites are successfully used in wide range in chemical 
engineering and environmental protection areas. The most often investigated and applied zeolites are 
NaP1 (Na6Al6Si10O32·12H2O), linde F (KAlSiO4·1,5H2O), zeolit A (NaAlSi1,1O4,2·2,25H2O), zeolit X 
(NaAlSi1,23O4,46·3,07H2O) zeolit Y (NaAlSi2,43O6,86·4,46H2O) and ZSM-5 (NanAlnSi96–nO192·16H2O 
(0<n<27) [14]. Synthetic zeolites can be classified depending on the located cation in aluminosilicate 
structure e.g. calcium, potassium or lithium zeolites. The ion-exchange capacity of synthetic zeolites is 
high (in the range of 0.3 to 4.7 mval·g-1), whereas for fly ash is c.a. 0.05 values of mval·g-1) [15]. 
Additionally, zeolites characteries the following properties high adsorption capacity, molecular shape 
selectivity and very large specific surface area [14,16]. Evaluation of synthetic zeolite production from 
different materials like clay minerals, low carbon materials and fly ashes allowed to applied them in 
industry, agriculture, biochemical and chemical sectors. There are many examples concerning 
application of zeolites e.g. in cement industry for reduction of CO2 emission [17], in biotechnology 
and medicine, chemistry [18, 19], catalysis in bio-fuel production [20, 21], in agriculture [22] and food 
industry [23]. The modification of natural zeolites and preparation new ones from materials like flay 
ashes have required elaboration of special procedure. There are a lot of procedures for final product to 
be obtained which are differ depending on process temperature and time (hours/days), environment, 
relative ratio of Si and Al, ratio of reaction components, and stages of process etc. The most often used 
and well know synthesis ways are hydrothermal synthesis, molten salt method, ionothermal technique 
(ionic liquids are used), fusion method, alkali activation and microwave synthesis [24-26].  
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The main objective of this work was to apply fly ashes to obtain zeolites which can be used as 
catalysts in pyrolysis of biomass. The modified procedure of zeolite-material synthesis was proposed 
in this study (pre-treatment process with HCl, ratio of NaOH to fly ash, hydrothermal temperature, 
time). Two different fly ashes (biomass and coal ashes) were used in these investigations. The 
obtained zeolites were characterised towards catalytical properties such as stability, surface area, phase 
composition and others. 

2 Materials and methods  

2.1 Materials 

The fly ashes used in this investigation came from Polish energy plant. There were collected from 
biomass combustion (Ash_B) (80% of wood biomass and 20% of agriculture biomass – straw) and co-
combustion of coal and biomass (Ash_C+B) (70% of coal and 30% of biomass). The Ash_C+B is 
named coal ash in further part of work.  

Two biomass feedstocks were studied in pyrolysis process. There were rapeseed meal (B_RM) and 
corn straw (B_CS). Rapeseed meal is a by-product of oil production. It is characterised by higher 
amount of proteins then lignocellulosic biomass, but it is also rich in fibre elements. Corn straw is a 
waste from agriculture production. Because of energy potential of both of them, they can be 
successfully utilized by thermal conversion e.g. pyrolysis to produce added-value products.  

2.2 Methods 

 The biomass samples were characterised by their physical and chemical properties. Moisture 
(M), volatile matter (VM) and ash (A) contents were determined according to following 
standards PN-EN ISO 18134-2:2017-03, PN-EN ISO 18123:2016-01, and PN-EN ISO 
8123:2016-01. The elemental analysis (carbon (C), hydrogen (H), nitrogen (N) and sulphur 
(H)) of biomass feedstocks and pyrolysis products was done using Leco CHNS628 apparatus 
according to PN-EN ISO 16948:2015-07 and PN-EN ISO 16994:2016-10.  

 Chemical composition of ashes were examined using by X-ray Fluorescence Analysis (XRF),  
Spectrometer WD-XRF ZSX Primus II Rigaku (Rh lamp). It has been determined the content 
of the most relevant elements such as K, Na, Ca, Mg, Si, Al, Fe, P, and S. Finally, the 
concentration of these elements was expressed in oxide form.  

 The mineral phase composition of ashes were determined using X-ray diffraction method 
(XRD) using PANanalytical EMPYREAN DY 1061 apparatus with Cu Kα radiation in Bragg-
Brentano geometry. The operating conditions were as follows: 40 KV and 40 mA Cu Kα 
(=1.54 Å) radiation and step-scanned in the range 2 = 10 - 90. 

 The specific surface area ashes and prepared zeolites were determined using the BET method. 
Micromeritics ASAP 2010 analyser was used for this analysis. Before the measurement the 
sample was vacuum degassing at 120 C for 24 hours. The multi-point BET measurement was 
based on isothermal nitrogen adsorption in the pressure range P/Po from 0.06 to 0.20.   

 Thermal analysis (STA) was used to study thermal stability of ashes and zeolites. Mass change 
(TG curve) and thermal effect (DSC curve) were measured. DTG curve was calculated based 
on TG data. Operational conditions were as follows: atmosphere – nitrogen with flow rate 40 
ml/min, alumina crucible, c.a. 5 mg of sample, temperature range from ambient to 900 C, 
heating rate 10 K/min. 

Procedure of zeolite preparation. The first step of preparation ashes to treatment towards zeolite 
production was calcination process. The ash samples were heated at 800 for 2 hours to remove unburnt 
carbon and volatile matter presented in ash. Additionally, the carbon content in studied samples was 
determined before and after calcination process. Based on these results it was decided that ash 
calcinated at 800 C was used for further treatment. To enhance activity, thermal stability and acidity 
of the zeolite the removal of Al and Fe was necessary by treatment with hydrochloric acid. 10 g of ash 
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sample was mixed with 200 mL HCl solution (1 M) at 80 C for 2 h. Next, the ash sample was filtered 
and washed until pH value reached c.a. 7. After this stage, ash sample was dried for 24 hours. Pre-
treatment ash sample was mixed with NaOH (weight ratio 1:1, ash : NaOH) and heated at 600 C for 1 
h. After cooling to room temperature, the mixture was milled, and the 50 mL of water was added, and 
then mixed using magnetic stirrer for 18 h. After this stage the mixture (solid and liquid phases) was 
thermally kept at 90 °C for 6 h. Solid phase was many times washed with distilled water to remove 
NaOH and reach c.a. pH = 7. Finally, the obtained zeolite was dried at 100 C. The prepared zeolites 
were named: Zeolite_B (from biomass ash, Ash_B) and Zeolite_C+B (from coal +  biomass ash, 
Ash_C+B). 
Pyrolysis process. Pyrolysis process of studied biomass samples was done under nitrogen atmosphere 
in horizontal reactor. The details of laboratory set-up are described in details in previous work of 
authors [27]. The parameters of pyrolysis process were as follows: 500 C temperature, residence time 
of 7 min, mass of biomass – 1 g, mass of ash/zeolite – 1:1. Three series of measurements were 
performed: reference (without zeolite), next each zeolite was used for the pyrolysis of 5 times. The 
properties of obtained chars and used zeolites were investigated.  

3 Results and discussion 

3.1 Biomass feedstocks, ash and zeolites characteristics  

The proximate and ultimate parameters of studied biomass are presented in Table 1. They 
characterized by high volatile matter (over 70 %) and c.a. 7% of ash contents. Both of them are typical 
biomass wastes with more than 40% of carbon content, and c.a. 6% of hydrogen with potential for  
thermal conversion and application. The difference in nitrogen content can be observed, because 
rapeseed meal contains significant amount of proteins (which include nitrogen influencing on its 
content in biomass).  

Table 1: Ultimate and proximate analysis of biomass feedstocks (*[27]) 

Parameter Rapeseed meal (RM)* Corn straw (CS) 
Moisture (M), wt.% 5.66 5.84 

Volatile matter (VM), wt.% 73.99 76.80 
Ash (A), wt.% 6.80 6.88 
Carbon (C), % 42.57 42.82 

Hydrogen (H), % 6.40 6.07 
Nitrogen (N), % 5.80 1.45 
Sulphur (S), % 0.61 - 

The chemical composition of ashes used for zeolite preparation is given in Table 2. The chemical 
composition of these ashes is significantly differ, what results from the kind of combusted fuel. 
Biomass ash (Ash_B) contained mainly SiO2, CaO, K2O, Al2O3, SO3 and P2O5 whereas coal ash 
(Ash_C+B) characterised by typical composition with high amount of SiO2, Al2O3 and Fe2O3. The 
total amount of SiO2 and Al2O3 for coal ash was found more than 80% confirming that it is rich-
aluminosilicate material. This fly ash can be classified as class F fly ash. According to classification 
described by Belviso [28] and given by American Society for Testing Materials standard ASTM C618 
this ash is characterized by a total Si2O3, Fe2O3, and Al2O3 content higher than 70% and a CaO content 
less than 5% and the percentage of unburned carbon was 2.26%. The biomass ash can be classified as 
type C, which contains more than 15 % of CaO.  

It should be emphasised that high content of silica and alumina in fly ash promotes its application for 
zeolite synthesis. The Si/Al ratio is important factor which determines the phase of produced zeolite 
[29]. The Si/Al ratio was found 3.86 and 1.46 and for biomass and coal ashes, respectively. These 
values suggest that zeolite X can be form from these ashes. Additionally, the ashes were studied in 
terms of carbon content and thermal behaviour by isothermally heating in muffle furnace and using 
thermal analyser (with 10 K/min heating rate). The carbon content was higher in coal ash Ash_C+B 
(2.26%) then in biomass ash Ash_B (1.86%). After the heating process up to 800 C for 2 h 
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(calcination process), the mass decreased c.a. 4% for Ash_B, whereas 1.9% for Ash_C+B. It confirms 
that coal ash is more stable what results from very high content of alumina, silica and iron oxide which 
are stable to above 1000 C. Biomass ash contained potassium compounds which can release at 
800 C. Analysing the carbon content, in ashes after calcination, it decreased to 0.51% for coal ash, 
and 1.12% for biomass ash. It can suggest that coal ash contained organic (unburned carbon), whereas 
biomass ash contained inorganic (e.g. in form of carbonates).  

Table 2: Chemical composition of studied ashes (Ash_B and Ash_C+B, expressed in oxide form)  

Element, wt.% Ash_B Ash_C+B 
Na2O 0.43 1.73 
K2O 12.21 3.12 
MgO 3.41 1.52 
CaO 15.89 2.72 

Al2O3 9.85 29.50 
SiO2 44.71 50.76 
Fe2O3 1.88 7.72 
TiO2 0.39 1.30 
SO3 6.60 0.83 
P2O5 2.74 0.30 
Cl- 1.04 - 

Others 1.89 0.50 

The thermal behaviour of studied ashes was studied using thermal analysis (Fig. 1). Based on TG 
results it was confirmed that coal ash (Ash_C+B) is very stable comparing to biomass ash (Ash_B) to 
900 C and the mass lost was not significant. In the case of biomass ash three stages (omitting 
moisture release) of mass lost were observed with maximum at 364, 602 and 770 C. These points can 
correspond to decomposition of chlorine eutectics (potassium chloride-iron chloride), magnesium 
carbonate and potassium chlorine [30,31].   

 

Figure 1: TG curves for A_B and A_C+B ashes under inert atmosphere   

The phase composition of studied ashes was determined using XRD analysis and it is presented in 
Table 3. Comparing raw ashes, and obtained zeolites the evident changes in phase composition were 
observed. Besides of quartz (SiO2), biomass ash contained potassium phases in the form of KCl, 
KAlSi3O8, K3Al2Si4O13 and calcium phases as CaCO3 and MgSO3. Determination of these phases 
corresponds with other analysis (TGA, XRF) confirming presence of carbonate (CaCO3 decomposes 
in temperature range of 550 – 825 C), and potassium chloride. The calcination of biomass ash caused 
the decomposition of CaCO3 and CaSO4. The major phase of prepared Zeolite_B was microcline 
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KAlSi3O8, and clinoestatite MgSiO3 appeared.  Raw coal fly ash contained typical phase for coal ashes 
like mullite (Al6Si2O13), quartz (SiO2) and  hematite (Fe2O3). The calcination process of this ash did 
not caused changes in phase composition. The treatment processes evidently influenced on phase 
composition. The iron phase was not detected confirming the removal via reaction with HCl. And the 
most impotent the phases characteristic for zeolites were detected. There were Na2.06Al2Si3.8O11.63 
8H2O and Na9[(AlO2)9(SiO2)15]27H2O and they are corresponds the phase composition of zeolites.    

Table 3: Crystalline compounds identified in studied ashes and prepared zeolites (XRD method). 

Sample Mineral phase 
Ash_B SiO2, CaCO3, CaSO4, KCl, KAlSi3O8, K3Al2Si4O13 
Ash_B_800 SiO2, KAlSiO4, CaAl2Si2O8 
Zeolite_B SiO2, KAlSi3O8, MgSiO3 
Ash_C+B SiO2, Al6Si2O13, Fe2O3 
Ash_C+B_800 SiO2, Al6Si2O13, Fe2O3 
Zeolite_C+B Na2.06Al2Si3.8O11.63 8H2O, Na9[(AlO2)9(SiO2)15]27H2O 

The zeolites obtained after treatment processes characterised improved physical and chemical 
properties. It was confirmed based on phase composition and next in specific surface area (Table 4). 
The surface area of studied ashes changed remarkably. Raw ashes had 2.58 and 1.99 m2/g for A_B and 
A_C+B. Obtained modified ashes characterised very high specific surface area c.a. 220 m2/g (for 
Zeolite_B) and 129.94 m2/g (Zeolite_C+B). It can suggest that zeolite obtained from biomass ash has 
better adsorption properties despite the typical alumina-silica phase were not detected in it.  

Table 4: Specific surface area of ashes, prepared zeolites and used zeolites after pyrolysis process 

Sample Specific surface are, m2/g 
Ash_B 2.58 
Ash_B_800 2.18 
Zeolite_B 219.86 
Zeolite_B_RM_used 97.72 
Zeolite_B_CS_used 54.38 
Ash_C+B 1.99 
Ash_C+B_800 0.44 
Zeolite_C+B 129.94 
Zeolite_C+B_RM_used 61.04 
Zeolite_C+B_CS_used 52.14 

3.2 Pyrolysis process 

The yields of pyrolysis of studied feedstocks are presented in Table 5. The amount of char generated 
from pyrolysis of rapeseed meal and corn straw was nearly the same. The carbon content increased 
significantly in biochar comparing to raw feedstock: in RM char was 59,6 % of C, and in CS char – 
61.83 % of C. The presence of Zeolite_B and Zeolite_C+B during the pyrolysis of rapeseed meal 
significantly influence on gas production reducing bio-oil + liquid phase yield. It was additionally 
confirmed by the increase of carbon in used zeolites. It can suggest that coke was absorbed by zeolite. 
In the case of corn straw pyrolysis in zeolite presence the differences in product yields were not 
observed. However, analyzing surface area of used zeolites significant decreased was found, especially 
after the corn straw pyrolysis (Table 4). To prove the catalytic role of obtained zeolites the chemical 
analysis of liquid and gaseous phases is required.   

Table 5: Yield of pyrolysis process  

Phase wt.% RM RM + Z_B RM + Z_C+B CS CS + Z_B CS + Z_C+B 
Solid (char) 29.6 29.6 29.6 29.3 29.1 28.7 
Bio-oil + liquid phase 47.1 40.7 39.0 32.0 32.0 33.6 
Gas 23.2 29.7 31.4 38.7 38.9 37.7 
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4 Conclusions  

In this study the zeolite materials were synthesised from two kinds of fly ashes and investigated in 
range of adsorption properties. It was proved that special treatment procedure can lead to obtained 
improved material with very similar physical and chemical properties to commercial zeolites. The 
obtained zeolites had high surface area what allowed to adsorb coke during the pyrolysis of biomass 
feedstocks. Concluding, fly ashes have a very big potential and its properties can be defined as 
advantages. The huge amount of annually generated fly ashes can bring benefits for environmental 
protection instead of problems. Sustainable management of ash applications allows to find them as a 
substrate for production new materials.  
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Abstract 

In most studies, both experimental and theoretical, the effect of the thermal capacity of the building 
envelope on changes in interior temperatures is reduced to a 24-hour period within which daily heat 
gains are balanced by night-time heat losses. The obtained effect is evaluated by the reduction of the 
maximum indoor temperature, the reduction of the diurnal variation of the indoor temperature and the 
increase of the time delay of the occurrence of the maximum daily temperature. The results of research 
conducted in the summer of 2016 in two identical detached residential buildings differing only by the 
thermal capacity of the walls (cellular concrete and lime sand walls versus walls on a lightweight 
frame structure) allow us to believe that during the period when the external temperature increases 
significantly over several days, the difference between the temperature in the rooms of the lightweight 
and massive building systematically increases as well. In a short period of 1 to 5 days a situation 
occurs when the difference between temperatures in rooms of low and high thermal capacity is 
determined not only by the daily course of external temperature and solar radiation, but also by the 
accumulation of previous effects.  The difference in peak temperatures in different rooms of the two 
buildings increased from 0 to as much as 3.5 K on consecutive days. On the other hand, when the 
outside temperature significantly and systematically decreased, the temperature difference between 
individual rooms of both buildings decreased in approximately the same range. The obtained effects 
depended on the location of the room with respect to the directions of the world. Future theoretical 
studies with a well-defined boundary condition should explain the reasons for the occurrence of the 
described experimental relationships. This paper is an analysis of the long-term experimental results 
and an attempt to provide the impulse to seek a theoretical explanation of the relationships obtained. 
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1 Introduction 

Decisive factor that determines the heat exchange between the building and its environment is the heat 
transfer coefficient through the building envelope. But the thermal behaviour of a building is also 
significantly influenced by its thermal capacity. Since at least the 1970s, there have been ongoing 
attempts to quantify this relationship. In the late 1970s, Yu [1] introduced the concept of the M-factor, 
which expresses the ratio of the dynamic heat flux of a masonry wall to its theoretical steady-state 
values, and proposed it as a factor that takes into account its thermal capacity, a correction factor to the 
steady-state wall heat conduction equation [2]. The M-factor was incorporated into the US design 
guidelines and was immediately met with harsh criticism and attempts to have it removed [3-5]. An 
extensive study on the reliability of the M-factor was presented by Godfrey et al. [5]. In their opinion, 
it had no technical justification, but this did not mean that the thermal capacity did not have an impact 
on the thermal behavior of the building. It seems unreasonable to focus only on the walls of the 
building when in fact thermal behaviour depends on many other factors related to its construction, 
materials, heat transfer routes, external climate, heating and cooling control strategies or users' 
behaviour. Consequently, the introduction of a factor attributed only to one of the elements of a 
complex system, which is a building in use, cannot reflect the real conditions of its functioning [5].  

Further attempts to search for simplified methods that, based on the description of selected building 
envelope properties and possibly climatic conditions, would allow its sufficiently accurate energy 
audit were made by Altermann et al. [6], Robinson et al. [7], Reilly and Kinnane [8], Arkar and Perino 
[9]. Al Sanea et al. [10] introduced the concept of dynamic thermal resistance coefficient of building 
envelope. With unidirectional heat flow, which we deal with in summer (to the inside of the building) 
or in winter (to the outside of the building), its value does not differ from the value of the standard 
coefficient. In the transitional months of temperate temperature, when the direction of heat flux 
changes throughout the day, the magnitude of dynamic thermal resistance of the envelope increases 
with increasing thermal inertia of the envelope, reaching an asymptotically constant value at a 
correspondingly high value. To ensure that buildings are adequately protected from overheating under 
conditions of high summer temperatures, Di Perna et al. [11] propose to depend the values of 
maximum instantaneous heat transfer coefficients for external walls on their thermal capacity. 

Most of the above considerations have been carried out for countries with warm or hot climates. 
However, even for these conditions, the benefits obtainable in terms of keeping buildings from 
overheating were limited to a 24-hour period only.  
The heat transfer between a building and the outside air, as mentioned, depends primarily on the 
thermal conductivity of its envelope. However, the thermal inertia of all its envelopes also has an 
important influence on the magnitude and time course of this phenomenon, allowing it to store thermal 
energy and delay the time of its release to the indoor air [12].  Childs [3], in analyzing the effect of the 
thermal capacity of a building in which no heating or cooling is expected to be turned on, states clearly 
that such an effect can then be limited only to changes in the magnitude of the diurnal variation of the 
internal temperature and its distribution over a 24-hour period. In a similar way, the thermal inertia of 
a building is related to its thermal performance also by most other authors, who tend to consider as the 
most relevant three parameters: decrement factor, the time lag [13-16] and the reduction of peak 
temperatures at the hottest times of the day [17-19]. While the decrement factor is understood as the 
degree by which the diurnal variation of the indoor temperature decreases with respect to the outdoor 
temperature, the time lag describes by how much the occurrence of the maximum indoor temperature 
is delayed with respect to the outdoor temperature.  

The aim of the study was to determine in what way the several-day periods of increasing outdoor 
temperatures, either keeping them constant or decreasing, influence the evolution of differences 
between the maximum daily temperature in rooms in buildings with light and heavy walls. The 
research was conducted both in the spring period, when at the internal temperature dropping below 
20°C in the rooms the heating was turned on, and in the summer period, under the conditions of long-
lasting and intensive heat wave, with the air conditioning turned off. 
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2 Methodology 

2.1 Characteristics of experimental buildings 

The research was carried out during summer 2016 in The Science and Technology Park in Nowy 
Kisielin - a small district in the city of Zielona Góra (Cfb-climate according to [20]), located 8 km 
from its centre. There are two real-scale residential, laboratory buildings designed to be almost 
identical with exempt to the construction of their external and internal partitions; building B1 - 
traditional masonry construction (on the left in Fig. 1a) and building B2 - lightweight skeletal (on the 
right in Fig. 1a and in Fig. 1b).  

a) b) 

  

Figure 1: Laboratory buildings in The Science and Technology Park; view of the building’s façade. 

They were constructed at the beginning of 2015 as a result of project “Green energy” within the 
framework of INTERREG Program of Cooperation Poland-Brandenburg (2007-2013) and 
Cooperation of University of Zielona Góra and Brandenburg University of Technology in Cottbus-
Senftenberg. The buildings were designed for research, education and demonstration as low energy, 
one-storey residential buildings with unheated attic. They were not occupied to maintain the same 
boundary conditions for experiments. There was no equipment, e.g. furniture as well as floors 
covering. The buildings have the same orientation of main façade, similar usable area, as well as 
identical location of rooms. The detailed data on their layout, construction solutions and materials are 
given in [21]. Thermal heat capacity (𝜅 ) in kJ/m²K for the building walls, floor and roof was 
calculated according to ISO 13786 [22] using effective thickness method. The 𝜅  values were used to 
calculate the TMP (Thermal Mass Parameter) variable [23] that specifies the thermal mass of the 
building, presented by Eq.(1).  

 

𝑇𝑀𝑃 =
∑𝜅 ∙ 𝐴

𝑇𝐹𝐴
 (1) 

 
𝜅  thermal heat capacity of building component, kJ/m²K, 
A area of building component, m2 
TFA  total floor area, m2. 

Thermal capacities were summarized for all walls, floors, and roofs enclosing experimental buildings 
B1 and B2. Values of TMP for analyzed buildings are as follows: B1 = 400 kJ/m2K, B2 = 192 kJ/m2K. 

2.2 Measurements 

Air temperature and relative humidity inside the experimental rooms and outdoor parameters as: air 
temperature, relative humidity and global horizontal solar radiation were recorded continuously. The 
detailed data on measurement methodology and uncertainties are given in [21]. Basic experimental 
research presented in this article concerns the period of 13-23 May 2016. At this time both buildings 
were maintaining the same boundary conditions. Additionally, results of measurements concerns 
extremely intensive heat wave of summer 2018 were considered in the article. In all rooms, the air 
exchange was kept constant at 0.6 per hour and the blinds on the windows remained open, reflecting 
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the typical conditions of use of residential buildings in Poland during the summer. Buildings were 
mechanically ventilated.  

3 Results and discussion 

Figure 2 shows the behavior of two nearly identical buildings B1 and B2, which differed only in the 
construction of the exterior and interior walls (cellular concrete external walls and lime sand internal 
walls, versus light timber construction) consisting of 3 bedrooms, with windows facing east, south and 
west, and a living room with windows facing south and west. The daily courses of temperatures in the 
rooms of both buildings at their values averaged every 10 min for the period 13 to 23 May 2016 are 
presented. For the first 3 days the outside temperature was decreasing, causing the temperatures inside 
the studied rooms in both buildings to fall below 20°C, and consequently activating the additional 
heating.  

 

Figure 2: Temperature courses in rooms of buildings with low (B2) and medium (B1) wall thermal 
capacity between 13 and 23 May, 2016; (a) bedroom with east facing windows, (b) bedroom with 
south facing windows, (c) living room with south and west facing windows, (d) bedroom with west 

facing windows [24].  

 
During this period, the average temperature difference between the corresponding rooms in both 
buildings decreased from an average of 1.9 - 3.0 K to 0 - 0.5 K. With the heating on, the temperature 
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in the corresponding rooms was virtually the same. For a few days the outside temperature remained 
approximately constant, the heating was turned on, and the room temperatures in the two buildings 
were similar. The next few days brought a significant increase in outdoor temperature and a 
consequent increase in the average differences between the temperatures in the corresponding rooms 
of the two buildings from about 0-0.5 K to 2.5 K. 

The analysis of the graphs presented in Fig. 2. in each room clearly indicates that the effect of wall 
thermal capacity is not limited to one day. Although in the period of 24 hours in the building with 
rooms of higher heat capacity a significant decrease of maximum temperature during the day and a 
decrease of daily temperature fluctuations were observed in comparison with the building with light 
walls, however, in subsequent days of increasing external temperatures the differences between 
temperatures in both buildings continued to increase. In a short period of 2 to 4 days, a situation arises 
where the difference between temperatures in rooms with low and high heat capacity is determined not 
by the current diurnal pattern of outdoor temperature and solar radiation, but by the cumulative effects 
of the past. Similarly, when the outside temperature drops sharply, the temperature difference between 
the individual rooms of the two buildings decreases from 2 - 3 K to 0 - 1.5 K, depending on the 
location of the room with respect to the world. At the same time, no phase shift of temperatures was 
observed in corresponding rooms in both buildings. The highest daytime temperatures in the rooms 
with light and heavy walls occurred at similar hours, depending only on the location of the room 
windows.  

While Fig. 2 illustrates the room temperature courses during the spring of 2016 with rapidly changing 
external climate conditions; air temperature and insolation, Fig. 3 shows the phenomenon of 
increasing difference between the indoor temperature in the living rooms of the two studied buildings 
during an extremely intense and prolonged heat wave that lasted from the third decade of July to the 
end of the first decade of August 2018. 

 

Figure 3: Hourly temperature curves in buildings with low (B2) and medium (B1) wall thermal 
capacity from July 19 to August 12, 2018 [24]. 

The figure illustrates the patterns of hourly temperatures for all rooms in buildings B1 and B2. During 
almost 3 weeks of continuously rising outdoor temperature, the difference between the day room 
temperature in the building with lightweight and heavyweight walls increased equally systematically, 
rising from about 0.7 K to 3.5 K during this time. In each of the periods considered, the greatest 
cooling effect of the high thermal capacity walls occurred at the highest outdoor temperatures, which 
is when it was most needed. The magnitude of the differences in peak temperature values achieved in 
lightweight and heavyweight rooms was closely related to the trend of changes in outdoor temperature 
and solar radiation intensity, their magnitude and the number of days when these changes occurred.  

The differences between the room temperatures of buildings B2 and B1 increased as the outside 
temperature went up, not only during the day but also at night, and were generally higher during the 
day than at night, with the daytime temperature of the lightweight building being about 3.5 degrees 
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and the night time temperature about 3.0 K higher than that of the heavyweight building after the first 
10 days of sustained high outside temperature. This is of interest because the effectiveness of using 
high thermal capacity materials in buildings has generally been linked to the simultaneous effect of 
night ventilation, which would allow the removal of excess heat stored in massive walls, floors and 
ceilings during the hot day [25-27]. A particular risk is considered in the use of high thermal inertia 
partitions in bedrooms, where there is a concern that the heat released at night will impair sleep 
comfort [28-29]. To reduce this effect, Orme and Palmer [30], when using heavyweight partitions in 
bedrooms, recommend a night ventilation exchange rate as high as 10 ACH. Conclusions similar to 
those obtained by the authors in the experimental results presented above may be reached by 
examining the graphs of temperature courses in some published experimental studies, although they 
are not entirely clearly indicated there. In addition to effects confined to a single day, in the form of 
prolonged time lag, lower decrement factor and reduced peak temperatures at the warmest times of the 
day, the increased thermal mass also induced sustained temperature differences between the analyzed 
rooms over multiple days, sometimes increasing and sometimes decreasing [19], [26], [31, [32]. 

Tink et al. [31] conducted a study in a semi-detached brick-walled house built around 1910 and 
located in a rural village in Leicestershire, UK. In one, 0.23 m thick brick walls were insulated on the 
inside with 0.065 m phenolic boards with air gap and plasterboard. Both houses were unoccupied and 
had no furnishings other than equipment used for monitoring and for synthesizing occupancy. The 
study was conducted from June 5 to July 3, 2015 for the unheated buildings. For the entire 
measurement period, the average air temperatures in the living room were 2.2 K and in the bedrooms 
1.8 K higher in insulated rooms where the wall thermal capacity was cut off from the interior. Higher 
temperatures in the insulated building were maintained both during the day and at night, and the 
difference between them, although decreasing at night, systematically increased over time. 

Brambila and Jusselme [26] in an experimental study conducted from 10 to 21 August 2016 in 
Freiburg, Switzerland in 2 detached rooms with internal dimensions of 6.3 m × 3.2 m × 3.1 m, typical 
of a two-person office in Switzerland showed that although high thermal mass was most effective in 
reducing internal temperature when combined with night ventilation, it also remained effective in its 
absence. An analysis of the temperature course graphs they posted indicates that the temperature 
difference between the heavy and light structures increases for at least 2 consecutive days when the 
outside temperature increases and correspondingly decreases when it decreases. Throughout the study 
period, the temperature in the light room remained noticeably higher than in the heavy room, with the 
differences being higher during daytime than at night. 

Grynning et al. [19] investigated the effect of floor thermal capacity on indoor temperatures on hot 
days. The study was conducted during a heat wave in June/July 2018 in a specially constructed room 
inside an experimental zero energy building in Trondheim, Norway. The building consisted of two 
identical rooms with dimensions of 2.4 m × 4.2 m × 3.3 m. Tests conducted with ventilation closed 
showed that while the average daytime maximum temperature in the room with the concrete floor was 
about 2.5 K (10%) lower, the average night-time minimum temperature was about 1.5% higher than 
with the wooden floor. Analysis of the temperature courses in both rooms included in the graphs in the 
paper indicates that, also in this case, the differences between the temperatures in the two rooms 
increased when the outside temperature on consecutive days increased and decreased when it 
gradually decreased. 

In discussing the potential benefits of using the proposed solution in design practice, it is important to 
consider that unlike other passive techniques recommended in temperate climates, such as night 
ventilation or exterior blinds, the use of increased thermal capacity to counteract high summer 
temperatures does not require any additional action. The situation is different with the opening of 
windows by residents to prevent their dwellings from overheating during the summer. A study in the 
UK found that these are often quite different than assumed, e.g. windows in south-facing rooms 
remain closed during a hot summer night [33]. This could be due to traffic noise, outdoor pollution, or 
safety concerns, especially in first floor bedrooms. In many buildings, the capacity of the ventilation 
system itself was limited, such as windows being too difficult to open [34]. Similarly with external 
blinds, which in many temperate countries are used infrequently in summer. According to Finnegan et 
al. [35], while 25% of UK households use internal blinds during the summer heat, only 4% use 
external blinds.  
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4 Conclusions 

During 4 consecutive years 2015-2018, systematic measurements of air temperatures were conducted 
in all rooms of two single-family detached residential buildings located in a research facility of the 
University of Zielona Góra in Nowy Kisielin near Zielona Góra. The buildings differed only in the 
construction of the exterior and interior walls. One was a lightweight structure based on wood 
framing, mineral wool and OSB, while the other was a masonry structure made of cellular concrete 
and lime sand blocks covered with cement-lime plaster. The thermal capacity of the lightweight 
building was 192 kJ/m2K, while that of the heavyweight building was 400 kJ/m2K. The study was 
conducted from late spring to early fall. The effect of rising and falling periods on the temperature 
relationship in both buildings was recorded during periods when the indoor temperature dropped 
below 20°C and additional heating was turned on, as well as during the summer. During the study, 
there were 2 long and intense heat waves in 2015 and 2018. 

The results of the presented research suggest that under conditions of increasingly frequent, more 
intense, and longer-lasting heat waves that occur in temperate countries, increasing the thermal 
capacity of the walls of single-family detached buildings from low to moderate leads to a systematic 
increase in the difference between their internal temperatures during consecutive days of increasing 
external temperature and to its systematic decrease when external temperatures decrease during 
consecutive days. As a result, during the heat wave, the average daytime temperatures in the higher 
wall volume building remained 1.5 - 3 K lower than in the light wall building. When, after a prolonged 
period of very high outdoor temperatures, the maximum daytime temperature in the lightweight 
building was about 3.5 degrees higher than in the building with solid walls, the difference between the 
maximum temperatures in the two buildings did not remain less than 3 K at night. This effect occurred 
even though the minimum ventilation air exchange was maintained at the minimum level required for 
hygiene reasons, without switching on additional night ventilation. The effect of increasing 
temperature difference between the two buildings during heat waves dominates the 24-hour heat 
absorption and heat release phenomenon, whereas it was commonly assumed until now that the effect 
of heat capacity on indoor temperature in a building is limited to changes in the magnitude of diurnal 
variations of indoor temperature and its distribution in time. 

It is important to underline that while the most commonly recommended passive techniques to 
counteract overheating in temperate climates: night ventilation and closing external blinds are often 
not fully exploited because they require specific actions from the occupants which are often 
inadequate (e.g. in the case of elderly or disabled people), the use of the increased thermal capacity to 
counteract high summer temperatures does not require any additional action and is part of the 
building's characteristics. 
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Abstract 

Sewage sludge is a residue of wastewater processing that is biologically active and consists of water, 
organic matter, including dead and living pathogens, polycyclic aromatic hydrocarbons, and heavy 
metals, as well as organic and inorganic pollutants. Landfilling is on the decline, giving way to more 
environmentally friendly utilisation routes, such as thermal utilisation. Hydrothermal carbonisation 
(HTC) has shown to be effective in facilitating mechanical dewatering of sewage sludge, thus bringing 
important energy savings. However, even such improvement is insufficient as it is incapable of removing 
all the moisture. Therefore, drying is still needed as a pre-treatment before other thermal utilisation 
techniques like combustion or gasification. For high efficiency drying, relatively low temperatures are 
needed, in order to enable recovery of the latent heat from vapours at the outlet of the dryer. Some 
information on mechanical dewatering of HTC treated sewage sludge are available in the published 
literature. However, the influence of HTC on drying process and its kinetics has never been a subject of 
comprehensive investigation. This study presents experimental results of drying of sewage sludge 
digestate, as well as the effect of HTC pre-treatment on performance of such drying, due to lower initial 
moisture content. Drying was performed at temperatures ranging between 100°C and 80°C, at a bespoke 
experimental tape dryer rig.  
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1 Introduction 

Nowadays, biomass is considered an important energy source, relatively abundant in Europe [1], with 
relatively low thermo-ecological cost [2]. Sewage sludge is a residue of the wastewater processing, that 
can be considered biomass, as it contains organic matter of biological origin [3–5]. Since it is considered 
a biomass, thermal utilization routes could be considered attractive, due to CO2 neutral character of 
biomass. Among thermal utilization routes incineration is often practices, and is often performed in 
fluidized beds and grate furnaces [6–8]. Moreover, incineration is possible in cement facilities [9]. As 
sewage sludge is considered biomass, solutions have been proposed aiming at achieving negative CO2 
emissions [10]. Moreover, gasification of sewage sludge starts playing more important role [11–13]. 
Pulka et al. established that torrefaction increases the higher heating value (HHV) of the pretreated 
material on a dry ash free (daf) basis, although the change in HHV was not as significant due to the 
increased ash content of torrefied samples [14]. Increase in ash content and HHV was also observed by 
Poudel et al. [15]. Poudel et al. also observed increase in ash content of sewage sludge blends with waste 
wood [16]. Atienza-Martinez et al. successfully torrefied sewage sludge both in a fluidized bed reactor 
[17] and in an auger reactor [18]. In both cases a bit more reasonable residence times were investigated 
(13 to 35 min for auger reactor and 3.6 up to 10.2 min for fluidized bed), in comparison to other authors 
(~1 h). Decrease in the energy density was observed in both cases (dry basis). 

Pyrolysis of sludge has been a subject of a significant amount of studies [19–23]. Baltrenaite and Peckyte 
studied the properties of pyrolysis product of various types of industrial sewage sludge (from paper and 
leather industries) [24]. Performed research indicated, that the form of biochar restrained leaching of 
heavy metals [24], despite that concentrations were considerable, when compared with the restrictions 
set by the regulations [25]. Assessment of environmental effects performed by Wang et al. concluded 
that carbonization of the sewage sludge has overall positive environmental impact in comparison with 
landfilling and incineration [26]. However, special care should be taken in the cases when composition 
of a particular sludge makes leaching a problem during a subsequent utilization of the product of 
pyrolysis. 

However, significant moisture content of sewage sludge implies that sewage sludge needs drying, prior 
to thermal utilization, which requires significant amount of heat [27,28]. Nowadays in Poland, there are 
at least 45 installations for drying the sewage sludge, mostly drum and tape dryers, as well as 12 
installations using solar energy [8]. 

Hydrothermal carbonization (HTC) can be considered interesting valorisation method. HTC of sewage 
sludge has been investigated by He et al. [29] and Denso-Boateng et al. [30]. Both groups observed 
increase in ash content of hydrochars in comparison with raw sewage sludge, which is most likely a 
consequence of a much more profound loss of organics, in comparison to inorganics. Denso-Boateng et 
al. [31] also successfully performed HTC using primary sewage sludge. In this case an increase of the 
ash content could also be observed. HTC of the slaughterhouse cake, performed by Oh and Yoon 
demonstrated increase in the heating value of that residue and found optimum temperature of the HTC 
process to be 180 °C for that type of feedstock [32]. The works performed on mechanical dewatering of 
sewage sludge, show that HTC is capable of bringing significant improvement, by achieving lower final 
moisture content of dewatered sewage sludge [33–36]. This works in favour in terms of subsequent 
drying as lower moisture content at the inlet to a dryer implies lower energy consumption for drying 
process. However, the influence of HTC on drying of hydrochars has never been investigated. 

The aim of this work is to fill this knowledge gap. This study reports experimental results of drying of 
sewage sludge prior to and after HTC, showing the influence of HTC process on drying. 

2 Materials and methods 

Samples of feedstock were obtained at the sewage treatment plant in Brzeg Opolski. Samples of the 
sewage sludge were obtained after anaerobic digestion and mechanical dewatering at the treatment plant. 
Detailed characterization of the raw material is presented in Table 1, below. Proximate analysis of both 
raw sewage sludge and torrefied product, was performed according to European Standards. References 
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of all the relevant standard procedures are presented in Tables 1 (required accuracies are stated in the 
respective standards).  

Table 1: Proximate analysis of the sample of raw sewage sludge  

Test Symbol Feedstock Unit Standard Procedure 
Moisture content 1 Mar 87.0 % [37] 

Volatile matter content Vd
 60.95 % [38] 

Ash content Ad
 38.65 % [39] 

Higher heating value HHVd 15 340 kJ/kg [40] 
1 Wet basis. 

Diagram of the experimental setup (Figure 1) shows both autoclave rig. The autoclave was filled with 
3.8 litres of wet digestate, which had solid content of 13.0%, determined with Radwag MA.X2.A at 
105°C.  

 

Figure 1: Diagram of the HTC rig (1 – vessel; 2 –thermocouple; 3 – PLC; 4 – heaters; 5 – cotton 
filter; 6 – filter’s base; 7 – effluent; 8 – separated hydrochar; 9 – safety valve; 10 – purge gas; Memb. 

– cascade of membranes) 

HTC temperature of 190°C was chosen, based the typical temperature range mentioned in the literature 
[41–46], and taking into account design preference of industrial scale HTC installations for lower range 
of pressure, which allows comparably lower thickness of reactor’s walls. After heating up, the biomass 
was kept in the reactor for 30 minutes. Subsequently, the heating was switched off and the rig was left 
for cooling overnight. 

Drying tests were performed using a bespoke test rig with heated walls, presented at Figure 1. Drier was 
operated in a batch mode, with a sample batch of 700 g. A batch of sewage sludge, was distributed 
evenly over the mesh of the dryer (see 3 and 4 – Figure 1)  using a device with a piston, that allowed to 
press the dried material in the form of “noodles” with a diameter of 6 mm, and thickness of the layer of 
approx. 20 mm. The diameter of the mesh was 250 mm. 

Air was used as a drying agent. Flow rates were chosen to keep the average velocity of the air over the 
mesh between 6.5 and 7 m/s. During the experiments air was heated up to temperatures between 80°C 
and 100°C. Drying chamber was insulated with mineral wool. After certain time step the hatch in the 
dryer was opened and small part of the sample was taken out in order to determine moisture content. 
Relative humidity (RH), which is the volume of water vapour in air divided by the maximum volume of 
water vapour, for a given temperature and pressure, was measured at the outlet of the dryer, using 
HC1000-400 sensors and EE31transmitters with a working range of 0 up to 100% RH, temperature 
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range falling between −40 up to 80 ◦C, response time < 15 s and the accuracy reaching 2.4% (for the 
confidence interval of 95%).  

 
Figure 2: Diagram of the heated wall drying test rig (1—heating plate; 2—hot air distribution 

manifold; 3—sample of the sewage sludge; 4—stainless steel mesh; 5—moist air outlet; 6—air heater; 
7—rotameter; 8—control valve; 9—blower) 

3 Results 

Obtained results show that drying of sewage sludge is a process with relatively slow kinetics, in 
comparison to drying of other materials. E.g., the Australian lignite with moisture content exceeding 
60% could achieve moisture content close to 20% during drying at 80°C in toroidal fluidized bed for 40 
minutes [47]. Sewage sludge dried in this study had much higher moisture content, close to 90% wet 
basis, in the beginning of the drying experiments (figure 3) and was not able to achieve moisture content 
of 30% during 120 minutes of drying at 80°C. For drying at 80°C, performance of HTC treated sewage 
sludge was even worse, with initial moisture content of approx. 70% (wet basis) being lowered only 
close to 45% during 120 minutes of drying. One could explain such difference with different operation 
of the dryer, as in said toroidal bed fluidization takes place [47], as opposed to a fixed bed of “noodles” 
resting on the grate (see figure 2). Moreover, particle size of said lignite was much smaller with d50 
particle size of 1.55 mm [47], which is much less than the diameter of “noodles” used in this study. 
However, the average velocity of the drying medium in the toroidal bed was of the same order of 
magnitude as the air velocity in this study. This reveals the main cause of the difference which works in 
such unfavorable manner for the case of sewage sludge drying, i.e., the sticky nature of sewage sludge 
mentioned in many works [48,49], which prevents the use of fluidized bed for sewage sludge drying, 
since there is no way to effectively feed small particles of wet sewage sludge into fluidized beds and 
prevent subsequent agglomeration. 

In general sewage sludge not treated with HTC exhibited much faster drying kinetics, in comparison 
with HTC treated samples (figure 3), especially during the first 40 minutes of drying. Despite the same 
temperature and much more moisture was absorbed by the drying air during first 40 minutes of drying 
of non-treated sewage sludge samples, which can be seen in figures 4 and 5, since relative moisture 
content of air increased much higher for raw sewage sludge samples, for comparative drying conditions. 
I.e., for drying in 80°C relative moisture content after drying reached 35% for raw sewage sludge and 
only approx. 10% for HTC treated sewage sludge. Such difference explains differences in drying 
kinetics well. It seems plausible to suspect that the reason of such difference could be improved 
compatibility of HTC treated materials. It was reported by some studies that HTC drastically improves 
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pelletizing process, improving compaction of the materials [50], some even indicating production of 
pellets without the use of binders [51]. Since, “noodles” in this study were also pressed, improved 
compaction could be detrimental for moisture transport inside of the pressed “noodle”. Moreover, for 
the same mass of the material improved compaction would also cause higher volume of void spaces for 
the same volume of the dried material layer on the drying grate, causing smaller surface of the dried 
material, thus being detrimental of the mass exchange of water, between dried material and drying air. 

 

 

Figure 3: Moisture content of raw and HTC treated sewage sludge after anaerobic digestion, during 
drying process (SS AD – Sewage Sludge after Anaerobic Digestion; SS AD HTC – Sewage Sludge 

after Anaerobic Digestion and Hydrothermal Carbonisation). 

 

Figure 4: Relative humidity of air during drying of raw and HTC treated sewage sludge after 
anaerobic digestion (SS AD – Sewage Sludge after Anaerobic Digestion; SS AD HTC – Sewage 

Sludge after Anaerobic Digestion and Hydrothermal Carbonisation). 
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Figure 5: Absolute moisture content of the outlet air during drying of raw and HTC treated sewage 
sludge after anaerobic digestion (SS AD – Sewage Sludge after Anaerobic Digestion; SS AD HTC – 

Sewage Sludge after Anaerobic Digestion and Hydrothermal Carbonisation). 

4 Conclusions 

Sticky nature of sewage sludge is detrimental in terms of its drying, which is crucial step for thermal 
utilization of this type of biomass. HTC of sewage sludge brings important benefits in terms of its 
mechanical dewatering. However, the process seems to have detrimental influence on the drying, when 
drying method typically used for raw sewage sludge is used for HTC treated sewage sludge. Due to its 
rheologic properties dewatered sewage sludge is distributed on grates of dryers with pumps, forming 
shape of “noodles”. This is not beneficial in terms of HTC treated sewage sludge as drying kinetics 
much slower in such way of drying, when comparison to raw sewage sludge is made. As a consequence, 
bigger dryer would be needed to give required residence time for HTC treated sewage sludge. Moreover, 
comparably lower relative moisture of drying air, after drying of HTC treated sewage sludge would 
likely be detrimental to heat recovery, when using condensing heat exchanger for pre-heating of drying 
air. This indicates the need for further research on more effective methods of drying of HTC treated 
sewage sludge, especially its sticky nature and effective ways to distribute it over the drying surfaces. 
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Abstract 

The main objective of the study was to evaluate the effects of PCM and traditional masonry wall and 
reinforced concrete roof construction of a residential building on the summer thermal performance of 
the building. Three rooms on the top floor of the experimental building had identical flooring. The 
internal roof and wall surfaces of the 2 rooms were made as a light wooden frame construction. In one 
of them PCM on two internal walls surfaces was covered by plasterboards from inside. In the third 
room a construction typical for residential buildings, masonry walls and a reinforced concrete roof was 
used. During the study, which was conducted from 13.06 to 18.09.2020, the course of air temperatures 
was recorded in three identical rooms with a large south-facing window with a ratio of 0.25 to the 
floor area. For the night period, mechanical ventilation, at a level of 2 to 10 ACH, to maintain the 
room temperature within the range of optimal PCM melting temperatures. The lowest maximum 
daytime temperature values were always maintained in the room with massive walls and roofs, they 
were significantly higher in the room with PCM, and remained the highest in the room with light 
frame construction. During the heat wave build-up period, the greatest reduction in maximum daytime 
temperature of 3.5 K relative to the light weight room was obtained in the heavy room. In the PCM 
room, the difference was not more than 1.0 to 1.5 K.  

261



1 Introduction 

As a result of the increase in the intensity, frequency and duration of heat waves in temperate countries 
[1-3], there has been a growing interest in alternatives to mechanical air conditioning equipment to 
combat overheating in buildings. Passive cooling techniques are most commonly used for this purpose 
and can help maintain the required comfort conditions in a building with minimal energy consumption 
[4-6]. Three types of methods are most commonly used to prevent excessive overheating of buildings 
in summer: 

 protection of the building against solar radiation, by appropriate design of the building, its 
location in relation to the directions of the world, the limitation of external transparent 
surfaces, combined with the use of various methods of their shading, the use of materials for 
the facade of external walls and roof with low solar absorptivity [7-11]; 

 heat removal to the outside, e.g., air exchange through ventilation, or ground exchangers [5], 
[12-15]; 

 heat storage in building envelopes characterized by high thermal inertia to reduce indoor 
temperatures during the hottest times of the day, mainly by spreading their highest values over 
a longer period of time [4], [6] [16-21]. 

The effectiveness of using high thermal capacity and night ventilation in buildings depends on a 
number of factors [22], with a common belief that they should be used together for full effectiveness 
[23, [24]. Their combined effectiveness depends on the outdoor climate [25-27], daily minimum and 
maximum outdoor air temperature [28], [29], and humidity [30]. It also strongly depends on the 
thermal insulation of the envelope [31], the surface exposure of the material with high thermal mass 
and resulting ability to absorb and release heat [32]. Of particular importance is the type of ventilation 
used [33] and the amount of air exchange [34-36]. 

During June-August 2015, research was conducted in the rooms of the experimental building of the 
University of Zielona Gora to investigate the effectiveness of traditional building materials and PCMs 
on the interior wall and roof surfaces of the rooms on reducing high indoor temperatures during the 
summer heat wave [19]. While replacing the lightweight timber-framed walls and roof with a 
reinforced concrete solid structure with gypsum plaster on the inside significantly reduced the 
maximum internal day and night temperatures, lining the lightweight wall and roof structure with 
Dupont ENERGAIN® PCM with a melting temperature of 21.6°C did not result in any reduction in 
the room temperature. PCM melting was not possible even in June, when the average outdoor 
temperature was only 15.8°C, and the minimum room temperature with PCM never dropped below 
23.0°C during the three summer months.  

In the conditions in which the study was conducted, PCM, although applied to the total interior surface 
of the walls and ceiling, proved to be completely ineffective, failing to lower the room temperature 
during hot weather. The reason for its ineffectiveness was seen by the authors to be due to its too low 
melting temperature, which did not allow for its not even partial solidification. On the other hand, 
results from other studies suggested that the PCM material used, with a melting point of 21.6°C, was 
effective in reducing high internal temperatures even in regions with summer temperatures higher than 
those in central western Poland [37-39].  

In the summer of 2020, the authors made another attempt to evaluate the performance of PCM and 
traditional building materials with high thermal capacity. To reduce the risk that PCM would not 
solidify during overnight cooling, the walls of the test room were lined with Rubitherm phase change 
material type RT 25 HC with melting area 22 - 26°C for a total of approximately 200 kg, which was 
approximately 11 kg PCM/m2 of floor. PCM was placed in aluminium tiles and lined on the inside 
with plasterboard. The amount of PCM used was nearly 12 times the 0.9 kg PCM/m2 of floor used in a 
study in Portland, USA in mirror apartments with a common north-south wall [40], more than eight 
times the 1.3 kg PCM/m2 calculated in a simulation study as the optimal amount for Portland [41], 
more than twice the 4.9 kg PCM/m2 used to model an existing building in Melbourne, Australia  [42] 
and one and a half times the 7.5 kg PCM/m2 floor value used in the studies by Athienitis and Chen 
[43] and Athienitis et al. [44] in glazed buildings in Montreal, Canada. 
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To allow a more comprehensive evaluation of the effectiveness of PCM application, the room in 
which it was used (Room D) was compared not only with an identical light weight reference room 
with a solid floor, light weight walls and ceiling (Room E), but also with a heavy weight room in 
which the ceiling and walls were made of reinforced concrete and lime sand blocks, respectively 
(Room B). 

2 Methodology 

2.1 Characteristics of experimental rooms 

The research was carried out during summer 2020 at the Centre for Sustainable Building and Energy 
(CSBE) in The Science and Technology Park in Nowy Kisielin, in central-western Poland. Nowy 
Kisielin is a small district in the city of Zielona Góra (Cfb-climate), located 8 km from its centre.  

On the top floor of CSBE there are 8 experimental rooms A-H. Each room is  
6 m long, 3 m wide and 3.2 m high. The floor area of the rooms is 18 m2 and the net volume is about 
57 m3. A window to floor area ratio is 0.25. The internal surfaces of the roofs and walls of the rooms 
are made of different building materials.    

The analysis includes 3 types of wall and roof assemblies located in experimental Rooms B, D and E: 
roof and walls made of reinforced concrete and lime sand blocks, respectively (Room B); roof and 
walls made of light weight timber-framed constructions and longitudinal walls additionally with PCM 
covered by plasterboard (Room D) and light weight timber-framed walls and roof without PCM 
(reference Room E). The detailed data on their layout, construction solutions and materials are given 
in [20]. In 2020, due in part to the research conducted for this paper, changes were made to the 
construction of the interior walls in Room B and D compared to the construction presented in [20]. In 
Room B, an additional 8 cm layer of lime sand blocks was placed on the interior walls covered with 
1.25 cm plasterboard, and in Room D, Rubitherm phase change material type RT 25 HC was installed 
on the interior walls and ceiling and also covered with 1.25 cm plasterboard. 

2.2 Measurements 

Air temperature and relative humidity inside the experimental rooms and outdoor parameters as: air 
temperature, relative humidity and global horizontal solar radiation were recorded continuously. The 
detailed data on measurement methodology and uncertainties are given in [20].  

Experimental research were conducted from 13.06 to 18.09.2020. During this time laboratory rooms 
were not occupied to maintain the same boundary conditions for experiments.  

The aluminum cassettes with PCM that lined the longitudinal walls of Room D were covered with 
1.25 cm thick plasterboard, so the PCM was not in direct contact with the indoor air. In order to find 
out what was the relation between the temperature of the internal air in Room D and the temperature 
of the PCM, additional temperature measurements were carried out on the surfaces of the aluminium 
cassettes in which it was placed on both its sides, i.e. on the side of the wall and on the side of the 
plasterboard. These tests were conducted on the inner wall between Room D and reference Room E. 
Rooms were mechanically ventilated. During the measurements, in addition to ventilation at the basic 
level of 0.6 ACH, variable night ventilation was applied at the level from 2 to 10 ACH in order to 
adjust the temperature in Room D to match as closely as possible the range of optimum PCM melting 
temperatures.  

3 Results and discussion 

Figure 1 shows the results for the entire measurement period from August 13 to September 16, 2020, 
and Figure 2 shows the results for the 9-day period during which the outdoor temperature was rising. 
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Figure 1: Hourly course of temperatures in a light weight Room E, a heavy weight Room B 
and Room D with PCM covered with plasterboards from 13.08 to 16.09.2020 [45]. 

During the whole period of measurements from 13 August to 16 September 2020, the average values 
of maximum temperatures in the rooms: with walls of lime sand blocks and reinforced concrete ceiling 
(Room B) and with walls lined with PCM (Room D) were respectively by 1.6°C and 0.7°C lower than 
in the room with light weight construction of walls and ceiling (Room E). During the 9-day 
temperature rise from 8 to 16 September 2020, these differences were 2.8°C and 0.9°C, respectively 
(Fig.2). 

 

Figure 2: Hourly course of temperatures in a reference light weight Room E, heavy weight Room B 
 and Room D with PCM covered with plasterboards from 08 to 16.09.2020 [45]. 

The optimum melting range for Rubitherm RT25 HC according to the manufacturer is 22°C - 26°C. 
Temperatures close to this range of 21.8°C - 26.5°C were maintained in Room B on 7 - 8 September 
(Fig. 3). The average reduction of maximum temperatures during these 2 days in the room with PCM 
walls was 0.8°C, and in the room with lime sand block walls and reinforced concrete ceiling - 1.8°C. 
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The largest effect for the PCM walls, a reduction of 1.4°C, was obtained on September 9 - 10 (Fig. 4), 
when the room temperature ranged between 22.5°C and 27.9°C, so its upper limit was about 1.9°C 
higher than the manufacturer's data.  

 

Figure 3: Hourly course of temperatures in a reference light weight Room E, heavy weight Room B 
 and Room D with PCM covered with plasterboards room on 07 - 08.09.2020 (temperatures too low) 

[45]. 

 

Figure 4: Hourly course of temperatures in a reference light weight Room E, heavy weight Room B 
 and Room D with PCM covered with plasterboards on 09 - 10.09.2020 (optimum temperatures) [45]. 

In a room with lime sand block walls and a reinforced concrete ceiling, the average temperature 
reduction was then 2.5°C. On September 15 - 16 (Fig. 5), there was a marked increase in temperatures, 
which then ranged from 24.8°C - 32.4°C, far exceeding the optimum melting range specified by the 
manufacturer. The reduction in maximum temperatures in the room with PCM walls was only about 
0.3 - 0.4°C, while in the room with lime sand block walls and a reinforced concrete ceiling it reached 
3.5°C. 
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Figure 5: Hourly course of temperatures in a reference light weight Room E, heavy weight Room B 
 and Room D with PCM covered with plasterboards on 15 - 16.09.2020 (temperatures too high) [45]. 

During the period from August 24 to September 8, the average outdoor temperature was 16.3°C, and 
the solar radiation intensity was 132.8 W/m2. The average minimum and maximum temperatures in 
the room with PCM lined walls (Room D) were 22.6°C and 25.7°C, respectively, with only one day 
exceeding 27°C. Therefore they were strictly within the optimal temperature range given by the 
manufacturer. In this period, the use of PCM reduced the average value of maximum temperature by 
0.4oC compared to the reference room (Room E), and in the room with lime sand blocks walls and 
reinforced concrete ceiling (Room B), the average values of maximum temperatures decreased by 
1.0°C (Fig.6.). 

 

Figure 6: Hourly course of temperatures in a light weight Room E, heavy weight Room B 
 and Room D with PCM covered with plasterboards from 24.08 to 08.09.2020 [45]. 

The aluminium cassettes with PCM, which lined the longitudinal walls of Room D, are covered with 
1.25 cm thick plasterboard, so the PCM was not in direct contact with the indoor air. In order to find 
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out what was the relationship between the air temperature in Room D and the temperature of the PCM, 
additional measurements were made on the surfaces of the aluminium cassettes in which it was placed 
on the side of the wall (the inner wall between Rooms E and D) and the plasterboard. The study 
showed that the maximum air temperature in the PCM room was reached on average around 3:15 p.m. 
and on the PCM cassette surfaces 2 to 3.5 hours later. The room air temperature decreased to its 
minimum value around 7:00 to 8:00 a.m., and on the surfaces of the PCM cassettes 2 to 2.5 hours 
later. The minimum temperature on the PCM cassette surfaces averaged about 1.6°C higher than the 
minimum room air temperature (Figure 7). 

 

Figure 7: Hourly course of temperatures in the light weight Room E and with the PCM (Room D) and 
temperatures on both PCM surfaces on 12 – 16.09.2020 [45]. 

The behavior of the PCM as a function of air temperature is illustrated in Figure 8. On September 14, 
the air temperature in Room D decreased to a minimum value of 23.7°C at 7:30-8:00 a.m. and almost 
immediately began to rise. The temperature of the PCM already reached the minimum value of 24.8°C 
at about 6:00 a.m. and maintained it for about few more hours. At 25°C, as a result of the start of the 
solidification process, PCM began to release a more heat, which prevented it from cooling further. 
Therefore, the maximum temperature of the PCM was higher than the air temperature that day. The 
high temperature of the PCM in the afternoon resulted in its temperature being too high the next night 
for the solidification process to begin, and its cooling effect was negligible for the next 2 days. 

As shown in the August and September experiments, the minimum temperatures in the room with 
PCM (Room D) and the reference room (Room E) during the entire measurement cycle remained at 
very similar levels, 23.6°C and 23.7°C, respectively. Such high minimum temperatures occurred under 
relatively cool summer conditions, with an average outdoor temperature of 18.3°C, about 0.5°C lower 
than the multi-year average for July and August. Outdoor temperatures in the previous few years were 
higher. During the 3 warmest months of the relatively cool years of 2016 and 2017 by 0.6°C, and in 
2018 and 2019 they were higher by 1.6°C and 2.6°C respectively. The optimum solidification 
temperature range for Rubitherm RT25 HC is 26 - 22°C according to the manufacturer, with the major 
part of the process taking place at 25°C. The study fully confirmed that the main part of the 
solidification process occurs at a temperature of about 25°C. However, they also showed that because 
the cooling process of the PCM is hindered by its covering with plasterboard, the solidification process 
starts when the air temperature in the room drops to about 24°C. It was enough for the maximum 
outside temperature to exceed 30°C for one to two days, and the temperature inside the room with the 
PCM did not drop below this value for a moment during the night. 
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Figure 8: Hourly course of temperatures in the light weight Room E and with the PCM (Room D) and 
temperatures on both PCM surfaces on 14 - 15.09.2020 [45]. 

The results of research on the effectiveness of using PCM to counteract overheating in buildings 
during summer heat show that it strictly depends on the indoor air temperature range in which it is 
used. This range is very wide and cannot be predicted in the building design phase. As mentioned, the 
temperature values reached during the night are particularly important in this regard. In order to be 
highly effective, PCM must be able to solidify fully. It is very difficult to ensure this both when it is 
contained in plaster or plasterboard, which are characterised by unfavourable heat transfer coefficient, 
and when it is used in aluminium cassettes in the case of Rubitherm RT and SP solutions, or panels in 
the case of DuPont™ Energain®.  The cassettes conduct heat relatively well, but for both aesthetic and 
functional reasons they must be concealed behind plasterboard or OSB. While exposing the PCM 
increases its effectiveness, reducing the number of hours beyond occupant thermal comfort by about 
20% [40], this does not appear to be a difference significant enough to lead to practical interest in such 
a solution.  

In summary, despite the use of relatively large amounts of PCM with optimally selected melting 
temperature range, during about half of the 35 measurement days, at relatively low (for this time of 
year) outdoor temperature, daytime maximum temperature reductions of 0.7°C to 1.5°C were 
obtained, while maintaining the minimum temperature at night at the same level as in the reference 
room. It should be recalled that only two longitudinal walls of the room were covered with PCM, 
which was nearly half the area occupied by traditional high-capacity materials in a room with lime 
sand block walls and a reinforced concrete ceiling. If one were to assume the same area of PCM and 
traditional high heat capacity building materials used, and additionally assume that the effectiveness of 
the PCM used would increase in proportion to its area, it would in no case produce more favourable 
results than the use of traditional materials. Furthermore, this highest efficacy would only occur during 
2 out of 34 test days when thermal conditions allowed a full cycle of melting and solidification to 
occur. On most of the remaining test days, the effectiveness of the PCM would remain only slightly 
more favourable than in the reference light weight room. 

4 Conclusions 

During 4 consecutive years 2015-2018, systematic measurements of air temperatures were conducted 
The use of PCM Rubitherm type RT 25 HC with a melting point range of 22 - 26°C in an amount of 
about 11 kg/m2 in, at a relatively low outdoor temperature for the summer period, led to a reduction in 
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the maximum daytime temperature within 0.7oC to 1.5oC, while maintaining the minimum temperature 
at night at the same level as in the reference room. Under both typical summer and heat wave 
conditions, even when the melting point of the PCM was matched to the indoor temperature for its 
most effective use, its effectiveness in reducing excessive heat was never higher, and most of the time 
significantly lower, than when using traditional building materials with increased heat capacity. The 
most unfavourable conditions for the use of PCM in non-air-conditioned buildings occurred during 
heat waves, when night time temperatures remained too high to bring about its full, and often partial, 
solidification. While the applied PCM with a melting range of 22-26°C remained effective when the 
minimum night time indoor temperature dropped to at least 25-26°C, increasing the thermal mass of 
the walls and roof by using traditional heavy building materials was effective regardless of 
temperature.  

The study fully confirmed that the main part of the solidification process occurs at a temperature of 
about 25°C. However, they also showed that since the cooling process of PCM is hindered by its 
covering with plasterboard, the solidification process is initiated when the air temperature in the room 
decreases to about 23.5 - 24°C. Despite the use of variable night ventilation in the range of 2 to 10 
ACH to maximally match the room temperature to the range of optimal PCM melting temperatures, 
with outdoor temperatures rising above about 25°C during the day for several days, it was virtually 
unrealistic to achieve such low temperatures. As a result, during extended periods of rising outdoor 
temperatures, the cooling efficiency of the PCM decreased below 0.5°C. The effectiveness of using 
traditional materials did not decrease with increasing temperature. 

Results from studies of the effectiveness of using PCMs to counteract overheating in buildings during 
heat waves indicate that it closely depends on the indoor air temperature range. Even in PCMs best 
suited to the predicted thermal conditions for summer, the optimum phase change temperature range is 
much narrower than the indoor temperature range, so that it is relatively unlikely that its full potential 
can be realized. As a result, the PCM was reasonably effective at lowering the maximum daytime 
temperature only on a few days when temperatures were neither too high nor too low. 

The choice of which material to use must be made at the building design stage. A material with a 
lower melting temperature, close to the average daily outdoor temperature, may provide the greatest 
energy reduction in an air-conditioned building where it is matched to the indoor temperature. In an 
unconditioned building, a PCM with a melting point adapted to temperatures during heat waves 
appears to be the best solution.  
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Abstract 

In this work the thermodynamic performance of a heat pump used for recovering the waste heat from a 
data centre for district heating purposes was evaluated. The results obtained highlighted that the values 
of heat rejection pressure providing the lowest total exergy destruction rates and the highest coefficient 
of performance (COP) values coincided at the selected operating conditions. Compared to the system 
with pure R744 the scenario involving the mass fraction of R744/R290-based mixture of 0.85/0.15 
featured lower value of the total exergy destruction rate (i.e. 34.50 kW) and higher COP (i.e. 5.68). The 
conventional exergy analysis indicated that both the compressor and the expansion valve had the largest 
values of exergy destruction rate. As for the outcomes in terms of removable irreversibilities, it was 
found that for the R744/R290 mass fraction of 0.85/0.15 the compressor was the component with the 
highest priority for thermodynamic improvement. The results obtained from the analysis of removable 
irreversibilities showed that the mutual interactions between the compressor, gas cooler and evaporator 
were weak. The improvement of the components (individually or simultaneously) for the heat pump 
using pure R744 could decrease the exergy destruction rate by between 5.66 kW and 19.65 kW, resulting 
in COP values from 6.07 to 8.72. In case of using R744/R290-based mixture with 0.85/0.15 mass 
fraction the reduction in avoidable irreversibilities within the components could decrease the exergy 
destruction rate by from 4.95 kW to 19.29 kW, leading to COP values from 6.31 to 9.34. To conclude, 
taking into account the flammability safety and the potential system thermodynamic improvement, the 
mixture involving the 0.85/0.15 R744/R290 mass fraction was found to be the most preferable. 
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1 Introduction 

Data centres play a crucial role in modern society with a considerable predicted annual growth 
worldwide [1]. Being these applications usually close to residential areas and business parks, the 
implementation of waste heat recovery from data centres is expected to further promote the adoption of 
district heating networks. District heating systems are well-known environmentally friendly and energy 
efficient heating supply solutions, favouring the achievement of a decarbonized society. On the one 
hand, the temperature of the waste heat from data centre is usually too low for direct use in heating units. 
On the other hand, such heat can be recaptured and employed as a heat source for heat pumps to further 
enhance the energy and environmental performance of district heating systems [1][2]. The 
implementation of highly thermodynamically efficient heat pumps relying on ultra-low global warming 
potential (GWP) and zero ozone depletion potential (ODP) refrigerants is compulsory nowadays. 
Hydrocarbons are of technical interest, as they can offer great energy and greenhouse gas emission 
savings in heat pumps [3]. However, their flammability impedes their widespread usage in several 
cooling and heating applications. Zeotropic mixtures of hydrocarbons with carbon dioxide (R744) are 
promising refrigerants for vapor-compression heat pumps, since their flammability risks are lower than 
those of pure hydrocarbons while maintaining negligible GWP and zero ODP. In addition, 
R744/hydrocarbon-based zeotropic mixtures can effectively reduce the system operating pressures (and 
thus improve the performance) compared to pure R744 [4]. Furthermore, zeotropic blends can decrease 
the exergy destruction within the heat exchangers, as their temperature glide allow matching the 
temperature profile of the secondary fluids effectively. 

The work [5] investigated zeotropic mixtures of hydrocarbons with carbon dioxide as refrigerants for a 
simple vapor-compression refrigeration cycle, operating with an assumption of a constant temperature 
of heat transfer fluid in both evaporator and condenser/gas cooler. It was concluded that R744/propylene, 
R744/dimethyl ether, R744/propane, and R744/isobutane R744/ have the highest performance metrics 
when compared to other R744/hydrocarbons binary mixtures. But compared with pure hydrocarbons a 
decrease in COP and an increase in volumetric refrigeration capacity were observed for such systems 
with increasing concentrations of R744 in the R744/hydrocarbons mixtures. An increase of R744 
concentration from 0% to 20% reduced the COP by 35%.  

In the next work [6] the authors investigated cycle performance taking into account the temperature 
glide matching between refrigerant blends and the secondary working fluids, which contributed to 
reduction of exergy destruction within heat exchangers. The results obtained revealed that in zeotropic 
mixtures of R744 with propylene, dimethyl ether, propane, and isobutane augmenting R744 initially 
increases the COP by up to 40 % compared to pure hydrocarbons and then decreases till pure R744 is 
reached. 

Ju et al. [7], [8] performed experimental and numerical investigations of a heat pump water heater using 
blends of R744 and R290 as a refrigerant under condition of large heat sink temperature lift (40°C). A 
mass fraction of R744 in mixtures ranged from 0.08 to 0.16. 

Fan et al. [9] investigated performances of the R744/R290 subcritical heat pump system and compared 
with those of the R22 system. It has been shown that R744/R290 mixture can work efficiently for heat 
pumps with a large heat-sink temperature rise i.e., from 15°C to 55°C. For these conditions the system 
at the optimum mixture mass fraction of R744/R290 equal to 0.20/0.80 provides increments in COP and 
volumetric heating capacity of 12.62 % and 34.24 % compared to pure R22, respectively. Additionally, 
the heat pump had lower compression ratio, discharge temperature compared with that R22, and lower 
heat rejection pressure compared to pure R744. For space heating with a small temperature glide (from 
40°C to 45°C) the system using R744/R290 mixtures provided poorer performances than pure R22 or 
R290. 

In the study [10] blends of R744 `with ten low-GWP working fluids were investigated for use in a heat 
pump water heater. It was shown that the discharge pressure, component concentrations, hot water outlet 
temperature, and chilled water inlet temperature affect the system performance. Compared to the pure 
R744 cycle the R744/R41 and R744/R32 mixtures were the most promising candidates for heat pump 
applications. The blends R744/R161, R744/RE170, R744/R1270, R744/R152a and R744/R290 
provided better efficiency than pure R744 at concentration of R744 equal to 0.1…0.2 and 0.9.  
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In [11] the implementation of the zeotropic refrigerant mixtures was studied in order to increase the 
performance of residential air-source heat pumps in cold climates. The possibility of minimum changes 
in the cycle components was taken into account. In comparison with R410A the heat pump with propane 
and its mixtures with R32 and R744 (for propane mass fraction 0.95) provided higher COP but lower 
heating capacity. 

Zhang et al. [12] showed that there were optimum heat rejection pressures for a transcritical cycle with 
R744/R290 mixture, in which the R744 mass fraction is greater than 0.78. Experimental results show 
similar trends with those from the theoretical ones. 

The work [13] using theoretical and experimental results showed that the automobile air conditioning 
system with R744/R290-based blend of mass fraction 0.70/0.30 could improve the COP up to a 
maximum of 22% in comparison with pure R744. 

Zhang et al. [14] revealed that among six hydrocarbons, R290, R600a, R600, R1270, R170, R601, and 
dimethyl RE170 the R744/R290-based mixtures with a small mass fraction of R290 is the most 
preferable candidate alternative for R744 in heat pump systems due to the lowest critical pressure. The 
experimental results showed that for the R744/R290-based mixture with mass fraction 0.95/0.05 there 
was an optimum refrigerant charge equal to 1.50 kg for which maximum COP was reched. 

In [15] the performance potentials of different R744/R290 blends and glide matching with the secondary 
heat transfer fluid were experimentally evaluated in an air-conditioning system. It was shown that in 
comparison with pure R744 blends consisting of R744/R290 with mass fractions 0.85/0.15, 0.75/0.25 
and 0.60/0.40 decreased discharge pressure by 12%, 22% and 37% and enhanced COP by 8.0%, 12.8% 
and 12.5%, respectively. 

From the literature review above, it is possible to conclude that R744/R290-based mixtures are 
promising working fluids for refrigeration cycles. Most of the studies, devoted to these blends, are based 
on conventional analyses focusing on COP, discharge pressure and heating capacity. However, to the 
best of the authors’ knowledge no exergy analyses has been carried out for estimation of the real 
potential of the system improvement from the thermodynamic viewpoint taking into account interactions 
among components of the system. 

Therefore, the target of this study is to fill this knowledge gap by implementing an exergy assessment 
(including the evaluation of the removable irreversibilities) to evaluate the real improvement potential 
through the calculation of the irreversibilities, which could be removed within the components of a heat 
pump using four different concentrations of R744 (i.e. 0.70/0.30, 0.80/0.20, 0.85/0.15, 0.95/0.05) in 
R744/R290-based mixture as an eco-friendly working fluid. Pure R744 was also considered as the 
reference. The case study involving waste heat recovery from a data centre as the heat source for the 
heat pump operating in a district heating network has been considered. The heating system with supply 
and return water temperatures of 50/25 °C has been included to take into account the fourth generation 
of district heating. 

2 Methodology 

2.1 Case study 

The selected case study involved the recovery of waste heat from the information technology room of a 
data centre as the heat source of a heat pump employed for medium sized district heating purposes 
(Figure 1). The cold aisles provide cold air to each server, while the hot exhaust air exits the servers in 
the hot aisles. The fans of the computer room air handler draw the hot air from the room to be cooled 
down by the water flowing in the evaporator of the heat pump system. The heat pump, consisting of four 
main components, i.e. evaporator (EV), compressor (CM), gas cooler/condenser (GC/CD) and 
expansion valve (ExV), transfers waste heat to the heating system. The refrigerant (i.e. either pure R744 
or R744/R290-based mixtures) firstly absorbs heat from the waste heat from the data centre and turns 
into vapor in the evaporator. Then, it enters the compressor to be pressurized and next it flows into the 
gas cooler to release heat to water employed for heating up buildings. Finally, the refrigerant is 
isenthalpically expanded in the expansion valve.  
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Figure 1: Schematic of the investigated heat pump system using surplus heat from data centre 

Waste heat was supposed to be recaptured from the information technology room [2]. The following 
assumptions were made: 

 the system operated at steady state conditions [2]; 

 the heating capacity of the heat pump was equal to 300 kW; 

 the pressure drops and heat losses in heat exchangers and connecting pipes were neglected [9], 
[11], [12]; 

 the working fluid at the compressor inlet was saturated vapour; 

 the isentropic efficiency of compressor (ηc) was calculated as a function of the pressure ratio 
(pR), i.e. ηc=a·exp(b·p

R
)+c·exp(d·p

R
) in which a, b, c, and d were 0.7888, –0.05642, –15.43, and –

3.524 [2], respectively; 

 the scenario involving the temperatures of supply/return water for the heating system was 
considered, i.e. tGC,in=25 °C and tGC,out=50 °C(third generation of district heating) [2]; 

 water entered and left the evaporator at the temperature of tEV,in=24 °C and tEV,out=18 °C [2], 
respectively; 

 the pinch point temperature (i.e. minimum temperature difference between hot and cold fluid 
through a heat exchanger) in the evaporator and gas cooler were taken as 5 K [10]. 

The thermodynamic properties of the working fluids were obtained from the REFPROP library [16], 
which was integrated into the MATLAB simulation model of the heat pump [17]. 

2.2 Exergy-based analysis 

Taking into account that the investigators need to focus only on the reduction in the avoidable parts of 
exergy destruction occurring in each system component, the computation of only these irreversibilities 
was considered as well as the calculation method presented in [18] was implemented. According to this 
method the avoidable exergy destruction rate ( AV ,INT

D ,kE ), being internally caused, can be computed as 

the difference between the total exergy destruction of the investigated component ( D ,kE ), i.e. calculated 

under real operation conditions, and its exergy destruction ( MIN ,k
D,kE ) evaluated under conditions at which 

its irreversibilities are reduced by improving its efficiency taking into account that the remaining 
components are operating under real conditions  

 
AV ,INT MIN ,k
D ,k D ,k D ,kE E E    .   (1) 
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The avoidable exergy destruction within the k-th component, being caused by the avoidable 
irreversibilities occurring within the r-th component (i.e. externally caused) ( AV ,EXT ,r

D ,kE ), can be 

computed by subtracting the exergy destruction rate ( MIN ,r
D ,kE ) within the k-th component under 

conditions at which the r-th component is working with reduced irreversibilities and the remaining 
components are operated with their real conditions from the exergy destruction rate ( D ,kE ) taking place 

within the k-th component under its real operation  
AV ,EXT ,r MIN ,r
D ,k D ,k D ,kE E E    .   (2) 

The importance of the components from the thermodynamic viewpoint and priorities for improving the 
k-th components are identified on the base of the sum of the internally caused avoidable exergy 
destruction ( AV ,INT

D ,kE ) and the externally caused avoidable exergy destruction within the remaining 

components ( AV ,EXT ,k
D,rE ) 

n 1
AV , ,INT ,EXT AV ,INT AV ,EXT ,k
D ,k D ,k D,r

r 1
r k

E E E







    ,    (3) 

In order to perform the exergy-based analysis including evaluation of removable parts of exergy 
destruction rates, the following assumptions were made: 

 the unavoidable compressor efficiency was equal to 0.90; 

 the pressures of water as secondary working fluid for the evaporator and the gas cooler were 
both 101.3 kPa; 

 the temperature of the dead state was taken as 0.7 °C, which corresponds to the mean heating 
season outdoor temperature for Kyiv (Ukraine) [19]; 

 the unavoidable pinch point temperature in the evaporator and gas cooler were equal to 1 K. 

3 Results and discussion 

The variation of the total exergy destruction rates and COP with the heat rejection pressure for different 
R744/R290-based mixtures is shown in Figure 2. It was observed that both the total exergy destruction 
rate (solid lines) and the COP (dotted lines) first decreased/increased and then increased/decreased as 
the pressure increased, leading to a minimum value of total exergy destruction rate as well as to a 
maximum COP. The previous studies, in fact, indicated that for the cycles with R744 and its blends 
there exist optimal high pressures for which maximum COP can be reached [10], [14], [13], [14]. The 
minimum total exergy destruction rate and the maximum COP were found at the same heat rejection 
pressures. For example, for the R744/R290 mixture with mass fraction of 0.85/0.15 (lines indicated by 
5 in Figure 2) the minimum total exergy destruction rate and the maximum COP of the heat pump 
occurred at the heat rejection pressure equal to 7.87 MPa. For pure R744 (lines indicated by 6 in Figure 
2) the optimal heat release pressure of the system took place at 9.25 MPa. The lower gas 
cooler/condenser pressure could improve the lifetime of the compressor for the selected heat pump. It 
was observed that for the system with mass fractions of R744/R290 mixtures equal to 0.95/0.05, 
0.85/0.15, 0.80/0.20 the values of COP were higher compared to pure R744. It should be noted that for 
R744/R290 mixtures with mass fractions 0.6/0.4, 0.7/0.3 the left endpoints of the curves corresponded 
to cycles for which throttling begins from saturated liquid line. Further reduction of heat rejection 
pressure implied mixture throttling from saturated liquid-vapor region and not complete condensation 
of the working fluid. The cycles with such pressures were excluded from the analysis. 

For the selected conditions the values of the total exergy destruction rates and COP corresponding to 
the optimal heat rejection pressures were equal to 4.40 and 48.70 kW (R744/R290 mass fraction of 
0.60/0.40), 4.65 and 45.42 kW (R744/R290 mass fraction of 0.70/0.30), 5.46 and 36.45 kW (R744/R290 
mass fraction of 0.80/0.20), 5.68 and 34.50 kW (R744/R290 mass fraction of 0.85/0.15), 5.42 and 36.82 
kW (R744/R290 mass fraction of 0.95/0.05), 5.40 and 36.99 kW (pure R744), respectively. 
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Figure 2: Total exergy destruction rates (solid lines) and COP (dotted lines) as a function of the heat 
rejection pressure for: 1 - R744/R290 mass fraction of 0.60/0.40, 2 - R744/R290 mass fraction of 

0.70/0.30, 3 - R744/R290 mass fraction of 0.80/0.20, 4 - R290/R744 mass fraction of 0.85/0.15, 5 - 
R744/R290 mass fraction of 0.95/0.05, 6 - pure R744 

T-s diagrams of the investigated thermodynamic cycles for different R744/R290 concentration ratios 
under optimal heat rejection pressures are shown in Figure 3. It could be seen that the cycles in Figures 
3a, 3b took place at subcritical cycles running modes. Meanwhile the cycles in Figures 3c, 3d, 3e and 3f 
were transcritical ones. It could be observed that at the optimal heat rejection pressures there is a 
favourable matching of temperature profiles between the R744/R290-based mixtures and the water (blue 
dotted line in Figure 3) within the gas cooler/condenser. It should be noted that optimal high pressures 
corresponding to the minimum total exergy destruction rates were obtained for the cases when two pinch 
points appeared in the gas cooler/condenser – one inside the heat exchanger and one at outlet of the 
mixture. As for evaporators, at the R744/R290 mass fraction equal to 0.60/0.40, 0.70/0.30 and 0.80/0.20 
(see Figures 3a, 3b and 3c) the pinch point temperatures were located at the outlet of the mixture side 
due to larger temperature glides of the refrigerant compared to those of the water. In case of R744/R290-
based blends with mass fraction of 0.85/0.15, 0.95/0.05 (see Figures 3d and 3e) and for pure R744 (see 
Figure 3e), the pinch point temperatures were located at the evaporator inlet of the mixture. The 
temperature glide of the mixture involving the R744/R290 mass fraction of 0.85/0.15 (see Figure 3d) 
had the best matching in terms of temperature profile of the working fluid within the evaporator. 
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                                     a)                                                                                    b) 

 

                                     c)                                                                                    d) 

 

                                     e)                                                                                    f) 

Figure 3: T-s diagrams of the thermodynamic cycles with mass fraction of R744/R290 of: a) 0.60/0.40, 
b) 0.70/0.30, c) 0.80/0.20, d) 0.85/0.15, e) 0.95/0.05, f) 1.00/0.00 (pure R744). 

Figure 4 illustrates the results of the conventional exergy analysis for the investigated scenarios at the 
optimal heat rejection pressures. As can be seen from Figure 4 for pure R744 the total exergy destruction 
rate was equal to 36.99 kW, whereas using the mixtures with 0.95/0.05, 0.85/0.15 and 0.80/0.20 mass 
fractions decreased values of the total exergy destruction rates by 0.5 %, 6.7 % and 1.5 %, respectively. 
The systems relying on the mixtures with R744/R290 mass fraction of 0.70/0.30 and 0.60/0.40 had the 
total exergy destruction rate equal to 45.42 and 48.70 kW, respectively, which was 22.8 and 31.7 % 
higher than for pure R744. It could be observed from Figure 4 that compared to the pure R744 for the 
R744/R290 mixture with the mass fraction of 0.85/0.15 the evaporator and the compressor provided the 
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lowest decrease of irreversibilities (1.0 and 0.15 kW, respectively). The system with 0.80/0.20 mass 
fraction of R744/R290 had the lowest decrease of exergy destruction rate (1.16 kW) within the 
expansion valve than the one with pure R744. Compared to the pure R744 the lowest decrease of exergy 
destruction rate (0.21 kW) within the gas cooler was obtained for the R744/R290 mixture with the mass 
fraction of 0.95/0.05. Compared to the rest ones the systems with 0.70/0.30 and 0.60/0.40 mass fractions 
of R744/R290 had the significant increase of exergy destruction rate within the evaporator, condenser 
and compressor. Poor thermal matching in the heat exchangers and increase of entropy generation in the 
compressor were observed for these cases and (see Figures 3a and 3b). Therefore, among the studied 
systems the one with 0.85/0.15 mass fraction of R744/R290 was the most preferable thanks to its lowest 
irreversibilities (34.50 kW), acceptable flammability risk and lower discharge pressure value (7.87 MPa) 
than for pure R744. In addition, the heat pump with this mass concentration was found to have a 
favorable matching of temperature profiles within the evaporator and the gas cooler (see Figure 3d). 

 

Figure 4: Values of the total exergy destruction rates (kW) in the components of the investigated heat 
pumps with different R744/R290 mass fractions 

The values of the removable and internally caused exergy destruction rate within the k-th component (
AV ,INT
D ,kE ) and that of the removable and externally caused exergy destruction rate within the remaining 

components caused by the k-th component ( AV ,EXT ,r
D ,kE ) for the heat pump system with 0.85/0.15 mass 

fraction of R744/R290 are presented in Figure 5. It could be observed that 9.76 kW (i.e. 80 %) of 
removable exergy destruction rate in the compressor could be reduced by improving this component. 
Another part (i.e. 20 %) of removable exergy destruction rate in the compressor was caused by the 
irreversibilities that occurred in the remaining components: gas cooler (i.e. 1.43 kW, i.e. 12 %) and 
evaporator (0.98 kW, i.e. 8.0 %). Also, 2.97 kW (i.e. 92 %) of removable exergy destruction rate within 
the gas cooler could be reduced by decreasing the irreversibilities within the gas cooler. Another part of 
removable exergy destruction rate within the gas cooler (0.27 kW, i.e. 8 %) could be eliminated by 
improving the remaining components (i.e. compressor and evaporator). The results obtained from the 
proposed methodology indicated that the internally caused and removable exergy destruction rate in the 
expansion valve is zero. This means that the exergy destruction rate within this component could be 
reduced through the enhancement in the remaining components. The gas cooler was found to be 
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responsible for 2.25 kW (i.e. 62 %) of exergy destruction rate, which could be removed within the 
expansion valve. In addition, 0.83 kW (i.e. 23 %) of removable exergy destruction rate within the 
expansion valve were caused by irreversibilities within the evaporator. Furthermore, -0.54 kW (i.e. 15 
%) of removable exergy destruction rate within the expansion valve depended on irreversibilities taking 
place in the compressor, which means that decreasing thermodynamic efficiency within the compressor 
could provide lower exergy destruction rates in the expansion valve. According to the results presented 
in Figure 5 the largest share of exergy destruction rate, which could be removed in the evaporator, was 
internally caused (3.23 kW, i.e. 94 %). Also, -0.21 kW (i.e. 6 %) of removable exergy destruction rate 
within the evaporator could be reduced by improving the compressor. Therefore, according to the results 
obtained from the proposed methodology of estimating removable parts of exergy analysis (Figure 5) 
the highest priority for improvement of the considered heat pump system with R744/R290 had to be 
given to the compressor. This was due to the fact that the sum of the internally caused and the externally 
caused exergy destruction rates AV , ,INT ,EXT

D ,CME , which could be removed within the investigated heat 

pump with the help of improving this component, was the highest one and equal to 9.20 kW (i.e. 44 %), 
as showed in Figure 5. Secondly, the investigator needed to focus on the gas cooler, being accountable 
for 6.65 kW (i.e. 32 %) of removable exergy destruction rate within the evaluated heat pump unit. 
Thirdly, the evaporator enhancement was found to lead to a potential decrease of 4.95 kW (i.e. 24 %) of 
exergy destruction rate. 

 

Figure 5: Values of the removable exergy destruction rates ( AV , ,INT ,EXT
D ,kE ) (kW) in the components of 

the investigated heat pump for the R744/R290 mass fraction of 0.85/0.15 
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So, unlike conventional exergy-based analysis (see Figure 4), which indicated that both the compressor 
and the expansion valve had the highest priority for improvement, the methodology of estimating 
removable parts of exergy destruction suggested only the compressor as the main component for 
improvement and being responsible for 9.20 kW of avoidable exergy destruction rate. It was not possible 
to reduce the irreversibilities within the expansion valve through the enhancement of this component, 
as its replacement with either an expander or an ejector is needed. It could be found that for the 
compressor, gas cooler and evaporator the mutual interactions between different components were weak. 
The thermodynamic efficiency of the expansion valve mostly depended on the irreversibilities within 
the gas cooler. So, the data presented in Figure 5 complemented the results of the conventional exergy 
analysis and improved understanding about the possibilities of thermodynamic improvement of the 
system by reducing irreversibilities within the components and the mutual interactions between different 
components of the system.  

The values of the avoidable exergy destruction rates caused by irreversibilities taking place within the 
k-th component AV , ,INT ,EXT

D ,kE , k-th and l-th components 


AV , ,INT ,EXT
D ,k lE  and k-th, l-th and m-th 

components 
 

AV , ,INT ,EXT
D ,k l mE  for the pure R744 and for the R744/R290 mass fraction of 0.85/0.15 are 

shown in Figures 6 and 7, respectively. The values of COP which could be reached after appropriate 
decrease of irreversibilities are also added in Figures 6 and 7. 

It could be observed from Figures 6 and 7 that lowest decrease of exergy destruction rate could be 
reached after the thermodynamic improvement of the evaporator (5.66 kW for system with pure R744 
and 4.95 kW for system with R744/R290 mass fraction 0.85/0.15, which is also shown in pie chart of 
Figure 5, respectively). However, for this case the R744/R290-based mixture with 0.85/0.15 mass 
fraction provided the largest decrease of exergy destruction rate compared to the other evaluated 
mixtures. For this blend, the total exergy destruction rate could be reduced from 34.50 kW to 34.50 kW-
4.95 kW = 29.55 kW by enhancing the evaporator performance, which was by 5.7 % lower compared 
to the case of evaporator improvement with pure R744. According to the data presented in Figures 6 and 
7, thermodynamic improvement of the gas cooler and compressor could provide higher exergy 
destruction rate decrease than of the evaporator (6.75 and 9.72 kW for system with pure R744 and 6.64 
and 9.20 kW for system with R744/R290 mass fraction 0.85/0.15, respectively). It should be noted that 
due to the component interaction the avoidable exergy destruction rates, which could be obtained thanks 
to the simultaneous irreversibility reduction within the compressor, gas cooler and evaporator, were not 
equal to the sum of the avoidable exergy destruction rates determined for the cases of improvement of 
individual component [20]. For example, after simultaneous thermodynamic improvement of the 
compressor and gas cooler for system with pure R744 15.37 kW of exergy destruction rate could be 
removed, which could not be obtained by summing avoidable exergy destruction rates reached after the 
thermodynamic improvement of the compressor (9.72 kW) and the gas cooler (6.75 kW) separately (see 
Figure 6). For system with R744/R290 mass fraction 0.85/0.15 simultaneous elimination of removable 
irreversibilities within the compressor and gas cooler could provide 14.39 kW decrease of exergy 
destruction rate (see Figure 7), which results in lower total exergy destruction rate compared to the pure 
R744 with the same simultaneous thermodynamic improvement of the compressor and gas cooler. In 
case of simultaneous thermodynamic enhancement of the compressor, gas cooler and evaporator it could 
be possible to reach the largest decrease of exergy destruction rate (19.65 kW for system with pure R744 
and 19.29 kW for system with R744/R290 mass fraction 0.85/0.15, respectively). And again, the blend 
with mass fraction 0.85/0.15 provided lower total exergy destruction rate (34.50 kW-19.29 kW = 15.21 
kW, see Figures 4 and 7) compared to the pure R744 (36.99 kW-19.65 kW = 17.34 kW, see Figures 4 
and 6). The results presented in Figures 6 and 7 show that the expansion valve did not affect the 
avoidable exergy destruction rates (i.e. exergy destruction rate, which could be removed by improving 
the expansion valve, was zero). 

Higher efficiency of the system with R744/R290 mass fraction 0.85/0.15 than with pure R744 is also 
demonstrated by values of COP, which could be reached after appropriate decrease of irreversibilities 
within the components (see Figures 6 and 7). For example, thermodynamic enhancement of the 
compressor provided COP equal to 6.65 for pure R744 and 6.98 for R744/R290 based mixture with 
mass fraction of 0.85/0.15 (see Figures 6 and 7, respectively). In case of simultaneous elimination of 
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removable irreversibilities within the compressor and gas cooler the system with pure R744 could reach 
COP equal to 7.69 and with R744/R290-based blend of 0.85/0.15 – equal to 8.02. 

 

Figure 6: Values of the avoidable exergy destruction rates ( AV , ,INT ,EXT
D ,kE , 


AV , ,INT ,EXT
D ,k lE , 


 

AV , ,INT ,EXT
D ,k l mE ) (kW) and reachable COPs for the investigated heat pump with pure R744 after 

components improving 

 

Figure 7: Values of the avoidable exergy destruction rates ( AV , ,INT ,EXT
D ,kE , 


AV , ,INT ,EXT
D ,k lE , 


 

AV , ,INT ,EXT
D ,k l mE ) (kW) and reachable COPs for the investigated heat pump with R744/R290 mass 

fraction 0.85/0.15 after components improving 
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4 Conclusions 

Exergy-based analysis of the heat pump aiming at recovering the waste heat from a data centre to heat 
water from 25 °C up to 50 °C has been implemented for the purpose of evaluating the most promising 
R744/R290-based mixture compared to pure R744. Five R744/R290 mass fractions, i.e. equal to 
0.60/0.40, 0.70/0.30, 0.80/0.20, 0.85/0.15 and 0.95/0.05, have been considered. 

For the selected conditions the values of heat rejection pressures providing the lowest total exergy 
destruction rates and the highest COP coincide and were equal to 5.10 MPa (R744/R290 mass fraction 
of 0.60/0.40), 6.13 MPa (R744/R290 mass fraction of 0.70/0.30), 7.30 MPa (R744/R290 mass fraction 
of 0.80/0.20), 7.87 MPa (R744/R290 mass fraction of 0.85/0.15), 8.83 MPa (R744/R290 mass fraction 
of 0.95/0.05), and 9.25 MPa (pure R744), respectively. These pressures correspondeded to good 
matching (very close) temperature profiles of the working fluids within the gas cooler/condenser. The 
results related to the conventional exergy analysis suggested that the largest exergy destruction rate 
(48.70 kW) belonged to the thermodynamic cycle with the R744/R290-based mixture having 0.60/0.40 
mass fraction. The lowest values of exergy destruction rate (34.50 kW) and the highest COP (5.68) have 
been obtained for the system with the R744/R290-based mixture with 0.85/0.15 mass fraction, which 
has also led to the best matching of temperature profiles of the working fluids within the evaporator. 
The conventional exergy-based analysis indicated that both the compressor and the expansion valve 
have the largest values of exergy destruction rate, i.e. the highest priority for improvement. 

The methodology of estimating removable parts of exergy destruction suggested that in case of 
component enhancement individually only the compressor was the main component for improvement. 
The expansion valve had no possibilities for thermodynamic enhancement. The mutual interactions 
between the compressor, gas cooler and evaporator was found to be weak. The thermodynamic 
efficiency of the expansion valve depended mostly on the irreversibilities within the gas cooler. 

It has been shown that due to the component interaction the avoidable exergy destruction rates, which 
could be obtained thanks to the simultaneous irreversibility reduction within the compressor, gas 
cooler/condenser and evaporator, were not equal to the sum of the avoidable exergy destruction rates 
determined for the cases of improvement of individual components.  

The largest decrease of exergy destruction rate can be obtained after simultaneous thermodynamic 
enhancement of the compressor, gas cooler and evaporator it could (19.65 kW for system with pure 
R744 and 19.29 kW for system with R744/R290 mass fraction 0.85/0.15, respectively). 

Due to thermodynamic improvement of components (individually or simultaneously) the system with 
pure R744 can have COP within the range 6.07…8.72, which is lower than using the R744/R290-based 
mixture with 0.85/0.15 mass fraction with values of COP within the range 6.31…9.34. 

Finally, taking into account the potential for improvement and the flammability safety, the R744/R290-
based mixture with 0.85/0.15 R744/R290 mass fraction is the most preferable refrigerant.  

The future work will be devoted to extend the exergy-based analysis, including other R744/hydrocarbon-
based mixtures. 

Nomenclature 

COP coefficient of performance 
CD condenser 
CM compressor 
E  exergy rate, kW 
EV evaporator 
ExV expansion valve 
GC gas cooler 
GWP global warming potential 
ODP ozone depletion potential 
pR pressure ratio 
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Greek symbols 
ηc compressor isentropic efficiency 
 
Subscripts and superscripts 
AV avoidable 
D destruction 
EXT external 
INT internal 
k k-th component 
l l-th component 
m m-th component 
MIN minimum 
r r-th component 
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Abstract 

Proper management of sewage sludge becomes increasingly problematic due to legal requirements 
aiming at diminishing environmental impact, as well as rationalizing the utilization from the point of 
view of logistics. Steam gasification of sewage sludge can result in very good quality of the producer 
gas. So far, the works have been focused on the gasification in fixed bed gasifiers. However, this does 
not allow to take full advantage of the effect of scale, as the scalability of fixed ed gasifiers is limited. 
Entrained flow gasifiers are scalable up to the order of magnitude of hundreds of megawatts, which was 
proven for the gasification of coal. Therefore, it seems plausible to suspect that such scalability would 
allow building gasifiers big enough, to work as a part of bioenergy with carbon capture and storage 
plants, operating in an economically feasible manner, fully utilizing the effect of scale. However, the 
optimized design of such units would require robust modeling. This work focuses on different models 
for sewage sludge steam gasification, allowing accurate predictions of the producer’s gas quality. The 
core part of this work is a comparison between the results obtained using advanced CFD models in 
Fluent, as well as two different equilibrium models. Results from all the models are experimentally 
validated, by entrained flow steam gasification in a 3 m long reactor, with an addition of CO2. 
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1 Introduction 

Sewage sludge is a residue of the wastewater processing, that is biologically active and consists of water, 
organic matter, including dead and alive pathogens, as well as organic and inorganic contaminants such 
as polycyclic aromatic hydrocarbons (PAHs) and heavy metals [1–3]. Storage along with landfilling and 
land spreading is gradually being replaced in the EU countries by methods leading to waste stabilization 
and safe recycling [4]. Present concerns about global warming sparked an interest in improving the 
energy efficiency of existing energy infrastructure [5], effective energy storage [6], as well as novel 
solutions aiming at capturing produced CO2 and its subsequent storage [7–10]. As sewage sludge is 
considered biomass, solutions have been proposed aiming at achieving negative CO2 emissions [11]. 

Due to increasing amounts of environmental restrictions, not favorable to commonly used utilization 
pathways, such as landfilling [12], novel thermal processes are currently a subject of active 
investigation, in terms of their suitability for sewage sludge utilization as well as their applicability for 
other waste streams. Nowadays in Poland, there are at least 45 installations for drying the sewage sludge, 
mostly drum and tape dryers, as well as 12 installations using solar energy [13]. Incineration may be 
performed in existing incineration units (at least 11) that are based on fluidized beds (mostly) and grate 
furnaces [13–15]. Moreover, incineration is possible in 13 facilities of cement producers in Poland [16], 
as well as in Municipal Waste incineration facilities existing or being closed to commissioning in 17 
different cities [17,18]. In all of these cases, logistics is critical for the economic feasibility of the 
solution, therefore the problem of sewage sludge is the most severe in the case of small and medium-
size towns, without their own thermal utilization facility, with limited possibilities of local land-
spreading. It should not be overlooked, that the state-of-the-art thermal utilization leaves the problem of 
ashes unresolved. However, there are emerging technologies that allow the use of ash for the production 
of fertilizers [19]. 

A significant amount of work has been performed so far on the gasification of sewage sludge. Werle 
reported decreased temperature and increased concentration of combustible components of syngas with 
an increase in the oxygen content of the sludge [20]. Schweizer et al. observed hydrogen content 
exceeding 40% during steam gasification of sewage sludge in a laboratory-scale fluidized bed gasifier 
[21]. In another work, Werle determined that the laminar flame speed increased with an increasing 
hydrogen content of the syngas [22]. Werle and Dudziak assessed that it is possible to use syngas from 
sewage sludge in spark-ignition engines [23]. However, Szwaja et al. determined that syngas from 
sewage sludge requires a 40% addition of methane to obtain a satisfactory performance of a spark-
ignition engine [24]. In another study, Werle confirmed that increased air temperature, at the inlet of a 
fixed bed gasifier, resulted in an increased yield of combustible compounds during the gasification of 
sewage sludge [25]. Calvo et al. reported hydrogen content varying between 21.0% and 20.7% and tar 
content between 0.846 and 0.585 g/m3 of syngas from gasification of sewage sludge in a simple 
atmospheric fluidized bed gasifier [26]. Werle and Dudziak found that tars, from gasification of sewage 
sludge, consisted mostly of phenols and their derivatives. Judex et al. published results from an existing 
sewage sludge gasification plant in Balingen and Manheim (Germany), with respective processing 
capacities of 1 950 t/a and 5 000 t/a of dry sewage sludge [27]. Syngas produced by fluidized bed 
gasifiers on average had Lower Heating Value (LHV) of 3.2 MJ/m3 and 4.7 MJ/m3, respectively [27]. 
Balingen gasifier worked with an average gasification temperature of 820°C, with an average excess air 
ratio (λ) of 0.33, whereas the gasifier in Manheim worked with an average gasification temperature of 
870°C, with an average excess air ratio (λ) of 0.28 [27]. Sewage sludge in Manheim had comparably 
higher carbon content (30.0 %dry) and lower ash content (39.5 %dry) in comparison with sewage sludge 
from Balingen having 16.9 %dry carbon and 57.0 %dry ash, respectively [27]. Hydrogen content was not 
significantly different, on average 13.1% in Balingen and 13.3% in Manheim [27]. On average higher 
CO content (13.8% compared to 8.1%) was measured in Manheim, whereas higher CO2 content was 
measured in Balingen (16.7% compared to 13.0%) [27]. The average methane content measured in 
Manheim (4.2%) was roughly double the one measured in Balingen (2.1%)[27]. 

As regards modeling of sewage sludge gasification, the published papers reported in the literature 
consider mainly equilibrium modeling approaches [20,28–31]. For instance, Ziółkowski et al. performed 
mathematical modeling of fixed-bed gasification of sewage sludge [28] which utilized the concept of 
stoichiometric equilibrium modeling. The model results were in good agreement with experimental data. 
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De Andrés et al. simulated sewage sludge gasification in a fluidized bed gasifier using Aspen Plus 
software [30]. The model, termed non-stoichiometric, was based on the Gibbs free energy minimization. 
The obtained results were also in good agreement with experimental results. Seggiani et al. developed 
an unsteady 1-D mathematical model for the simulation of fixed-bed sewage sludge gasifier [32]. Good 
agreement was achieved between the experiment and the predictions. 

The main novelty of the current work considers the investigation of entrained flow steam gasification 
of sewage sludge where both experimental and theoretical analyses are performed. The published papers 
reported in the literature regarding sewage sludge consider mainly fixed-bed and fluidized-bed reactors 
with equilibrium modeling approaches. In the current paper, as part of the theoretical investigation, a 
CFD model is developed and validated against the experimental results. The utilization of entrained flow 
steam gasification would allow obtaining good quality syngas. It would also offer practical scale-up 
possibilities, thus making efficient power plants with negative CO2 emissions possible in practice. 

2 Materials and methods 

The research was performed using dried sewage sludge from the Janówek wastewater treatment plant, 
treating wastewater from Wrocław municipality, Poland. Dried sewage sludge was milled and 
subsequently sieved, using a set of calibrated sieves, to determine the particle size distribution of the 
sample. Proximate analysis was performed using TGA/DT Pyris Diamond from Perkin Elmer. A two-
step program was set, i.e. sample was heated in Nitrogen up to 105 °C with a ramp of 20°C/min, with a 
hold period of 15 minutes afterward. During the second step, the sample was heated up to 900 °C with 
a ramp of 50 °C/min, with a hold period of 15 minutes afterward. Ash content was determined using the 
standard gravimetric method for coal, by ashing samples at 815 °C for 3 hours. A higher heating value 
(HHV) was determined using IKA 3000 bomb calorimeter, using the isoperibolic method. Ultimate 
analysis was performed using Perkin Elmer 2400 analyzer, according to polish standard PKN-ISO/TS 
12902:2007. 

Experimental gasification in entrained flow was performed, using a 20 kW drop tube reactor, shown in 
figure 1. The reactor length is equal to 3 m, whereas the inner furnace diameter is equal to 0.135 m. 
Experimental parameters of gasification are shown in table 1. Results of proximate and ultimate analysis 
of sewage sludge, used as the feedstock, are shown in table 2. 

  
Figure 1: Isothermal flow reactor: diagram (left) and photo (right) 

Table 1: Experiments parameters for gasification 

Gasification temperature 1473 K 
Fuel mass flow rate 2 kg/h 
CO2 volumetric flow rate 1.4 mN

3/h 
H2O mass flow rate 0.213 kg/h 
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Table 2: Sewage Sludge properties 

Moisture (raw) 3.43% 
Ash (dry-basis) 26.4% 
Volatile matter (dry-basis) 58.2 % 
Char (dry-basis) 15.4 % 
HHV( dry-basis) 16.62 MJ/kg 
C (dry-basis) 37.71 % 
H (dry-basis) 4.16 % 
S (dry-basis) 1.77 % 
N (dry-basis) 3 % 

 

During the gasification experiment, tars were captured in a series of 3 impinger bottles with analytical 
grade isopropanol immersed in a cooling bath at the temperature of -15°C. The content of the impinger 
bottle was subsequently mixed and analyzed using GC-MS (gas chromatography-mass spectrometry) 
that consisted of the Agilent 7820-A chromatograph (manufactory, Agilent Technologies, Palo Alto, 
CA, USA) and the Agilent 5977B MSD spectrometer (Agilent Technologies, Palo Alto, CA, USA). In 
the chromatograph, the HP-5 MS column (Agilent Technologies, Palo Alto, CA, USA) was used. 
Helium was used as carrier gas (1.5 mL/min). A heating program was set to achieve 50°C in 5 min, 
subsequently heating up the column with a ramp of 10°C/min until the temperature of 250°C was 
reached and held for another 10 min. Finally, the oven was heated up to 300°C and held in it for 20 min. 
The applied split was 40. The produced gas obtained during gasification was measured with the use 
GAS 3000 SYNGAS analyzer (Atut, Lublin, Poland) to determine the content of H2, CO, CO2, and CH4.  

2.1 CFD modeling of sewage sludge gasification 

The modeling framework for combustion/gasification processes of solid fuels, such as coal, or biomass 
(e.g. sewage sludge), despite different fuel physicochemical properties, remains the same. It is because 
these fuels undergo the same global combustion/gasification steps: 

 Inert heating 
 Drying 
 Devolatilization 
 Gas-phase reactions 
 Char conversion 

For example, in [33–35], the same drying, devolatilization, gas-phase, and char conversion models have 
been used for biomass gasification as for coal combustion/gasification studies [36,37]. The main 
difference considered the kinetic parameters of these models. The relative difference between coal and 
biomass kinetic parameters values corresponded to different fuel properties, and operating conditions. 
The distinctive biomass structure, particle morphology, and different physicochemical properties are, 
unfortunately, not explicitly considered in the commonly applied global models. But these factors have 
a direct effect on the strength and time scale of the aforementioned combustion steps. Moreover, due to 
fuel differences, the advanced phenomenological coal mechanisms may not be suitable for biomass, 
specifically, for sewage sludge. Therefore, in the current paper, global empirical approaches were 
incorporated. 

The mathematical model applied to study entrained flow sewage sludge gasification is based on the 
commercial software Ansys Fluent 2021R2 [38]. The gas phase is modeled using an Eulerian approach. 
The trajectories of the discrete phase are calculated applying a Lagrangian formulation and the coupling 
between the phases is accounted for through particle sources of Eulerian gas-phase equations [39]. The 
following processes are simulated inside the drop tube furnace: turbulent flow, moisture evaporation, 
devolatilization, gas-phase reactions, surface reactions, and radiative and particle transport. Turbulence 
is modeled with the realizable k-ε approach [40]. Turbulent dispersion of particles is accounted for with 
a stochastic tracking model [41]. Radiation is modeled with the advanced discrete ordinate method [38]. 
Devolatilization is modeled with the competing two-step (C2SM) reaction mechanism [42] where one 
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of the reactions predominates at lower heating rates, whereas the other at higher heating rates. Gas-phase 
reactions were modeled with the global approach, whereas turbulence-chemistry interaction was 
accounted for with the eddy dissipation concept (EDC)[43][44]. For char conversion, the 
kinetics/diffusion-limited model was applied [45]. A summary of applied models and made assumptions 
are presented in Table 3. Kinetic parameters for the corresponding models are presented in Table 4.  

Table 3: Summary of applied models and main assumptions 

Models 

Devolatilization: Competing two-step reaction mechanism (C2SM) [42] 

Gas phase: Global reaction approach with eddy dissipation concept [43][44] 

Char conversion: Kinetics-diffusion model [45] 

Turbulence: Realizable k-ε model [40] 

Radiation: Discrete ordinate method [38], Weighted sum of gray gas model [38]  

Particle tracking: Discrete phase model, Discrete random walk model [41] 

Pressure-velocity coupling Semi-implicit method for pressure linked equations (SIMPLE) [46] 

Main model assumptions 

The gasifier is operated under steady-state conditions. 

The gas phase is considered an incompressible ideal gas. 

All fuel particles are spherical, and slags during gasification are not accounted for. 

The contents of sulfur and nitrogen and associated reactions are neglected. 

 

Table 4: Kinetic parameters of devolatilization reaction, gas-phase, and surface reactions. 

Reactions: 
Kinetic parameters: 

A – kg/s Pa,  
E- J/kmol, α- no unit 

Devolatilization: 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 →  0.501𝐶 𝐻 𝑂𝐻 + 0.045𝐻 + 0.036𝐶𝐻 + 0.024𝐶𝑂
+ 0.132𝐶𝑂 + 0.007𝐶 𝐻 + 0.007𝐶 𝐻 + 0.007𝐶 𝐻
+ 0.242𝐻 𝑂 

 

A1 = 2 × 105 
E1 = 1.046 × 10  
α1 = 0.3 
A2 = 1.3 × 10  
E2 = 1.674 × 10  
α2 = 1 [47,48] 

Gas-phase reactions: 

𝐶 𝐻 OH +  5𝐻 𝑂 →  6𝐶𝑂 +  8𝐻  
A = 3 × 108 
E = 1.26 × 108 [49] 

𝐶 𝐻  + 𝐻 𝑂 →  𝑚𝐶𝑂 +  
𝑛

2
 +  1 𝐻  

A = 3 × 108 
E = 1.26 × 108 [49] 

𝐶𝑂 +  𝐻 𝑂 →  𝐶𝑂  +  𝐻  
A = 2.75 [46] 
E = 8.38 × 107 [50] 

Surface reactions: 

𝐶(𝑠) + 𝐶𝑂 → 2𝐶𝑂 
A = 0.3 
E = 2.00 × 108[51] 

𝐶(𝑠) + 𝐻 𝑂 → 𝐶𝑂 + 𝐻  
A = 0.002 
E = 1.96 × 108[51] 
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Where CmHn in Table 4 stands for CH4, C2H4, C2H6, and C3H8. 

It was assumed that the reaction kinetics of C6H5OH and CmHn with H2O is similar to the kinetics of 
light hydrocarbon molecules, such as CH4 [49]. The choice is justified because these reaction rates do 
not vary largely [50,52]. The phenol compound C6H5OH was considered to represent the liquid by-
products (tars). The assumption was based on the experimental measurements of sewage sludge 
gasification and pyrolysis where phenols were the most abundant tar species [1,47]. The complete 
devolatilization gas products are assumed based on [47]. 

The particle size follows a Rosin-Rammler distribution. The parameters used in this work are as follows: 
the minimum, mean and maximum diameters are 25, 200, and 813 μm, respectively. The spread 
parameter is equal to 1.1. The geometry of the reactor is discretized using a 2D axisymmetric grid 
composed of about 200 000 rectangular cells. The cell size is equal to 1 mm in both axial and radial 
directions. The SIMPLE [46] algorithm is used for pressure-velocity coupling. Second-order schemes 
are used for spatial discretization. The weighted-sum of gray gas (WSGG) model [38] is used for the 
calculation of the gas absorption coefficient. 

2.2 Equilibrium models 

The second modeling approach considers equilibrium calculations. There are two general approaches 
for equilibrium modeling: a stoichiometric equilibrium model (based on equilibrium constants of 
reactions) and a non-stoichiometric equilibrium model (based on the minimization of the Gibbs free 
energy) [53]. The present paper considers both modeling approaches.  

In the stoichiometric model, the gasification process is represented by the global reaction defined in the 
following way: 

𝐶 𝐻 𝑂 𝑁 𝑆 𝐴𝑠ℎ (𝐻 𝑂) + 𝑘𝐶𝑂 + 𝑚𝐻 𝑂
→ 𝑛 𝐶𝑂 + 𝑛 𝐻 + 𝑛 𝐶𝑂 + 𝑛 𝐶𝐻 + 𝑛 𝐻 𝑂 + 𝑛 𝑁 + 𝑛 𝑆𝑂 + 𝑊𝐴𝑠ℎ 

 

(1) 

Where: x, y, z, p, t, W, M – molar masses of elements and components per 1 kg of feedstock in [mol∙kg–

1], k – molar mass of CO2 in [mol∙kg–1], and n1, n2, n3, n4, n5, n6, and n7 – molar masses of syngas 
components after gasification in [mol∙kg–1]. Char and tar formation are neglected. Molar masses of fuel 
components are calculated based on the fuel ultimate analysis, whereas syngas components are 
calculated based on two equilibrium reactions. The first reaction (Eq.2) is a water-gas shift reaction.  

𝐶𝑂 + 𝐻 𝑂 → 𝐶𝑂 + 𝐻  (2) 

The equilibrium constant is equal to: 

𝐾 =
𝑓 ×𝑓

𝑓 ×𝑓
 

(3) 

Where 𝑓 , 𝑓 , 𝑓 , 𝑓  – mole fractions of CO, H2O, H2, and CO2 in [% mol]. And the second 
reaction: 

𝐶(𝑠) + 2𝐻 → 𝐶𝐻  (4) 

The equilibrium constant for the second reaction is equal to: 

𝐾 =
𝑓

𝑓
×

1

𝑝
 

(5) 

Where 𝑓 , 𝑓  – mole fractions of CH4 and H2 in [% mol], p – operating pressure in [atm]. Mole 
fraction of the particular compound 𝑓  is defined in the following way: 

𝑓 =
𝑛

∑ 𝑛
 (6) 
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Equilibrium constant 𝐾 is also a temperature function and is related to the standard Gibbs free energy 

change of reaction in the subsequent way: 𝑙𝑛(𝐾) = −   

Therefore, for the two applied equilibrium reactions, equilibrium constants will take the following form: 

𝑙𝑛(𝐾) =
−𝛥𝐺

𝑅𝑇
+

−𝛥𝐴

𝑅

1

𝑇
−

1

𝑇
+

−𝛥𝐵

𝑅
𝑙𝑛

𝑇

𝑇
+

−𝛥𝐶

𝑅
(𝑇 − 𝑇 ) +

−𝛥𝐷

2𝑅
(𝑇 − 𝑇 )

+
−𝛥𝐸

3𝑅
(𝑇 − 𝑇 ) 

(7) 

Where ΔAi, ΔBi, ΔCi, ΔDi, and ΔEi, are calculated for the two equilibrium reactions. For example, ΔA1 = 
ACO + AH2O – ACO2 – AH2. The ACO, AH2O, ACO2, and AH2 parameters are the regression coefficients taken 
from [54]. Ultimately, based on energy and mass balances, and equilibrium relations, a system of 
equations is solved that allows obtaining the unknown syngas components after the gasification process. 

In the second modeling approach, the Cycle-Tempo software [55] was used to predict the chemical 
equilibrium gas composition through the minimization of Gibbs free energy. This approach is termed 
non-stoichiometric due to the absence of any specific chemical reaction. Elemental composition 
determined from ultimate analysis is the only input required to the model. This approach is particularly 
suitable for gasification modeling since all the reactions that can occur during gasification are not fully 
known. 

3 Results and discussion 

Fig. 2 illustrates the temperature distribution, CO, H2, CO2, and H2O mole fraction distributions inside 
the drop tube from the CFD model. Due to no oxygen presence at the inlet, and no oxidation reactions, 
the gasification reactions with CO2 and H2O dominate. The process is allothermal which means that 
external energy in the form of heat is provided to initiate gasification reactions as there is no oxygen 
supply. A gradual increase in CO content along the drop tube can be observed indicating a reasonable 
reactor length for the gasification reactions to convert the solid feedstock into a combustible gas product. 
At the same time, a gradual decrease in CO2 content can be noticed indicating a constant utilization of 
CO2 as a gasifying agent. Fig. 3 presents the product gas composition concerning the experiment, CFD 
model, and the equilibrium approach. One can observe a close agreement of CO and CO2 mole fraction 
species between the CFD model and the experiment. The H2 content has been overpredicted by the CFD 
model by 10%. The CO content was underpredicted by 7%, while the CH4 concentration and CO2 
concentration matched the experimental data. One of the reasons for the misprediction with respect to 
CO and H2 may be the initial assumption of the content of devolatilization gas products. In the modeling 
part of the study, tars are represented by the most basic phenol species – C6H5OH, whereas in the 
experimental studies [47], tars consisted also of amides, amines, aromatic hydrocarbons, cholestanes, 
cholestanols, esters, indoles, ketones, nitriles, pyridines, pyrazoles, and some other unknown species. 
The decomposition of these species due to reaction with H2O will result in a different share of CO and 
H2 products than in the case of pure C6H5OH. Moreover, the literature experiment was carried out for 
pyrolysis at the furnace temperature of 500oC. It is well known that devolatilization strongly depends 
on the heating rate and operating temperatures. Therefore, the actual gas composition after 
devolatilization will surely be different under high heating rate conditions. High temperatures favor tar 
cracking and light gas production. 

The stoichiometric equilibrium model fails to predict the output gas composition indicating that the two 
considered gasification reactions - Eq. 2 and Eq. 4 are not in equilibrium conditions. So high prediction 
of CO and H2 at the outlet, with almost no CO2 suggests that the feedstock was entirely gasified in the 
model. The gasification reaction with H2 – Eq. 4 is several orders of magnitude slower than other 
heterogeneous reactions, therefore, the current gasifier residence times are too small for this reaction to 
reach equilibrium. The non-stoichiometric equilibrium model (Cycle-Tempo) yields a better agreement 
with experimental data than the stoichiometric equilibrium approach. The CO concentration is 
overpredicted by 12%, H2 concentration is overpredicted by 9%, and the CO2 concentration is 
underpredicted 13%. The model does not predict any unconverted char at the outlet. It may be one of 
the reasons why there is a higher CO content and a lower CO2 content than in the experiment. It was 

293



also reported by other literature that the default Cycle tempo gasification module strongly underpredicts 
CH4 outlet content and neglects the residual char that could be unconverted [56]. For example, in the 
current CFD model, the carbon conversion degree was equal to 78% for the given reactor conditions 
and fuel properties. 

 

Figure 2: a) Temperature distribution, b) CO mole fraction, c) H2 mole fraction, d) CO2 mole fraction, 
e) H2O mole fraction distribution inside a 3-meter drop tube furnace from CFD model. 

 
Figure 3: Product gas composition concerning experiment, CFD model, and two equilibrium models. 

The tar analysis with the use of GC-MS revealed a negligible amount of tars. The BPI (base-peak ion) 
chromatogram showed no peaks that could be attributed to tar compounds. A more detailed analysis of 
two typical tar representatives, i.e., toluene and naphthalene, proved this observation. The response of 
naphthalene ions, if present, was merged with the background noise. The concentration of toluene was 
determined to be ca. 5 mg/m3. However, this result was below the range of the calibration curve (which 
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was 17 mg/m3) and might be burdened with a significant error. Regarding modeling of tars, additional 
work is recommended, both on the composition of primary products during pyrolysis stage, which has 
influence on the results obtained from secondary gas phase reactions, as suggested by Wojnicka, Ściążko 
and Schmid [57]. From the perspective of CFD modeling of such process in ANSYS Fluent, primary 
products are of special interest, since their estimated composition along with devolatilization kinetics is 
required as input data for the model.  

4 Conclusions 

It can be concluded that the CFD model has given results much closer to the experiment, in comparison 
to the equilibrium models, confirming its applicability for the modeling of sewage sludge gasification. 
It seems plausible to attribute the greater results misprediction of the equilibrium models to the fact that 
they have more ideal reactor operating assumptions. For example, these models neglect the unconverted 
char, thereby increasing the CO content and decreasing the CO2 content according to the Boudouard 
reaction. The CFD model analysis has indicated that the concentration of H2 in the reactor stabilized 
relatively fast, whereas a much higher length of the drop tube was needed for CO and CO2 concentrations 
to stabilize, mostly due to heterogeneous reactions. The biggest advantage of steam gasification in such 
high temperatures is the relatively low content of tars. 

Future work will be focused on the improvement of the CFD model by accounting for different tar 
compounds and the subsequent decomposition reactions in the devolatilization model. As opposed to 
coal, devolatilization gains significance in sewage sludge gasification, due to relatively high volatile 
matter content and low char content. The decomposition of multiple different tar species due to reaction 
with H2O or other gasifying agents will result in a slightly different share of CO and H2 products than 
in the case of pure C6H5OH (phenol) as a single tar species. It will be a huge step forward for the reliable 
prediction of the syngas composition from the CFD model of sewage sludge gasification.  
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Abstract 

Wet fraction of municipal solid waste is a type of biomass that is attractive due to its marginal cost and 
suitability for biogas production. High moisture content of the digestate is a problem, even after 
mechanical dewatering, which could be attributed to significant heat requirement for drying. 
Hydrothermal carbonization is a process that can potentially offer great benefits by improved 
mechanical dewatering and valorisation of the digestate into a better-quality solid fuel. However, such 
valorisation produces liquid by-product effluent, rich in organic compounds. Membrane separation 
could be used to treat such effluent and densify concentration of the organic compounds, while at the 
same time to facilitate recovery of clean water in the permeate. This work presents the results of 
investigation, performed using polymeric membranes. The study showed that membrane separation 
keeps significant fraction of inorganics in the retentate. Such concentration significantly increases the 
biomethane potential of such effluent as well as the energy that could be theoretically used for generation 
of process heat, using the concentrated retentate in wet oxidation process. 
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1 Introduction 

Biogas plants are typically associated with lower thermo-ecological cost, when comparing to other 
renewable energy sources [1]. Hydrothermal carbonisation (HTC) is promising in terms of the 
valorisation of various types of wet biomass, including digestates from biogas production [2–5]. HTC 
is a thermal valorisation process, which takes place in subcritical water, elevated temperatures (typically 
170 to 260 °C) [6–8] with residence time ranging between 30 minutes and a couple of hours [9–13], 
performed above saturation pressure. The ionic constant of water increases significantly at 200 up to 
280 °C [14]. During HTC complex reaction pathways occur, with different reactions proceeding in 
parallel [15,16]. Decomposition of biomass typically starts with hydrolysis [15,16], degrading biomass 
to various monomers and oligomers [17], with rate being diffusion controlled [18]. Overall, an increase 
in the temperature enhances the hydrolysis rate [19,20]. Products of hydrolysis of cellulose and 
hemicellulose take parts in reactions, such as isomerisation, dehydration, and fermentation, thus creating 
intermediates, such as 2-furfural, 5-hydroxymethyl furfural (5-HMF) being subsequently produced 
[16,17,21]. In the case of proteins, hydrolysis yields amino acids, which subsequently take part in 
Maillard reactions, forming N-containing ring compounds [15]. Soluble lignin, after hydrolysis, forms 
phenolic compounds [16]. Recalcitrant residues, which have not been significantly decomposed by 
hydrolysis, form primary hydrochar [16]. Hydrolysis is followed by dehydration and decarboxylation 
[17,21,22]. Dehydration decreases the number of hydroxyl groups (OH) [17]. Intermediates form solid 
phase aromatic structures, by means of polymerization, condensation, and aromatization [16,17,21]. For 
some intermediates, such as HMF, Diels-Alder reactions, nucleophilic substitution, aldol condensation, 
acetalization and ring opening, are also mentioned by the literature [23]. Subsequent precipitation makes 
secondary hydrochars deposit on the surface of primary hydrochars [16,24].  

From the practical perspective, a loss of hydroxyl groups makes hydrochars more hydrophobic, both in 
term of decreased equilibrium moisture content [25] and facilitating the mechanical dewatering [17,26–
28]. Moreover, grindability of the hydrochars is also improved as a consequence of the treatment 
[29,30]. Some studies reported easier pelletizing of hydrochars compared to raw biomass [24]. Some 
studies have proven hydrochars as effective adsorbents of substances such as isoproturon [31]. Due to 
these features HTC of low quality, high moisture biomass could lead to effective upcycling of the used 
feedstock, with optimised energy use, as shown by LCA [32–35]. 

However, along with some improvements that come with HTC, new problems occur, as the effluent left 
after mechanical separation of solid and liquid phase of HTC treated biomass contains significant 
amounts of a wide variety of organic compounds [36,37]. It is possible to utilise the chemical energy 
contained the organic fraction, by production of biogas [38], use in microbial fuel cells [39,40], or 
generation of heat by wet oxidation [41–43]. Moreover, it is possible to partially separate the organics 
in liquid HTC effluent using cascade membrane systems [44]. This way permeate could be purified 
further to obtain clean water, whereas retentate retains significant part of inorganics [44]. 

The aim of this work is optimisation of cascade system of polymeric membranes, consisting of 
microfiltration (MF), ultrafiltration (UF), and nanofiltration (NF). Moreover, the aim of this work is 
assessing possible increase in biomethane potential (BMP) of such retentates, as well as the influence 
of chemical energy densification on heat generation for the purpose of HTC process, using wet 
oxidation. 

2 Materials and methods 

Samples of the digestate were taken from an agricultural biogas plant, owned by Butor Group, in Silesia, 
Poland. Sample of the digestate was taken from a special sampling point at the outlet of the AD reactor, 
before the mechanical dewatering installation. The digestate was stored in a cooler, at the temperature 
of 5°C, prior to HTC experiment. Diagram of the experimental setup (Figure 1) shows both autoclave 
rig. The autoclave was filled with 3.8 litres of wet digestate, which had solid content of 10.1%, 
determined with Radwag MA.X2.A at 105°C.  
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Figure 1: Diagram of the HTC rig (1 – vessel; 2 –thermocouple; 3 – PLC; 4 – heaters; 5 – cotton 
filter; 6 – filter’s base; 7 – effluent; 8 – separated hydrochar; 9 – safety valve; 10 – purge gas; Memb. 

– cascade of membranes) 

HTC temperature of 190°C was chosen, based the literature range between 200°C and 260°C [45,46], 
and taking into account design preference of industrial scale HTC installations for lower range of 
pressure, which allows comparably lower thickness of reactor’s walls. After heating up, the biomass 
was kept in the reactor for 30 minutes. Subsequently, the heating was switched off and the rig was left 
for cooling overnight. 

The HTC effluent was also analysed using GC-MS consisting of the Agilent 7820-A GC, with 
Stabilwax-DA column, and the Agilent 5977B MSD. NIST-14 MS library was used for compounds’ 
identification using mass spectra with the minimum match factor of 80%.  

Various types of flat polymeric membranes were used in the tests: 

- microfiltration (MF) (Hoechst Celgard Corporation), made of 25.4 µm thick polypropylene, 
45% porosity, pore size of 0.02 µm, 

- ultrafiltration (UF) (Microdyn Nadir), made of polyetherosulphone with 10 kDa MWCO, 
- nanofiltration (NF) (Microdyn Nadir) NPO10P and NPO30P made of polyetherosulphone with 

MWCO in the range 1010-1400 Da and 520-700 Da, as well as Na2SO4 retention in the range 
25 - 40% and 80 - 95%, respectively. 

All the tested membranes had effective filtration surface of 38.5 cm2. The properties of the test solution 
(HTC effluent) are shown in Table 1. 
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Table 1: Characteristics of the liquid fraction of the HTC digestate from an agricultural biogas plant 
(COD – chemical oxygen demand; BOD5 – 5-day biochemical oxygen demand; DOC – dissolved 

organic carbon) 

Index Value Unit 
pH 7.2 - 

Conductivity  14.95 mS/cm 
 Total suspended solids  3,950 mg/dm3 

 COD  38,595 mg O2/dm3 
 BOD5  12,320 mg O2/dm3 
DOC  23,070 mg C/dm3 

Na  521.3 mg/dm3 
K  1,966.5 mg/dm3 

Ca  104.7 mg/dm3 
Mg 101.9 mg/dm3 
Fe 15.9 mg/dm3 

Mn 1.5 mg/dm3 
Cu 0.545 mg/dm3 
Zn 3.977 mg/dm3 
Hg 0.0029 mg/dm3 
Co 0.069 mg/dm3 
Ni 0.147 mg/dm3 

  
The post-HTC liquid was treated in the integrated processes which was a combination of 3 stages of 
membrane separation: MF, UF and NF combined in selected variants (Figure 2).  

 

 

Figure 2: Experimental setup 

The evaluation of the possibility of sequential purification of the agricultural post-HTC digestate liquid 
fraction was conducted on a test bench with an Amicon 8400 chamber. It is a one-way dead-end flow 
system with a capacity of 400 cm3 equipped with a magnetic stirrer to equalize concentrations in the 
entire volume of solution. The pressure in the system was caused by compressed nitrogen fed from the 
cylinder. It was in the range 0.1-0.4 MPa. 

The process efficiency was determined by measuring the organic compounds concentration expressed 
as BOD5, COD and DOC. BOD5 and COD was determined using standard methods: dichromate and 
dilution, respectively. The concentration of dissolved organic carbon was measured using the HACH 
IL550 TOC-TN analyzer. Each time before the analysis, the supernatant was filtered using medium 
paper filters (10–15 µm). Based on the measured factor in raw digestate (c0) and digestate after treatment 
(c), removal efficiency (R) for each factor was calculated according to the following equation: 

302



𝑅 =
𝑐  −  𝑐

𝑐
∙  100, % (1) 

 

 

Figure 3: Amicon 8400 dead-end membrane system (1 - ultrafiltration cell, 2 - membrane, 3 - stirrer, 
4 - pressurized nitrogen cylinder, 5 - pressure valve) 

The equation 2 presents the formula for the calculation of the theoretical biomethane potential (BMP) 
in the retentate. 

𝐵𝑀𝑃 = 0.39 ∙ 𝐶𝑂𝐷 ∙  
𝐷𝑂𝐶

𝐶𝑂𝐷
∙  0.9,

𝐿
𝐿  (2) 

To calculate the BMP of the retentate, the stochiometric formula (3) of the methane oxidation was used. 
This formula allows to calculate the potential amount of methane produced based on the chemical 
oxygen demand (COD) balance of a sample [47]. 

The COD conversion to methane at 35°C is 0.39 dm3 of CH4 per gram of COD. Furthermore, second 
correction factors were applied to make more accurate the prediction. The first correction factor referred 
to the DOC/COD ratio that was used since the COD refers to all the organics and inorganics that can be 
oxidized and the DOC only to the organic carbon compounds that potentially can be converted into 
methane. The second correction factor is related to the biodegradability of HTC process waters that is 
90%. This factor was based on a comparison from the real BMP reported in previous studies versus the 
theoretical BMP value from the normal conversion of the stochiometric formula [48,49]. 

𝐶𝐻 + 2𝑂 →  𝐶𝑂 + 2𝐻 𝑂 (3) 

Heat that could potentially be generated during wet oxidation of the retentate, depending on the filtration 
time and configuration of membrane cascade, was calculated under the assumption that wet oxidation 
could reduce the COD of the retentate by 55%, based on values reported by Weiner et al. [41], whereas 
wet oxidation enthalpy was assumed to be 13.1 ± 0.7 MJ per kg of consumed oxygen, as reported by 
Riedel et al. [42]. For calculating the achievable temperature during wet oxidation process it was 
assumed that the temperature of retentate before the start wet oxidation process was 20°C. 

3 Results and discussion 

The sequential treatment effectiveness of the agricultural biogas plant digestate liquid fraction varies, 
and the final quality of the solution is determined by the combined separation properties of the individual 
membranes. The research has shown that the MF, UF and NF combination has resulted in a significant 
increase in the efficiency of removing organic compounds from the analysed digestate. The obtained 
results are shown in Figures 4, 5, and 6, for BOD5, COD, and DOC removal efficiencies, respectively. 

The analysis of the effectiveness of MF purification of the liquid fraction of the agricultural digestate 
showed that the use of a 0.02 µm membrane has made it possible to purify the solution to a very small 
extent. The values of COD, BOD5 and DOC retention coefficient in the purified samples of the digestate 
were respectively: 0.3%, 17% and 14% (Δp = 0.4 MPa). The use of UF process after MF for further 
digestate liquid fraction purification allowed to observe an improvement of organic compounds 
separation efficiency. It was also found that the final purified solution quality is determined by the 
MWCO of the membrane used. It is easy to observe that the cut-off value of the membrane, and thus the 
membrane pore diameter, deteriorated the digestate treatment effectiveness. This is probably because of 
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a higher cut-off value of the membrane: larger particles of organic matter were released into the purified 
solution. 

 

Figure 4: COD removal efficiency dependency on TMP pressure in various membrane process 
configurations 

 

 

Figure 5: BOD5 removal efficiency dependency on TMP pressure in various membrane process 
configurations 

The combination of the three analysed pressurized membrane processes allowed for a significant 
improvement in the efficiency of the digestate treatment. The final quality was determined by the 
combination of the properties of MF + UF + NF membranes used sequentially. The obtained results 
indicated the MF 0.02 µm + UF PES 10 kDa + NF NPO30P variant as giving the best results in the 
agricultural digestate liquid fraction purification. Such a sequence of membrane processes allowed to 
obtain the reduction of COD, BOD5 and DOC content by 75%, 82% and 66% respectively (Δp = 0.2 
MPa).  
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Figure 6: DOC removal efficiency dependency on TMP pressure in various membrane process 
configurations 

The research also showed that the transmembrane pressure value had no significant influence on the 
permeate final quality. This effect was observed independently of the analysed variant of effluent 
treatment. GC-MS analysis (Figure 7) has shown, that among volatile organic compounds in the process 
water, majority consisted of various oxygenated organic compounds, mainly acids, as well as 
heterocyclic compounds (e.g., pyrazine, ethyl-). No clear trend could be observed, regarding retention 
of these compounds by the membrane cascades, which could be attributed to the fact that the cut-off of 
NF membranes [44] was an order of magnitude bigger than the atomic masses of detected compounds. 
This suggests that any retention of volatile organic compounds in the retentate could be attributed to 
interaction with filtering cake on the surfaces of the membranes, rather than to membrane separation 
properties. 

Based on the membrane separation results, it could be clearly observed that separation of organics, using 
a cascade of dead-end membranes, is a sensible strategy, in terms of obtaining the liquid retentate with 
higher energy generation potential. Figure 8 clearly shows that significant densification of chemical 
energy could be achieved, increasing the biomethane potential from approx. 5 L of methane for liquid 
effluent from HTC up to 22.5 L for retentates’ mixture from all levels of the cascade, after a whole day 
of dead-end membrane separation.  

 

Figure 7: GC-MS analysis of the retentates 

It should be noted that it will not increase the total energy that could be recovered, since the volume of 
the retentate will be much smaller than the volume of post-HTC effluent. However, as a consequence of 
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chemical energy densification the biogas reactor could be much smaller, in comparison to the reactor 
for the untreated effluent, cutting down on the CAPEX of such installation. Moreover, much less 
inoculum would be needed in order to maintain desired solid ratio in such reactor. Furthermore, if 
production of biogas from the retentates got integrated with primary anaerobic digestion reactor (source 
of the digestate), recalculation of the retentates would not have such an extensive influence on the solid 
ratio in the reactor, in comparison to recirculation of untreated post-HTC effluent. 

 

Figure 8: Increasing BMP of the retentate depending on the filtration time and configuration of 
membrane cascade 

Such densification of chemical energy has even more significant consequences when wet oxidation is 
used to convert such chemical energy into process heat. In terms of the potential, the shape of the curve 
for wet oxidation (Figure 9) looks similar to the BMP curve (Figure 8). However, the practical 
consequences for the process are much more profound since significant densification allows achieving 
higher temperatures of the effluent in wet oxidation process (Figure 9). For optimised membrane 
cascades, retentates could achieve temperatures exceeding 300 °C during wet oxidation, which is much 
higher than the HTC temperature. Therefore, such hot liquid, after wet oxidation would greatly facilitate 
optimisation of process heat supply to HTC reactor, thus allowing effective recovery of chemical energy, 
which would otherwise be wasted. 

 

Figure 9: Increasing the heat potential for wet oxidation of the retentate, depending on the filtration 
time and configuration of membrane cascade. 
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Figure 10: Increasing the achievable wet oxidation temperature for the retentate, depending on the 
filtration time and configuration of membrane cascade. 

4 Conclusions 

The research presented in this paper allowed for the following conclusions to be drawn: 

 significant densification of chemical energy in the retentates could be achieved, using cascade 
membrane system, 

 increase in the BMP, for densified retentates’ mixture, facilitate optimisation of the solid ratio 
of biogas reactors as well as the CAPEX of such investment, in energy recovery from the liquid 
HTC by-products through anaerobic digestion, 

 increase of the maximum temperature that could be achieved during wet oxidation process is 
significant for optimised conversion of chemical energy in the liquid post-HTC effluent, when 
converting to process heat for HTC, 

 the screening mechanisms combination of sequentially connected membranes significantly 
increases the organic compounds removing effectiveness from the agricultural digestate liquid 
fraction, 

 the final quality of the solution to be cleaned is determined by the MWCO of the membrane 
used: higher membrane cut-off value resulted in a decreased digestate treatment effectiveness, 

 both the applied transmembrane pressure value and the used UF membrane material did not 
improve the purified digestate quality, 

 effluent sequential treatment of the variant: MF 0.02 µm + UF PES 10 kDa + NF NPO30P 
allowed to obtain the best final quality of the analysed solution. 
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Abstract 

In light of the energy transformation process initiated by the Paris Agreement in 2015 and the 
formulation of the goals in the European Green Deal of 2019, the utilization of nuclear energy becomes 
a strategy to achieve the target of reduction of greenhouse gases (mainly CO2). According to the Strategy 
for Responsible Development, Poland plans to introduce nuclear power into the energy system sector 
and build research and commercial nuclear reactors of various types. The presented work was realized 
as part of the scientific national GOSPOSTRATEG-HTR project, which was established to develop the 
novel pre-concept of a 40MWth research nuclear High Temperature Gas-cooled Reactor (HTGR). The 
extensive calculation campaign was carried out using Ansys Fluent (Computational Fluid Dynamics) 
and MELCOR (integrated, engineering-level system) simulation software, combining the best features 
of both representative approaches. The studies covered the steady operation of the HTGR core on the 
400th day of fuel campaign. The power distribution came from outsourced neutronic analysis (conducted 
within the same project). The core consists of prismatic graphite fuel blocks in which the cooling 
(helium) and fuel (UO2 with graphite) channels were located. CFD computations were performed for 
one twelfth of the reactor core layer (height of one fuel block), while for MELCOR the primary and 
secondary sides were modelled. Comparison of the results concentrated on maximum temperature 
values in axial and radial directions, average temperature values in cooling channels, bypass, fuel, and 
graphite. The most important added values of the presented research are ready-to-use tools and 
methodologies for the analysis of HTGR, knowledge of limitations of CFD and MELCOR approaches, 
their use in a complementary manner, a deep understanding of the thermohydraulic processes occurring 
in HTGR and experience in such analysis. 
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1 Introduction 

In 2019, the European Commission published a communication on the European Green Deal, i.e. a 
strategy whose ambitious goal is for the EU to achieve climate neutrality by 2050. The Energy Policy 
of Poland until 2040 (PEP2040) sets the framework for the energy transition in Poland. It contains a 
strategic decision on the selection of technologies used to establish a low-emission energy system. 
PEP2040 contributes to the implementation of the Paris Agreement concluded in December 2015 at the 
21st Conference of the Parties to the United Nations Framework Convention on Climate Change 
(COP21). The fifth specific objective of PEP2040 is to implement nuclear power generation in the 
energy system. This objective is combined with the 5th strategic programme: Polish Nuclear Power 
Program [1]. The High Temperature Reactors (HTRs), not being an alternative to large-scale light-water 
nuclear power units, are considered mainly as a source of process heat for industry. The exhibited work 
was realized as a part of scientific national GOSPOSTRATEG-HTR project, which was established to 
develop the novel pre-concept of 40 MWth research nuclear High Temperature Gas-cooled Reactor 
(HTGR). The project itself was aiming at the development of legal, organizational and technical 
instruments for the implementation of HTR reactors in Poland. In the frame of the project the tasks 
carried out were focused on the novel neutronic and thermal-hydraulic design development of reactor 
pre-concept. The design was characterized by core outlet temperature of 750 ℃ (1023 K), which was 
estimated to be anticipated by the end-users based on the previous market studies of expected 
temperature and pressure values [2]. The studies of the reactor and preliminary safety assessment for 
the developed plant design covered analysis in the field of core neutronics and primary loop thermal-
hydraulics and Reactor Cavity Cooling System (RCCS). The core configuration calculations, were 
carried out to develop the design, which would be economical and operable for fuel cycle length of 
around 3 years. The thermal-hydraulic investigations involved simulations of steady operation and 
accidents from the prismatic HTGR Design Basis Accidents (DBA) list, such as the most challenging 
ones, i.e., the Depressurized Loss of Forced Cooling (DLOFC) accident, Pressurized Loss of Forced 
Cooling (PLOFC), along with Water and Air Ingress events. They were carried out with Ansys Fluent, 
MELCOR and CATHARE software, but the last one was not considered in presented analysis. 

There is still a limited number of thermal-hydraulic, especially CFD analysis referring to the High 
Temperature Reactors, however this number is continuously growing. The main reason comes from the 
demand for such analyses and the difficulties in handling the size of the reactor core and the complexity 
of the transport processes. Equally important is the lack of experimental data for model validation. 
Actually, the available data come mainly from the Japanese HTGR Technology described in 
publications [3,4,5]. 

Thermal-hydraulic issues referring to the High Temperature Test Reactor core were presented in [3]. 
The coolant flow rate and coolant temperature distributions were evaluated by the flow network analysis 
code FLOWNET. The calculation model of FLOWNET consisted of one-dimensional flow branches 
and pressure nodes. Some coefficient and additional information about leakage or crossflow required in 
the model were supported by the experimental data. The code system of the thermal–hydraulic design 
for the HTTR was validated by comparing the obtained data with the experimental results and confirmed 
the adequacy of the system.  

Very interesting approach to the CFD analysis of prismatic HTGR was reported by Wang et al. [6]. 
Their research presented a hybrid porous model to simplify a prismatic High Temperature Gas-cooled 
Reactor core. It can be said that this approach comes from the previous analysis with a coarse mesh CFD 
solution scheme applicable for multi-scale CFD simulation of Very High Temperature Reactors 
(VHTRs) [7]. They concluded, that the new approach is promising as an effective candidate for 
predicting the flow behaviour on multiple scales, since it is capable of modelling both fine mesh single 
phase flows as well as coarse mesh flows in homogenized regions containing both fluid and solid 
materials. It should be added, that CFD analysis of VHTRs can be found in the literature [8, 9, 10], 
however very seldom the Ansys Fluent software is mentioned. 

Considering the MELCOR code analyses, according to [11, 12, 13] software can be used to carry out 
safety assessment in the field of thermal-hydraulic and accident progression for the HTGRs. In detail 
the calculations for the thermal-hydraulic analysis coupled with the estimation of possible releases can 
be completely prepared and performed using the MELCOR code, in cooperation with other codes that 
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provide input information on the neutron characteristics of the core (e.g. power distribution, decay heat 
curve, isotopes abundance in the core) – demonstrated in [14]. The code was successfully used to 
perform the simulations of the HTGR type reactors, both the Pebble Bed Reactors (PBR) and Prismatic 
Modular Reactors (PMR), what was published and presented in [12, 15, 16, 17]. Among the models and 
phenomena incorporated into the MELCOR code, which are enabling the HTGR modelling there are 
models for graphite oxidation [18], heat transfer models for the PBR and PMR of HTGRs [19], specific 
fission products release models [17] (including FPs releases from TRISO and graphite structures) and 
graphite dust transport models. 

The aim of the studies was to present two approaches to the analysis of pre-concept research HTGR 
represented by Ansys Fluent and MELCOR software, to understand their advantages and disadvantages 
and also to find the profit of their complementary use. Ansys Fluent is characterised by advanced physics 
modelling capabilities among which is coupling between mass, energy, and momentum transfer, while 
MELCOR is a U.S. Nuclear Regulatory Commission certified tool for evaluation of the progression of 
severe accidents in nuclear power plants (NPPs), which enables studies on the whole of NPP system and 
interactions between its specific components. The analyses covered the steady operation of the HTGR 
core on the 400th day of fuel campaign. 

2 Research HTGR configuration 

The pre-concept research HTGR is a helium-cooled graphite-moderated nuclear reactor with 40 MW 
thermal power. Its active core of 4.8 m height consists of prismatic blocks (Figure 1). The flat-to-flat 
distance of the graphite block is 0.36 m, which together with the 0.002 m distance between blocks gives 
a core diameter equal to about 2 m (1.993 m). The fuel block contains an array of fuel holes and coolant 
channels. The standard fuel block contains 102 cooling channels (of 0.016 m diameter), 6 smaller 
cooling channels (of 0.0127 m diameter) and 216 fuel holes (of 0.0127 m diameter), while the control 
block contains 84, 5 and 174 cooling channels, smaller cooling channels, and fuel holes, respectively. 

 

 Figure 1: HTGR core configuration 

The total helium flow rate on the primary side was 18.14 kg/s at a pressure of 6 MPa. The flow rate of 
the coolant through the core was 17.51 kg/s, including the bypass flow. The inlet coolant temperature 
of the reactor vessel was 597 K, while the outlet was 1023 K. 

Studies covered the steady operation of the HTGR core on 400th day of fuel campaign. The active core 
was divided into 6 zones in the radial direction and 24 in the axial direction of various power generation. 
The power distribution came from outsourced neutronic analysis (conducted within the same project). 
Table 1 includes properties of the coolant and solids. 
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Table 1: Material properties for CFD analysis, where: T – temperature, K; P – pressure, Pa 

 
Helium 

Graphite / 
Fuel 

Density, kg/m3 Ideal gas 1890 
Specific heat, J/(kgK) 5195 1617 
Therm.conductivity, W/(mK) (2.682 ∙ 10 )(1 + 1.123𝑃 ∙ 10 )𝑇 . ∙  40 

Dynamic viscosity, Pa∙s (3.674 ∙ 10 )𝑇 .  - 

3 CFD analyses 

The thermohydraulic model of pre-concept research reactor was prepared and called 2.5D. It is a 
simplified model of the whole core, which allows quick determination of the flow and boundary 
conditions necessary for CFD analyses. It is based on mass and momentum conservation laws coupled 
with energy conservation law. The equation describing the pressure axial gradient [20] consists of two 
parts: the first describes the pressure change due to the presence of friction, and the second describes 
the pressure change of helium (as an ideal gas) depending on the temperature. The thermal part of this 
model is based on the thermal resistances calculated for the conduction, convection, and radiation heat 
transfer in the fluid and solid. The classical definition of the friction factor for laminar and turbulent 
flows was applied [21]. As a result, average temperature values are obtained in the elements of the radial 
and axial divisions of the core (division is shown in Figure 2). The symbols R with a particular digit 
represent rings of core structure (with the number of blocks), while PR is a permanent reflector. 

Such a holistic analysis is very demanding in Ansys Fluent because of the size of the research reactor 
and all transport processes. Therefore, the detail analysis conducted for 1/12 of standard fuel block (0.8 
m height) and its model called FB12 is shown in Figure 3 together with the details of applied mesh 
(about 440 000 of elements, max. y+ about 4.5). Two other meshes were checked (about 935 000 and 
32 400 000 elements with max y+ values equal to 4.5 and 1.73, respectively) to analyse the independence 
of solution. The percentage differences in the temperature values in the fluid and solid parts obtained by 
the selected mesh and the others do not exceed 0.2% and 1.3%, respectively. To consider radial energy 
transport, the model called Core12s was created. It is presented in Figure 4.  

The Ansys Fluent numerical models based on the mass, momentum, and energy conservation laws [22] 
were solved with assumptions of stationary flow and helium as the Newtonian fluid. The k-ω SST 
turbulence model was applied [23]. This model was selected on the basis of information contained in 
the publication [24], according to which it is a model with low computational cost and a good prediction 
of thermal analysis solutions, as well as on the basis of the team's previous experience. The following 
numerical schemes are: velocity and pressure coupling – SIMPLE, gradients - least squares cell based, 
pressure – second order, momentum – second order upwind, turbulence kinetic energy – second order 
upwind, turbulence kinetic energy dissipation – second order upwind, energy – second order upwind. 

The scheme of coupling between all models is shown in Figure 5. It includes the FB12, Core12s, and 
2.5D models. Preliminary calculations of the helium mass flow rate in the bypass and in the cooling 
channels are made in the 2.5D model and these data are transferred to the FB12 model. The result of 
calculations with the use of the FB12 model is the temperature distribution both in the solid material 
and in the cooling channels, and the values of the heat transfer coefficient in the cooling channels. The 
dashed line connecting the 2.5D and FB12 models indicates that, for example, the values of the heat 
transfer coefficient obtained from the Chilton-Colburn correlation (2.5D model) and calculated directly 
from the FB12 model were compared. However, it does not represent real feedback. Data from the FB12 
model in the form of the temperature distribution and the heat transfer coefficient in the cooling channels 
are entered into the Core12s model. For analyses required quick information about the effects of 
changing the boundary conditions, the data on the temperature distribution and the values of the heat 
transfer coefficient in the Core12s model are entered directly from the 2.5D model. The helium mass 
flow rate in the bypass and cooling channels is also derived from the 2.5D model. 
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Figure 2: Scheme of geometrical constrains applied in 2.5D model 

 

 

Figure 3: Geometry of FB12 model (left column), details of used mesh (central column) and boundary 
conditions (right column) 
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Figure 4: Geometry and boundary conditions of Core12s model 

 

 

Figure 5: Schematic view of coupling between the models 

4 MELCOR model 

For the research HTGR evaluations the MELCOR 2.2 version 11932 was used, in the field of thermal-
hydraulic and source term analysis. The MELCOR code [11] allows for a wide range of thermal-
hydraulic calculations, as well as severe accident progression analysis for different reactor types and 
applications (e.g. spent fuel pool accident evaluations). Over the years, it has evolved to be a system-
level best-estimate tool - that is, one aimed at reflecting, in the best possible way, the systems in the 
nuclear reactor power plant cycle. In the scope of modelling and estimations for the MELCOR code, the 
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main interest is the modelling of the severe accidents propagation for a nuclear reactors up to the source 
term estimation. The source term is understood as an amount of the fission products (FPs), in the various 
chemical forms, that are released from the facility to the environment. The code capabilities are, 
however, enhanced by predicting system behaviour in terms of heat-flow, heat transfer and aerosol 
transport inside the cooling circuit. The wide range in which the MELCOR code is able to predict system 
behaviour is due to its modular structure and ease of adaptation as a parameterized code with a modelling 
approach based on control volumes and flow paths. The MELCOR code consists of packages, that 
attempt to model three issues: basic physical phenomena, phenomena specific to nuclear reactors, and 
modelling of support functions (e.g. safety systems). It was developed by the Sandia National 
Laboratory for the US Nuclear Regulatory Commission with its initial purpose to serve as a quick risk 
assessment tool for Light Water Reactors (LWRs). During the evolution of the code development its 
abilities were extended to the modelling of the IV Generation Reactors, including the HTGR technology 
applications.  

In presented study of the research HTGR, the model developed with MELCOR code model consists of 
main parts, what is presented in the Figure 6 and Figure 7: 

 Reactor Pressure Vessel (RPV) with the core structure (based on the GEMINI+ reactor solutions 
[25]), 

 Steam Generator (SG) (data in Table 2) and blower component, 

 the reactor cavity with Reactor Cavity Cooling System (RCCS) and, 

 other safety systems. 

Figure 6: Reactor Pressure Vessel, core and cavity MELCOR nodalization (left column) core rings 
(R1-R4 active core, R5-R-6 reflector blocks) and bypasses (various colours) nodalization (right 

column). 

The total mass of the core is 166.4 tons. The following densities of the fuel (UO2) ρfuel = 10650 kg/m3 
and graphite ρgraphite = 1890 kg/m3 were used for the calculation of the above-mentioned core mass. In 
order to map the axial configuration of the core, 24 levels were modelling the active core part. The first 
five levels define lower RPV head, supporting plates (metal and graphite) and support columns of the 
core. The layers 6-9 and 22-24 represent the lower and upper reflector 1.6 m and 1.4 m thick, 
respectively. The active core is defined in the layers 10-21, due to the dimensions of the graphite block 
and the desire to model the core more precisely, each block corresponds to two layers with 0.4 m high 
(Figure 6). 
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Figure 7: Research HTGR steam generator model nodalization (left column) and Reactor Cavity 
Cooling System nodalization (right column). 

The calculations both for steady state and transient evaluations in the MELCOR code were primarily 
done for the Best Estimate (BE) assumptions developed in [26], due to the need for most realistic 
evaluations of the reactor operational parameters. The assumptions done for the research model could 
be listed as follows: 

Reactor power:      100% 

RPV inlet temperature:     nominal 

RPV outlet temperature:     nominal 

Emissivity coefficient RPV/RCCS:   0.9 

Natural convection (as calculated by the code):  default - multiplication coefficient 1.0 

Default decay heat curve (as calculated for the core configuration) 

Table 2: Steam Generator operational parameters. 

Parameter Primary side Secondary side 
Mass flow rate, kg/s 18.143 15.99 
Inlet temperature, °C 743 212 
Outlet temperature, °C 325 521 
Inlet pressure, bar 60 139.7 
Outlet pressure, bar 59.97 138 

 

In the MELCOR model, the RCCS (Figure 7) system has been modelled as a heat structure with a 
constant wall temperature. It was assumed that the wall temperature from the "flow" side - the external 
one is 100˚C, and the heat transfer coefficient was determined as a constant h = 1000 W/(m2K). The 
heat exchange takes into account convection as well as radiation on both walls of the system (RPV and 
RCCS). The SG in the MELCOR model was designed to be helical heat exchanger, based on the 
GEMINI Plus project design experience [27], with water medium flowing through 110 steel SS-304M 
pipes and producing steam of parameters summarized in the Table 2.  

5 Comparison 

The following conditions were applied in both approaches: helium flow rate in the core 17.51 kg/s, 
contribution of cooling channels to it – 88%, while in bypass – 12% (constant value), helium temperature 
at inlet 597 K, outer surface boundary conditions – convection of helium at 597 K. The results obtained 
with 2.5D and FB12 are compared with the results obtained with MELCOR. Figure 8 exhibits adaptation 
of 2.5D model axial division to the one used in MELCOR software. The numerical values of the 
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temperature and mass flow rate in the fuel blocks (fuel) and bypass (BP) in particular rings are presented 
in Table 3. Additionally, the percentage of helium mass flow rate is presented in last rows. The 
comparison of the core outlet temperature is shown in Figure 9 (left), and the comparison of the mass 
flow rate in Figure 9 (right). The temperature value in rings 1-2 and 3 is higher from the MELCOR 
software than 2.5D, whereas in ring 2 the situation is the opposite. In the case of a bypass between the 
fuel blocks, the helium temperature of the 2.5D model is much higher. This is due to the assumptions of 
the MELCOR program, in which the helium temperature in the bypass in the active core is constant, as 
well as the numerical model describing the individual energy transport processes. This affects the 
temperature distribution throughout the core. The mass flow values of both softwares show good 
agreement. The slight discrepancies result from differences in the temperature distribution in the active 
core and bypass.  

Comparison between FB12 and MELCOR models was made with the following assumptions: helium 
flow rate in core 17.51 kg/s, helium flow rate in central column (R0) 0.5412 kg/s, temperature at the 
inlet 597 K, bypass was not considered. The results of the mass-weighted average temperature values at 
the helium outlet are listed in Table 4. 

 

 

Figure 8: Adaptation of axial division of CFD calculation to the division of MELCOR 

 

Table 3: Comparison of the results from the 2.5D and MELCOR models 

   
Fuel Bypass  

   Ring-1 Ring-2 Ring-3 Ring-4 BP-1 BP-2 BP-3 BP-4 BP-5 BP-6 

T,  
K 

MELCOR 1046 1064 1040 1131 597 597 597 597 824 702 

2.5D 1034 1038 1054 1074 1068 1081 1098 929 729 650 

m, 
kg/s 

MELCOR 0.500 3.100 5.700 6.000 0.100 0.200 0.400 0.500 0.500 0.500 

2.5D 0.515 3.088 5.631 6.175 0.087 0.219 0.350 0.481 0.525 0.438 

m,  
% 

MELCOR 3.10% 17.80% 32.80% 34.40% 0.50% 1.30% 2.00% 2.80% 2.60% 2.70% 

2.5D 2.94% 17.63% 32.16% 35.27% 0.50% 1.25% 2.00% 2.75% 3.00% 2.50% 
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Figure 9: 2.5D and MELCOR comparison of temperature (left column) and mass flow rate (right 
column) 

 

Table 4: Mass-weighted average temperature values at the helium outlet coming from FB12 and 
MELCOR models 

 FB12 MELCOR 

mass weighted average temp. values at the helium outlet 1031 K 1046 K 

6 Conclusions 

This paper in a new way discusses thermohydraulic analysis of the pre-concept research HTGR core 
with Ansys Fluent and MELCOR software. All analyses were conducted under the project 
GOSPOSTRATEG-HTR, within which the tools and methodologies for the studies of HTGR were 
prepared and used. A novelty of described analysis comes from parallel studies conducted by CFD 
software allowing to obtain precise local values (i.e. temperature as shown in Figure 10) and engineering 
system level software giving the holistic system view. Comparison between the results delivered by 
these two approaches shows good agreement for the ones, which are directly calculated. In the areas, in 
which some assumptions (i.e. temperature of helium in bypass) were applied the correspondence was 
weaker. Realization of the project with these two methodologies leads to the knowledge of limitations 
of CFD and MELCOR models, therefore they can be considered as complimentary tools. Moreover, 
they can supplement each other with the missed or assumed data and validate themselves in the case of 
lack of experimental data. Use of both tools can bring realistic analysis of the HTGR core on, what can 
be of great importance in future analysis. 
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Figure 10: Local temperature value distribution, K (Core12s – first layer, 400D) 
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Abstract 

Hydrothermal carbonization (HTC) is a process that can be used for valorising various types of low-
quality biomass, such as MSW digestate, into a solid fuel. This study presents experimental results, 
showing the improvement that could be achieved in mechanical dewatering of HTC treated low quality 
biomass. Mechanical dewatering is applied at different pressures. Moreover, flashing-off of low-quality 
steam is also investigated within the scope of this work. Such technique allows recovery of the physical 
enthalpy of hot hydrochar slurry. However, flashing-off vapours contain not only steam but also other 
condensable hydrocarbons. Due to this reason purification of such effluent, using a membrane system 
is also taken into consideration, as well as subsequent recovery of chemical energy from the retentate, 
quantified by means of biomethane potential. 
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1 Introduction 

Hydrothermal carbonisation (HTC) is promising in terms of the valorisation of various types of wet 
biomass [1–3]. HTC is a thermal valorisation process, which takes place in subcritical water, elevated 
temperatures (typically 170 to 260 °C) [4–6] with residence time ranging between 30 minutes and a 
couple of hours [7–11], performed above saturation pressure. During HTC complex reaction pathways 
occur, with different reactions proceeding in parallel [12,13]. Dehydration is important from the point 
of view of global processing efficiency of installations processing wet biomass, as it decreases the 
number of hydroxyl groups (OH) [14]. From the practical perspective, a loss of hydroxyl groups makes 
hydrochars more hydrophobic, both in term of decreased equilibrium moisture content [15] and 
facilitating the mechanical dewatering [14]. Among other advantages of the process one could name 
improved grindability of the hydrochars [16,17], enhancement in pelletizing [24], increased heating 
value of valorised biomass [18,19], improved sorption capacity for some compounds [20]. Positive 
influence across the whole value chain of wet biomass has been shown by LCA [21–24]. HTC process 
produces liquid by-products, which contain some chemical energy that could be used for production of 
biogas [25–28]. 

Ahmed et al. [28] evaluated influence of HTC process conditions on the Capillary Suction Time (CST) 
as well as dewaterability with a centrifuge, for sewage sludge samples obtained from wastewater 
treatment plant in Trento, Italy. HTC at 190°C with residence time of 30 minutes resulted in the CST 
decreasing from 2.78 s/g/L for raw sewage sludge to 2.67 s/g/L for HTC treated material [28]. Further 
increase in HTC residence time resulted in significant decrease of CST, i.e., HTC residence times of 1 
h, 2 h, and 3 h resulted in CST as low as 0.38 s/g/L, 0.37 s/g/L, and 0.27 s/g/L, respectively [28]. This 
is in apparent contradiction with results reported by Wang et al. [29], which observed increase in CST, 
for hydrothermally treated samples of sewage sludge, from wastewater treatment plant in Hefei, China, 
treated at the temperatures ranging between 50°C and 170°C, with residence time of 30 minutes. Wang 
et al. [29] attributed this to disintegration of flocs caused by the thermal treatment. It seems plausible to 
suspect that relatively low temperature and residence time of hydrothermal treatment, applied by Wang 
et al. [29], was enough to disintegrate the flocs, but not enough to decrease the content of oxygenated 
functional groups (i.e., OH groups) forming on the surface of hydrochars, which has its maximum at 
certain temperature of hydrothermal treatment and decreases further with the temperature increase, as 
reported by Jain et al. [30]. Gao et al. [31] reported benefits of in-situ mechanical dewatering of sewage 
sludge in HTC reactor, resulting in a reduction of 27.7% – 59.6% of the moisture content, depending on 
HTC severity. Wang et al. [32] also reported decrease in moisture content of sewage sludge, using in-
situ dewatering in the HTC reactor and demonstrated that dewatering performance in hot conditions is 
significantly better, in comparison to dewatering  performed after cooling down the products to ambient, 
for HTC performed at 180°C, with residence times ranging between 10 and 90 minutes. Aragon-Briceño 
et al. [33] demonstrated positive influence of HTC treatment on mechanical dewatering, for digestate 
from anaerobic digestion of wet fraction of municipal solid waste, treated at temperatures ranging from 
180°C to 230°C with residence times of 30 min – 120 min. Lisseth et al. [34] proposed recovering of 
heat by using flash vapours as the heat source in an installation with HTC. Such generation of vapours 
would also mean removal of the moisture from hydrochars. 

The aim of this work is: 

1) Optimising the dewatering pressure after HTC of municipal solid waste digestate 

2) Determination of possible means of purification of condensate with nanofiltration membranes, 
after condensing of vapours flashed for heat recovery after HTC. 

3) Evaluation of biomethane potential of flashed vapours. 

2 Materials and methods 

Samples of the digestate were taken from an agricultural biogas plant, owned by Butor Group, in Silesia, 
Poland. Sample of the digestate was taken from a special sampling point at the outlet of the AD reactor, 
before the mechanical dewatering installation. The digestate was stored in a cooler, at the temperature 
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of 5°C, prior to HTC experiment. Diagram of the experimental setup (Figure 1) shows both autoclave 
rig. The autoclave was filled with 3.8 litres of wet digestate, which had solid content of 10.1%, 
determined with Radwag MA.X2.A at 105°C.  

HTC temperature of 200°C was chosen, based the literature range between 200°C and 260°C [35,36], 
and taking into account design preference of industrial scale HTC installations for lower range of 
pressure, which allows comparably lower thickness of reactor’s walls. After heating up, the biomass 
was kept in the reactor for 120 minutes. Subsequently, the heating was switched off and the rig was left 
for cooling overnight. 

 

Figure 1: Diagram of the HTC rig (1 – vessel; 2 – thermocouple; 3 – PLC; 4 – heaters; 5 – cotton 
filter; 6 – filter’s base; 7 – effluent; 8 – separated hydrochar; 9 – safety valve; 10 – purge gas; 11 – 

flashing-off valve; 12 – laboratory cooler) 

Flashing off was performed, after separation of wet hydrochars from liquid effluent, at the temperature 
of 110°C. When this temperature was been achieved in the autoclave, the flashing-off valve was slightly 
opened and vapours have been released into Allihn type glass cooler, with 1 m of effective lenght, cooled 
with tap water. Opening of the valve was kept at the level allowing sufficient pressure drop in order to 
prevent the glass cooler to shatter due to vapours’ pressure. Condensate was collected for 2 hours, into 
5 containers, each being changed after approx. 25 minutes. The characteristics of the test solutions are 
presented in Table 1. Physicochemical analysis of tested solutions was conducted according to Standard 
Methods for the Examination of Water and Wastewater, 23rd Edition. 

Treatment of individual condensates was carried out using NPO10P and NPO30P flat nanofiltration 
membranes from Mann+Hummel Water & Fluid Solutions. Their characteristics are shown in Table 2. 

The membranes were conditioned before the actual membrane filtration processby filtering the 
redistilled water through the membranes successively under different transmembrane pressures from 0.1 
to 0.4 MPa until constant water flux values were obtained. 

After each experiment membranes were cleaned (chemically regenerated) with 0.1 mol/dm3 NaOH 
solution of (Avantor Performance Materials Poland S.A., Gliwice, Poland) and rinsed with redistilled 
water until the initial values of permeate flux were obtained. 
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Table 1: Properties of the test solutions  

parameter 
test solution 

K0 K1 K2 K3 K4 

pH 8.12 10.46 10.88 9.98 9.61 

conductivity, mS/cm 32.8 8.23 5.74 1.841 1.042 

dry mass, mg/dm3 27050 790 850 680 570 

COD, mg O2/dm3 30940 2670 2130 1410 840 

BOD5, mg O2/dm3 6200 484 448 464 460 

DOC, mg C/dm3 7970 1250 940 660 370 

N-NH4
+, mg/dm3 3026 2364 2396 327 218 

N-NO3
-, mg/dm3 0 0 0 17.6 18 

N, mg/dm3 3280 2880 2640 389 261 

Na+, mg/dm3 2300 1720 1290 630 460 

K+, mg/dm3 2150 1580 1030 550 390 

Mg2+, mg/dm3 285 41 11.8 10.3 10.9 

Ca2+, mg/dm3 440 95.2 22.1 20.8 21.3 

F-, mg/dm3 82.5 8.14 2.83 11 11.3 

Cl-, mg/dm3 5965 35 50.2 14.6 14.1 

Br-, mg/dm3 14.6 1.14 1.14 0.25 1.24 

P-PO4
3-, mg/dm3 30.3 5.52 2.54 2.87 3 

SO4
2-, mg/dm3 1240 83.3 45 35.8 35.4 

P, mg/dm3 31.8 6.2 5.3 5.6 4.9 

Table 2: NF membranes used in the experiments [37] 

Membrane 
type 

Membrane 
material 

Na2SO4 
retention 

MWCO, 
kDa 

contact 
angle 

Max 
temp., 

˚C 

pH 
range 

Effective 
filtration 
surface, 

cm2 

NP010P 
polyethersulfone 

25 - 40 
% 

1040 – 
1400 

62.5o 95 0 - 14 45.3 
NP030P 

80 - 95 
% 

520 – 700 

 
The nanofiltration process was carried out on a test stand equipped with an Amicon 8400 chamber from 
Millipore (Figure 2). This chamber allows for a dead-end filtration process and is designed to work with 
flat sheet membranes. The volume of the Amicon 8400 chamber is 400 cm3 and the membrane diameter 
is 76 mm. The UF chamber was placed on an ARE magnetic stirrer from OMC Envag (Poland) so that 
the contaminant concentration was uniform throughout the solution volume. The transmembrane 
pressure used in this study was 0.3 MPa. 
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Figure 2: Amicon 8400 dead-end membrane system (1 - ultrafiltration cell, 2 - membrane, 3 - stirrer, 

4 - pressurized nitrogen cylinder, 5 - pressure valve) 

The separation efficiency was evaluated by determining the concentration of impurities in the treated 
solution and in the purified solution and determining the value of the reduction factor 
(removal/retention) R from the formula (1): 

R =  (1 – c /c )  ∙  100, % (1) 

where: 

cp - concentration of impurities in the treated solution, g/m3 
cn - initial concentration of impurities in the treated solution, g/m3 

The equation (2) presents the formula for the calculation of the theoretical biomethane potential (BMP) 
in the retentate. 

𝐵𝑀𝑃 = 0.39 ∙ 𝐶𝑂𝐷 ∙  
𝐷𝑂𝐶

𝐶𝑂𝐷
∙  0.9,

𝑑𝑚
𝑑𝑚

 (2) 

To calculate the BMP of the retentate, the stochiometric formula (3) of the methane oxidation was used. 
This formula allows to calculate the potential amount of methane produced based on the chemical 
oxygen demand (COD) balance of a sample [38]. 

The COD conversion to methane at 35°C is 0.39 dm3 of CH4 per gram of COD. Furthermore, second 
correction factors were applied to make more accurate the prediction. The first correction factor referred 
to the DOC/COD ratio that was used since the COD refers to all the organics and inorganics that can be 
oxidized and the DOC only to the organic carbon compounds that potentially can be converted into 
methane. The second correction factor is related to the biodegradability of HTC process waters that is 
90%. This factor was based on a comparison from the real BMP reported in previous studies versus the 
theoretical BMP value from the normal conversion of the stochiometric formula [25,39]. 

𝐶𝐻 + 2𝑂 →  𝐶𝑂 + 2𝐻 𝑂 (3) 

3 Results and discussion 

Obtained results (table 3) show that HTC resulted in reduction of moisture content of the digestate, as 
values of moisture content of dewatered hydrochars were much lower in comparison to the moisture 
content of raw digestate (75.7%w.b.), as well as digestate after dewatering at 30 bar (65.3%). Furthermore, 
increase in dewatering pressure allowed further reduction of the moisture content, which enabled 
achieving 37.1% for dewatering at the pressure of 100 bar. 
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Table 3: Moisture content of hydrochars, after dewatering at different pressures (w.b. – wet basis) 

Sample pdewatering, bar Moisture content, %w.b. 
Raw digestate - 75.7 

Dewatered digestate 30 65.3 

Dewatered 
hydrochars 

30 45.4 
50 42.9 
70 41.4 

100 37.1 

The results of the tests to determine the suitability of nanofiltration membranes for the purification of 
condensates obtained in the distillation process of the liquid fraction of municipal post-HTC digestate 
are presented in Figure 3. The effect of the membrane cut-off value on the separation efficiency of 
organic compounds from the analysed solutions was analysed. Comparing the results obtained, it can be 
seen that both of the tested nanofiltration membranes can be applied in the treatment of condensates, 
although a deterioration in the quality of the permeate could be observed as the cut-off value increased. 
In the nanofiltration process, the separation effect of organic macromolecules is determined by the sieve 
mechanism as well as the dissolution and diffusion and electrostatic interactions between the membrane 
and the solution components. Purification with NPO10P membrane allowed to obtain retention 
coefficients of BOD5, COD and DOC at the level up to: 62, 47, and 50%, and for NPO30P membrane: 
73, 61, and 82%, respectively. The better separation properties of the NPO30P membrane may be due 
to its dense structure. According to Kovacs et al. [40], the cut-off value of NPO10P membrane is higher 
and is in the range of 1010 - 1400 Da (with pore diameter of 0.80 - 1.29 nm), while for NPO30P 
membrane it is 500 - 700 Da (with pore diameter of 0.57 - 0.93 nm). 

 
Figure 3: Effect of nanofiltration membrane type a) NPO10P, b) NPO30P on the efficiency of organic 

pollutants separation from condensates obtained from the liquid fraction of municipal post-HTC 
digestate (Δp = 0.3 MPa) 

Analysing the results obtained for individual condensates, it was found that regardless of the type of 
nanofiltration membrane, the retention coefficients of BOD5, COD and DOC remained at relatively 
constant level, which may mean that the duration of the distillation process had no significant effect on 
the efficiency of organic compound removal from the analysed liquids. 

Biomethane potential was the most significant for the first sample of condensate and gradually decreased 
with subsequent samples (table 4). Unsurprisingly, the first condensate was the most suitable for biogas 
production. However, alternative approach should be considered, since nanofiltration has shown 
significant COD reduction potential. Therefore, it might be beneficial to perform anaerobic digestion of 
retentates left after membrane purification.   
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Table 4: Biomethane potential (BMP) for subsequently taken condensate samples 

parameter 
test solution 

K0 K1 K2 K3 K4 

BMP, dm3
CH4/dm3

liquid 2.80 0.44 0.33 0.23 0.13 

4 Conclusions 

Performed research showed that it is beneficial to increase the dewatering pressure, for dewatering of 
hydrochars after hydrothermal carbonisation. However, technical difficulties related to increased 
problems with strength of the materials used in building of dewatering presses, should also be taken into 
account when making decisions. Nanofiltration membranes, made of polyethersulfone, demonstrated 
good COD removal rates, proving to be suitable for purification of condensates, coming from flashed 
vapours. The condensates had some biomethane potential. Nonetheless, it seems reasonable to consider 
anaerobic digestion of nanofiltration retentates as much better option. Overall, existing possibilities for 
purification of condensates make flashing off a viable dewatering option. Further research is 
recommended on combining novel in-situ dewatering methods, presented in the literature, with the use 
of flashing as heat recovery option in HTC installations.  
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Abstract 

Thermochemical processing of waste materials is an effective way for waste generation minimization 
together with the production of new value-added products. Such technologies subscribe into circular 
economy concept, one of the main pillars of the European Green Deal which is EU plan to make the 
European economy more sustainable. One of the challenges is proper upgrading and management of 
industrial process by-products. In this study thermal processing of four selected waste materials: waste 
biomass, RDF produced from municipal waste, RDF produced from industrial waste, and shredded tires 
were analysed. First, the chars were produced using the pyrolysis process of raw feedstock. Next, the 
chars upgrading was obtained by steam gasification to develop the active surface area and produce 
activated carbon from waste materials. The main problem associated with such a product is its high 
contamination with heavy and alkali metals. However, contaminated activated carbon might be used 
with success in adsorption chillers in working pair with methanol. Extended sorption tests using the 
nitrogen adsorption method, and dynamic vapor sorption measurements with methanol were performed 
to determine the sorption properties of the produced activated carbons. The morphology of the samples 
was analysed using a scanning electron microscope. The thermal behaviour was analysed using 
simultaneous thermal analysis. Well-developed porous structure, resulting in promising methanol 
uptake was noticed for activated carbon derived from RDF. Good sorption and thermal properties make 
these new value-added products good candidates for sorption chiller adsorbent used in working pair with 
methanol. 
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1 Introduction 

The world is caught in a precarious situation where stimulating economic growth has to be aligned with 
acting against further planet degradation. In response to this, the circular economy concept spreads 
throughout the world, accelerating the development of energy and resource efficiency technologies. 
However, the current EU strategy towards the circular economy [1] increases the waste incineration tax, 
thus hindering incineration in a long-term perspective and shifting attention to other waste-to-energy 
technologies, such as gasification or pyrolysis.  

Activated carbons are obtained through several processes, such as, for example, high-temperature 
carbonization of various types of fuel (e.g., peat, wood, coal or fruit and vegetable products). Initially, 
the carbonisation product does not have a developed porous structure; therefore, its activation is carried 
out through physical processes such as high-temperature carbon dioxide or steam gasification or by 
chemical treatment using hydroxides. Activated carbon is used in many industries, starting from 
common water treatment [2] and ending at catalysis [3]. But it is also possible to use it as a sorbent in 
cold production with temperatures lower than 0 C, which increases the importance of activated carbons 
as sorbents in adsorption chillers [4]. Additionally, the high thermal diffusivity and conductivity 
coefficients of activated carbons positively affect the operation of cooling devices, making activated 
carbons conductive hosts for highly developed sorption materials such as metal-organic frameworks [5]. 
However, the sorption properties vary as they are directly associated with the raw material and the 
activation process [6–8].  

The price of activated carbon adsorbent depends on the raw material from which it was obtained and the 
activation method [9]. The utilization of waste materials as raw materials for activation gains attention 
first due to effective waste utilization and second due to the low price of the feedstock. The challenge is 
to define the most suitable way for the pre-treatment and activation of waste to achieve properties of 
waste-derived activated carbons comparable to sorbents available on the market. According to the waste 
hierarchy, the production of new value-added products is preferred over energy recovery.  

In the presented study, activated carbons obtained from the waste (i.e., waste tires and refuse derived 
fuel (RDF)) were compared with commercial activated carbons as potential adsorbents in sorption 
cooling devices. Sorption properties, together with thermal stability and surface topography of selected 
adsorbents, were analysed to determine the possibility of using them as materials in sorption cooling 
devices. The crucial issue in the sorption studies is a working pair; in this case, methanol was selected 
as adsorbate because activated carbon-methanol is one of the most common working pairs. Methanol is 
characterised by a large adsorption capacity and low adsorption heat, equal to approximately 1800-2000 
kJ/kg [10]. The additional benefit of the activated carbon-methanol working pair is the low-temperature 
requirement for the desorption process [11], enabling the utilisation of waste heat from various 
production processes. In addition, the progress of climate change and the increased consumption of 
electricity to run air conditioning devices during hot periods leads to increased interest in the subject of 
adsorption cooling devices that use environmentally friendly adsorbates and heat instead of electricity 
[12,13]. About 40% of all articles on adsorption cooling have been published in the last 5 years [14]. 
However, the large size and weight associated with low coefficient of performance (COP) and specific 
cooling power (SCP) values are still challenges, and further research on highly porous materials with 
high thermal conductivity coefficients is required. 

The presented study covers the knowledge gap, not only in the subject of new sorbents for adsorption 
chillers driven by waste heat but also in the search for answers to effectively and adequately manage the 
solid products of thermal waste processing. Up to date, most published studies are related to the 
preparation of activated carbons from clean fuels, such as charcoal and biomass or waste fuels, but are 
mainly limited to waste biomass, paper and shredded tires  [15–18].  
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2 Materials and methods 

2.1 Materials 

The present study is a comparative analysis of activated carbons manufactured from waste materials 
(waste tires, RDF from municipal solid waste and RDF from industrial waste) and commercial activated 
carbons available on the market: AKPA-22 and CWH-22 delivered by Gryfskand Company. First AKPA 
activated carbon is produced from hard coal and beetroot molasses, whereas CWH activated carbon raw 
material is charcoal. 

2.1.1 Activated Carbon from waste materials  

The pyrolysis char was obtained from refuse-derived fuel (RDF) formed from municipal solid waste and 
industrial waste, as a carbon-rich material waste tires were selected and used in this study. 

 Waste samples were subjected to pyrolysis at 600 °C in an electrically heated vertical fixed bed reactor 
made of quartz glass (inner diameter of 40 mm). The reactor was equipped with a condensing section to 
collect condensable volatiles, and an aerosol trap to clean a permanent gas. Produced pyrolytic gas was 
collected at the final stage.   

The tests started with placing a ceramic boat with approximately 2 g of sample in the cooling zone. After 
that, the reactor was heated to 600 °C at a constant nitrogen flow of 100 ml/min. The sample was heated 
up in the reactor and when it reached the desired temperature, after 30 minutes it was cooled down. 
Eventually, all elements of the condensing section and the solid residue were weighed to determine their 
yields. However, due to the construction of the reactor, the condensable gases were not collected within 
the vessels, but there were condensed on the final part of the reactor.  

Subsequently, the char was subjected to a steam activation process at 850 °C.  Steam activation was 
performed in a semi-batch vertical quartz reactor. The gasification process of chars was performed under 
a steam atmosphere (mixture of heated to 300 °C H2O and N2) at 850 °C. About 1 g of char was placed 
on glass wool and stainless steel mesh in the quartz tube reactor. The gasification process lasted 25 
minutes and consisted of the heating stage, which lasted for 15 minutes and starts from the heating of 
the system from the ambient temperature to the set temperature and the gasification stage which lasted 
for 10 minutes in 850 °C. The flowrates of process gases were: 1 ml/min of water vapor and 80 ml/min 
of N2. Process gases are going through the  

reactor where the gasification process take place, released chemical compounds are moving into the 
liquid receiver where tars are condensing in the ice bath. This stage allows to remove liquid phase and 
separates the gaseous phase which is going through a dryer next to be collected in the Tedlar bag which 
is used to collect syngas the composition of which is analysed with the use of a Gas Analyzer. In the 
presented study, condensable gases were not collected during both pyrolysis and gasification processes. 
Syngas was collected in the presented study, after reaching 500 °C in the reactor.  

2.2 Methods 

2.2.1 Simultaneous Thermal Analysis (STA) 

Simultaneous thermal analysis (STA) was used to determine the thermal decomposition of the raw 
feedstock. Mettler Toledo TGA/DSC 3+ was used in this study. Samples were tested in aluminum oxide 
crucibles, a constant heating rate of 10 °C/min was used in 50 ml/min nitrogen. TG, DSC, and DTG 
curves are presented in Figure 1.  

Moisture release occurred at low temperature, as in all cases, the samples were dry before reaching 150 
°C. Thermal decomposition under a nitrogen atmosphere was analysed to determine the most suitable 
temperature for the pyrolysis process at lab-scale test rig.  

It was noted that all samples were decomposed at 500 °C. However, its chemical composition differs, 
as in the case of RDF, two decomposition picks were noted at about 350 °C and at 500 °C. Whereas in 
the case of waste tires only one pick was present at 400 °C. It is associated with major components of 
the feedstock, the major components of waste tires are: natural rubber, synthetic rubber, soot, and oil. 
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Some additional reinforcement and textile cord are present as well in minor amounts (up to 20 %). RDF 
is a mixture of different waste fractions: textile, paper, plastics, etc. in a very nonuniform amounts.  

 

Figure 1: Thermal behaviour of raw feedstock up to 600 °C under inert atmosphere  

2.2.2 Proximate analysis of the analysis of the raw feedstock and produced chars after pyrolysis 
process 

To analyse thermal degradation and modification of material through thermal treatment methods 
additional ultimate analysis was done for all solid samples in this study. Carbon, hydrogen and nitrogen 
contents were determined using Truspec CHN628 Leco analyser. The highest carbon content was noted 
for the waste tires sample, whereas the highest content of hydrogen was determined for RDF derived 
from industrial waste. The lowest decomposition and carbon release were noted for the RDF derived 
from municipal waste. Both, RDF samples contained form 49-57 % of C in raw feedstock and after the 
last, activation stage the values were decreased by 5-13 %.  

Table 1: Proximate analysis of raw feedstocks and chars collected after pyrolysis and steam 
gasification processes.  

Sample\Element C, % H, % N, % 
WT 81.82 7.48 0.52 

RDF_IW 57.24 7.59 2.00 
RDF_MW 49.40 6.65 1.29 

P_WT 62.31 0.78 0.38 
P_RDF_IW 59.34 2.58 3.02 

P_RDF_MW 47.42 1.73 1.73 
G_WT 69.21 0.16 0.31 

G_RDF_IW 44.47 0.78 0.79 
G_RDF_MW 44.63 0.96 0.81 

2.2.3 Identification of the chemical composition of the gaseous phase using gas chromatography 
(GC)  

The gaseous phase collected during the pyrolysis and gasification processes were analysed using a gas 
chromatography system, Agilent Technology 7890A GC. Gases such as CH4, CO2, O2, CO, C2H6, C2H4, 
C2H2, H2 were detected at various concentrations. The GC system is equipped with TCD and FIC 
detectors. The oven program included the following steps: the initial temperature of 40 °C was 
maintained for 5.5 min, then increased to 180 °C by 4 min with a heating rate of 20 °C/min, the 
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temperature 180 °C was maintained until the end of the analysis run time. The total run time of the 
program was set to 16.5 min. The TCD detector heater was set at 200 °C with a reference flow set at 30 
ml/min and a makeup flow (He) of 1 ml/min. The FID detector heater was set to the same temperature 
as TCD with H2 flow of 30 ml/min, air flow of 400 ml/min, and makeup flow (He) of 20 ml/min. 

2.2.4 Sample morphology and chemical composition (SEM-EDS) 

Activated carbons were analysed using a scanning electron microscope coupled with energy-dispersive 
X-ray (Nova NanoSEM 450) to identify the chemical composition of the samples. A 2 kV beam 
acceleration voltage was used for activated carbon morphology testing. 

2.2.5 Structural Analyses 

Structural properties were determined using a gas adsorption method. Micromeritics ASAP 2020 
volumetric analyser was used, it operates at low-pressure nitrogen adsorption at a temperature of 
77.35 K with a relative pressure range of 0<p/p0<0.996. The Brunauer-Emmet-Teller (BET) method 
was used to determine the specific surface area of the activated carbons and the average diameter of the 
pores based on the adsorption isotherms with p/p0 ranging between 0.06 and 0.20; both adsorption and 
desorption curves were used. In the pore diameter measurement, the presence of adsorbed layer was also 
included.  

2.2.6 Sorption characteristics 

Methanol sorption properties of activated carbons examined in this study were determined using a 
dynamic gravity vacuum system (DVS Vacuum). The apparatus makes a constant measurement of the 
sample mass change during adsorption and desorption with a high sensitivity of 0.1 µg. In this study, 
methanol was used as a commonly used non-hazardous adsorbate in the working pair with activated 
carbon [19–22]. The measurement method was divided into 22 stages. Prior to the adsorption and 
desorption cycles, samples were first dried and degassed by heating the apparatus and the sample to 100 
°C for 60 minutes. Stabilization of the temperature for an hour at a given process temperature was the 
next step. The adsorption process was analysed in 10 steps (20 minutes each), in the relative pressure 
P/P0 range, from 10 % up to 100 %, then gradually decreased again to 10 % in 10 steps, each lasting 20 
minutes. Based on experimental results, adsorption and desorption isotherms were calculated. The 
methanol intake for all samples was determined depending on their saturation pressure. The alcohol flow 
rate was constant and equal to 15 sccm. Materials were examined at two process temperatures: 30°C 
and 60°C, as according to previous studies the temperature does not influence the sorption properties of 
the activated carbons to a major extent. 

3 Results and discussion 

3.1 Analysis of collected pyrolytic gas and  syngas from steam activation process 

Pyrolytic gas and syngas were collected during first stage carbonization – pyrolysis and second stage 
activation – steam gasification. The results of the analysis are shown in Figures 2 and 3. The carrier gas, 
nitrogen was excluded from the calculations. 
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Figure 2: Analysis of pyrolytic gas from first stage carbonization process 

The results presented in Figure 2 show that the major component of the produced pyrolytic gas in all 
cases is methane (CH4). The highest content of methane – 51.48 % and hydrogen – 22.70 % were noted 
for waste tires. This raw material was also characterised by the highest content of carbon (see Table 1), 
what resulted in the most valuable pyrolytic gas obtained at 600 °C. Also in this case, the lowest contents 
of CO and CO2 were noted, what additionally increase the pyrolytic gas quality and value. In the process, 
noticeable amount of higher hydrocarbons (14.73 %) was measured for waste tires, but the collected 
amount was too small to be further analysed.  

Two RDF samples, one produced from industrial waste (RDF_IW) and one from municipal waste 
(RDF_MW) give similar results, as their elementary composition was similar. However, RDF_IW was 
characterised by higher carbon content what resulted in higher concentrations of methane in produced 
pyrolytic gas. 

 

Figure 3: Analysis of syngas from steam gasification 
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The results of syngas analysis indicate that the major component is hydrogen. Using steam gasification 
method it is not only possible to produce good quality char, but also H2-rich gas. Almost 70 % of 
hydrogen in syngas was noted for activated char of RDF produced from industrial waste.  

Methane and higher hydrocarbons were collected in trace amounts. Very interesting behaviour was 
noted for waste tires char. In the literature it is presented as material suitable for activation, but during 
steam activation very high degradation of material was observed as 53.38 % of syngas was CO2. It 
further resulted in poor activation results, low active surface area and methanol sorption properties. The 
high content of CO2 and low concentration of CO, in this case might be associated with he water-gas 
shift reaction (CO + H2O→CO2 + 3H2) [23] in which the reactants are CO and water vapor which is the 
environment of the process, while the products are CO2 and H2.  

3.2 Structural and morphological analysis of produced activated carbons 
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Figure 4: Morphology analysis of commercial and produced activated carbons 

Structural and morphological analysis of produced activated carbons was performed and the SEM 
images are presented in Figure 4. Mostly macropores were formed in the case of waste tires activated 
using steam. Some more mesopores were also formed, but the number of them was very limited. In the 
case of commercial activated carbons well developed and uniform porous structure was noticed. High 
heterogeneity of raw feedstock in the case of both RDF samples resulted in nonuniform porous structure 
development, which was dependent on the composition of the samples. RDF rich in waste wood and 
wood will be the most promising material for porous materials synthesis. 

3.3 Porosity of produced activated carbons 

The gas adsorption analysis results are presented in Table 2. The specific surface area (BET) for 
commercial activated carbons was in the range of 750-850 m2/g, it is not a very high value, but activated 
carbons are produced to satisfy precise needs. However, the specific surface area is not the only 
parameter defining the potential use of activated carbons. 

As presented in Figure 4, waste tires derived from activated carbons were characterised by a 
macroporous structure, which was also proved by the mean pore diameter, which was about 10 – 15 
times higher than the mean pore diameter for other samples, both commercial and synthesized. 
According to the literature waste tires is a good and homogeneous material, rich in carbon (See Table 
1). Obtained in this study, poor performance for this sample might come from too short residence time 
of the sample in the reactor or too low process temperature. Both RDF samples showed promising results 
regarding specific surface area development of about 250 up to 330 m2/g.  

Table 2: Microstructural parameters of commercial and produced activated carbons determined using 
gas adsorption method,  

Sample 
Specific 
surface area 
(BET), m2/g 

Total pore 
volume, 
cm3/g 

Mean pore 
diameter 
(BET), µm 

AKPA-22 750.66 0.48 25.61 
CWH-22 844.09 0.58 27.41 
AC WT 78.34 0.76 389.38 
AC RDF_MW 245.56 0.26 42.21 
AC RDF_IW 328.97 0.34 41.82 

Activation of waste materials by means of two-stage thermal treatment using pyrolysis and steam 
gasification leads to a noticeable increase in specific surface area. Obtained activated carbons have 
properties similar to those of commercial activated carbons, characterised by a developed microporous 
structure. The main difference is observed in terms of its active surface area, which is definitely too low 
to assume this type of material as a potential adsorbent. The surface area of commercial activated carbon 
BET is in the range of 500 – 3150 m2/g [6,10,26,27]. Steam activation is one of the most frequently used 
techniques in the commercial production of activated carbon from clean fuels such as wood and 
charcoal. Its main advantage is its minor impact on the environment and small waste generation 
compared to chemical activation.  
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3.4 Sorption characteristics 

The methanol intake was tested at the temperatures of 30 and 60 °C, the sorption isotherms are shown 
in Figures 5 – 8. The method was used to compare sorption properties between commercial and 
synthesised activated carbons and its potential in a working pair with methanol in an adsorption chiller, 

 

Figure 5: Adsorption and desorption isotherms for the AKPA-22 (right) and CWH-22 (left)commercial 
activated carbons, at 30°C and 60°C 

The activated carbons AKPA-22 and CWH-22 were characterised by an adsorption isotherm of type I, 
and there was practically no hysteresis of adsorption, which confirms that the tested material has a 
microporous structure. However, slight H4 type hysteresis was observed in all temperatures analysed; it 
could be associated with the presence of split pores in the material. The material was characterised by a 
high methanol adsorption capacity, which increased with a temperature decrease, what is characteristic 
for activated carbons. The highest weight gain was observed for the process temperature of 30°C, for 
the value of P/P0 of 90%, and it was equal to 32.14 and 38.72 for AKPA-22 and CWH-22 samples, 
respectively. The sorption capacity of the adsorbent is weakly temperature-dependent. 

 

Figure 6: Adsorption and desorption isotherms for the AC WT sample, at 30°C and 60°C 

The activated carbon synthesised from waste tires was characterised by an adsorption isotherm of type 
III. A noticeable hysteresis was observed in this case. The type III reversible isotherm is convex to the 
P/P0 axis over the entire range, therefore no inflection point is recorded. It means that the forces of 
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interaction between the adsorbate and the adsorbent are relatively weak and that the adsorbate-adsorbate 
interaction plays an important role in the adsorption process. This type of isotherm is not common, but 
an example is nitrogen adsorption on polyethylene or water vapor adsorption on the graphite plane. A 
maximal methanol uptake was below 10% and the reason for the weak sorption properties of this sample 
comes from the problem with porous structure development.  However, weak porous structure 
development might be associated with too low parameters of activation, as the material is characterised 
by high carbon content. 

 

Figure 7: Adsorption and desorption isotherms for the AC RDF_MW sample, at 30°C and 60°C 

Activated carbon derived from municipal solid waste RDF was characterised by moderate sorption 
properties. The material was characterised by an adsorption isotherm of type I, but it was very irregular.  
The highest weight gain was observed at the process temperature of 30°C, for the value of P/P0 of  90%, 
and it was equal to 14.32 %. A noticeable hysteresis of H4 type was observed, at both process 
temperature. 

 

Figure 8: Adsorption and desorption isotherms for the AC RDF_IW sample, at 30°C and 60°C 
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The material produced from industrial waste RDF char showed very promising sorption properties. 
Methanol uptake of about 25 % was noticed for both process temperature. However, a quite high 
hysteresis of type H4 was noticed. Additional, kinetics of the sorption process was determined, showing 
very promising results, which might be associated with noticeable mean pore diameter, almost two times 
higher than in the case of commercial samples.  

4 Conclusions 

Based on a comprehensive investigation of porous materials synthesis from waste materials using steam 
activation method the following findings might be derived: 

- A methodology for activated carbon synthesis through pyrolysis and gasification was presented 
in this study. The major interest was put into porous material synthesis and hydrogen-rich 
syngas production. 

- Used methodology and its parameters are not the most promising ones in the case of waste tires 
treatment, the macroporous structure development was limited, and not well developed porous 
structure was formed; 

- Despite the high heterogeneity of RDF samples, the selected method of first char production at 
600 °C and activation at 850 °C with steam resulted in the development of porous structure, the 
specific surface area was equal to 245.56 and 328.97 m2/g, whereas the highest methanol uptake 
was equal to 14.32 and 25.14 for RDF_MW and RDF_IW, respectively.  

- Both, RDF samples were good candidates for hydrogen-rich syngas production. Almost 70 % 
of hydrogen in syngas was noted for activated char of RDF produced from industrial waste. 

- For commercial samples the highest noted methanol uptake was noticed for sample CWH-22 
derived from charcoal in the steam gasification process and it was equal to 38.72%. The second 
highest result for methanol adsorption was noted for AKPA -22 sample derived from hard coal 
and beetroot molasses activated with steam, in this case, methanol uptake was 34.12%. 
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Abstract 

To improve both the efficiency and economy of the district heating network the system based on supply 
of low temperature water to new and existing buildings and locally raising its thermal parameters to the 
required values is a modern and vital option. Paper presents a comparison between a traditional DH 
system with boilers and electricity purchases from power utilities and a low temperature DH system 
incorporating the CHP with ORC, meaning that heat and electricity are produced within the system. 
Additionally the “island” system may feature or not the heat pump. Comparisons are made based on the 
results obtained using a simple analytical model for the efficiency of respective systems. The objective 
of the heat pump in the system is to increase temperature of hot water to the required level locally at the 
dwelling and provide the heating in such way, contrary to the traditional system, where water heating is 
considered by use of electric heaters to increase parameters of water for central heating purposes and 
preparation of utility hot water. 

1 Introduction 

In many parts of Europe district heating (DH) systems widely use various heat sources and technologies 
to provide efficient utilisation of primary energy to reduce fossil fuels consumption and hence carbon 
dioxide emissions. In practice this means more and more retrofitting of existing buildings to make them 
more energy efficient, both through insulation to reduce the heating load, and by upgrading DH systems 
to supply the required heat more efficiently and in a cleaner manner. In order to improve both the 
efficiency and economy of the DH network the district heating based on supply of low temperature 
water to new and existing buildings  and locally raising temperature of this water heating to required 
parameters was first described in 2014 [1]. This provides a significant ability to reduce network heat 
losses. 
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A number of recent reports consider also LTDH systems involving combined heat and power (CHP) 
with organic Rankine Cycle (ORC) as a unit providing electricity and heat to over primarily the demand 
for electricity [2-4]. The ORC is one of the most economic and efficient ways to convert the low-grade 
thermal energy to produce heat and electricity [4-6]. ORC installations already in commercial operation 
generate power in a wide range of power ranging from 1kWe to 1-2MWe with the thermal efficiency 
not exceeding 20% [7]. 

The power of ORC plant depends on the extent of heat demand, distance of the dwellings from the heat 
source, and the required temperature level of heat supply. Evaporating temperature in vapour generator 
is in the range from 80 to 150oC depending on the type of heat source and working fluid in ORC, 
however a tendency to increase the heat source temperature is also observed. The power of ORC can be 
used to drive pumps, serving the system or the heat pumps as well as for direct heating of domestic 
water in house to the temperature level required for use. The last approach is very popular especially in 
the USA. In case of ORC the heat recovered from condensation of the working fluid in the cycle is 
considered as a source which is used subsequently used to warm up water circulating in the district 
heating network. Condensation temperature in ORC depends on temperature of the transmitting hot 
water in heating systems. Usually this temperature is in the range 50-80oC. 

Paper presents a comparison between a traditional DH system with boilers and electricity purchases 
from power utilities and a low temperature DH system incorporating the CHP with ORC, meaning that 
heat and electricity are produced within the system. The “island” system may feature or not the heat 
pump. Comparisons are made based on the results obtained using a simple analytical model for the 
efficiency of respective systems. 

2 Analysed systems 

2.1 Traditional DH system 

Traditional DH system features a heat source providing heat at the rate Q1 , a primary circulating pump 
P1 and a secondary circulating pump P2 [2], which require electricity purchases for their operation from 
the power utility companies at market prices. Heat from the primary circuit is transmitted to the 
secondary circuit through the liquid-liquid (mostly) heat exchanger HE as shown in Fig. 1. In the 
secondary DH loop the heat demand is Q2, which is smaller than Q1 due to the heat losses in the network, 
Q2,loss. 

 

Figure 1: Schematic of traditional DH system 

The circulating pumps P1 and P2 are driven by electric motors and they require input power W1, W2, 
respectively. That power is externally produced. In case heat losses from the heat exchanger HE can be 
neglected, the energy balance for the system can be described as: 

𝐸 = 𝑄 + 𝐸 = 𝑄 + 𝑄 , + 𝑊 + 𝑊  (1) 

where E1 - energy required to be produced or purchased to provide service to customers, Q1 – total heat 
energy produced by the heat source, E1p =W1+W2 - electric energy required to be supplied (purchased) 
from other network external sources, Q2 – energy delivered to customers, Q2,loss – secondary network 
heat losses; W1, W2 - power consumption of the circulation pumps P1 and P2. 
For a traditional DH system, the supply and return temperatures in primary and secondary lines are 
usually set to either to 120oC/70oC or 80oC/40oC, respectively [8]. However other supply and return 
temperatures are also possible to be realised. 
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2.2 DH system utilising the Organic Rankine Cycle 

The drawback of the traditional system is the necessity to purchase electricity from power utility 
companies. That difficulty can be overcome by the incorporation of the organic Rankine cycle (ORC) 
into the system to provide own electricity. The principle of ORC operation is as follows: the working 
fluid is pumped to evaporator and passes through the expansion device (turbine) and then through the 
condenser. The most commonly used working fluids are refrigerants and hydrocarbons. Selection of the 
appropriate working fluid for ORC is very important and from the thermodynamic point of view depends 
mainly on temperature of the source [7], however there are several other restrictions imposed on it 
rendering that there is not a one ideal fluid for applications in ORC [9,10]. A schematic representation 
of a basic ORC system without internal regeneration is shown in Fig. 2. 

 

Figure 2: Schematic of ORC power plant 

In the system presented in Fig. 2 heat released from the condenser is transferred to water which is next 
supplying the DH or LTDH system to cover the demand for heat, Q2. Electrical energy produced by 
ORC is used to run the pumps in the system or directly to preheat water from the LTDH system. In case 
more electricity is produced, that surplus can be sold to the grid. The supply and return temperatures in 
LTDH systems are usually set to 50/30oC respectively. That obviously requires setting the adequate 
condensation temperature in the ORC. For the parameters of 50/30oC it would be appropriate to set the 
condensation temperature as 60oC. The benefit in arranging a low temperature DH system are decreased 
heat losses from the network. 

Configuration of a new LTDH system incorporating the ORC supplying with electricity all equipment 
requiring it together with heat pump using for example ground heat or ambient air is shown in Fig. 3. 

 

 

Figure 3: Schematic of DH system with ORC power plant and a ground source heat pump supplying 
with electricity all appliances 

2.2.1 Extra heating of domestic water using heat pumps 

The most general energy balance in steady-state operation of the ORC system and DH with heat pumps 
can be described as: 

𝐸 = 𝑄 + 𝑄 , + 𝑊 + 𝑊 + 𝑊 + 𝐸 (2) 
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where E2 – total primary energy supplied to the LTDH featuring ORC and the local ground source/air 
heat pump, E – electrical energy used for heating of the domestic water using electric heaters to a 
required temperature or to run the heat pump compressor and in such way producing the required amount 
of heat, Q2R – heat energy delivered to consumer using a LTDH system, Q2R,loss –heat losses due to 
transmission in the LTDH system, W1, W1R, W2R – power consumption of the circulation pumps in 
LTDH net and the electricity supplied to the heat pump through the compressor, E. In the presented 
analysis it is assumed that heat delivered to consumers in a traditional DH network or using the LTDH 
network with ORC and heat pump must be the same. Hence is: 

𝑄 = 𝑄 + 𝐸 × 𝐶𝑂𝑃 (3) 

where: COP –coefficient of effectiveness of heat pumps, where 𝐶𝑂𝑃 = . 

Electric energy used by the LTDH network for supplying the circulation pump in the primary loop, W1, 
together with the circulation pumps in the secondary circuit, W1R and W2R, as well as the electricity 
required to supply the heat pump, E, is the electricity produced by the ORC installation. In evaluation 
of its production in ORC the thermal efficiency η of ORC system must be taken into account: 

𝐸 𝜂 = 𝑊 + 𝑊 + 𝑊 + 𝐸 (4) 

We assume that the amount of electricity required to be supplied to the circulation pumps in the LTDH 
network is similar to that one required in case of the traditional DH system, i.e.: 

𝑊 ≅ 𝑊 + 𝑊  (5) 

Introducing (5) to (4) and then the result into (2) after rearrangements we obtain: 

𝐸 =
𝑄 + 𝑄 ,

1 − 𝜂
 (6) 

Introducing (3),(4) and (6) to (1) and rearranging the following can be obtained: 

𝐸 = 𝑄 + 𝑄 , +
𝑄 + 𝑄 , 𝜂

1 − 𝜂
−

(𝑄 − 𝑄 )

𝐶𝑂𝑃
 (7) 

Finally the relation describing the ratio of total primary energy used in the modified system to the one 
in the traditional district heating system E2/E1 is obtained: 

𝐸

𝐸
=

1 +
𝑄 ,

𝑄

(1 − 𝜂)
𝑄

𝑄
+

𝑄 ,

𝑄
+

𝜂
1 − 𝜂

1 +
𝑄 ,

𝑄
−

𝑄
𝑄

− 1
𝜂

1 − 𝜂
𝐶𝑂𝑃

 
(8a) 

2.2.2 Extra heating of domestic water directly by electricity E 

In case when domestic water at the dwelling must be heated with the use of electric heater the formula 
(8a) can also be used, but in such case we have to set the COP=1 in the equation: 

𝐸

𝐸
=

1 +
𝑄 ,

𝑄

(1 − 𝜂)
𝑄

𝑄
+

𝑄 ,

𝑄
+

𝜂
1 − 𝜂

1 +
𝑄 ,

𝑄
−

𝑄
𝑄

− 1
𝜂

1 − 𝜂

 (8b) 

In relations (8) there are three parameters which must be estimated, namely: , ,  and , . 

To determine the first parameter, which expresses the ratio of heat demand in the traditional DH system 

to the LTDH system when ORC cooperating with the heat pump are present, i.e. , we can apply the 

chain rule to obtain the following relation between thermal parameters of the network: 
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𝑄

𝑄
=

𝑄

𝑄 ,

𝑄 ,

𝑄 ,

𝑄 ,

𝑄
 (9) 

It can be seen that the simplex  can be expressed in function of three terms, that is ,  and 

additionally ,

,
 and 

,
. The simplex ,

,
 represents the ratio of heat losses in the 

traditional and the modified DH network. 

In order to estimate the losses it should be noted that heat losses are proportional to the transporting pipe 
external surface, A, overall heat transfer coefficient, U, and the difference in temperature of heat carrier, 
tw, (water in our case) and temperature of surroundings, ts: 

𝑄 = 𝑈 𝐴 (𝑡 − 𝑡 ) (10) 

Assuming that the overall heat transfer coefficient and the external surface of the transmitting pipes are 
the same for the traditional and ORC based DH and the only difference is the temperature of heat carrier 
in these cases, i.e. t1w and t2w, the resulting relation yields: 

𝑄 ,

𝑄 ,
=

(𝑡 − 𝑡 )

(𝑡 − 𝑡 )
 (11) 

Taking into account that due to lower temperature of hot water transmitted in LTHD than in the case of 
traditional DH we can estimate the ratio of heat losses from the above relation. Taking into account only 

the fact that temperature of hot fluid in the LTDH is smaller than in the traditional DH the ratio ,

,
, 

will be greater than unity. 

In case of the buried underground transportation pipe, the temperature of the ground is typically of the 
order of 5-10oC. In such case the external temperature is constant, but bearing in mind that the 
temperature of transported water in traditional DH is in the range 70-120oC whereas in the case of LTDH 
it is much lower and equal to 30-50oC, which in effect results in significantly reduced losses in the case 
of the LTDH systems. 

To estimate the second parameter ,  we can express it by taking into account (11) as: 

𝑄 ,

𝑄
=

𝑄 ,

𝑄 ,

𝑄 ,

𝑄
=

𝑄 ,

𝑄

(𝑡 − 𝑡 )

(𝑡 − 𝑡 )
 (12) 

Related heat losses due to heat transfer in DH network to determine parameters 2

2

R

RlossQ

Q , , , , which 

are both approximately equal we take into consideration what is known from practice as published in a 
number of publications that is approximately equal 0.1 - 0.2. 

Parameter determining the efficiency of ORC depends on the temperature of heat source. The higher the 
temperature of source the higher the efficiency of ORC cycle. Commonly, the ORC applied in DH 
networks have efficiency in the range 0-0.2 and that will be the range of data presentation. 

Effectiveness of heat pump used in DH depends on the ambient temperature of the heat source. As a 
heat source is usually used ground or ambient atmosphere and COP such heat pumps is around COP=3. 

In the next section the application of derived relations will be illustrated. 

3 Results of calculations 

Calculations using the presented model have been accomplished using MathCAD14 computer package. 
In order to illustrate the performance of the model the variants of equation (8) have been determined 

with assumed variation of , as well as ,  and , . The first simplex  was varied from 1.5 to 

5, whereas the terms  ,  and ,  were varied from 0.15 to 0.35. Such approach is assumed just to 

show the qualitative performance of the postulated model. 
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Relation presenting the ratio of E2/E1 for electrical heating of domestic water confronted to the presence 
of heat pump with three different values of COP is presented in Fig 4. Calculations were carried out for 

the following values of three simplexes, that is = 1.5, 2.25, 4.0 and 5.0 and heat losses , =

, = 0.25. As can be seen the difference between the figures is in the value of , which indicates 

how much less heat demand is in the considered system in respect to the reference one, which is 

unmodified. The greater the number of  the less energy is required by the system. Results of 

calculations are presented in Fig.4-7. 
 

  

Figure 4: Ratio of use of primary energy E2/E1 

for = 1.5 and heat losses , = , =

0.25. 

Figure 5: Ratio of use of primary energy E2/E1 

for = 2.5 and heat losses , = , =

0.25. 

 

  

Figure 6: Ratio of use of primary energy E2/E1 

for = 4 and heat losses , = , =

0.25. 

Figure 7: Ratio of use of primary energy E2/E1 

for = 5 and heat losses , = , =

0.25. 

 

As can be seen from Fig.4-7 the LTDH incorporating the ORC and the heat pump requires less primary 
energy than in LTDH incorporating ORC without heat pumps. Inclusion of heat pumps in the system 
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reduces further the demand for primary energy. The bigger the COP of the heat pump the smaller the 
thermal energy demand of the system. Some discussion is required in the case of electricity demand by 
the considered system. If we consider data in Fig. 4-7 at thermal efficiency equal zero then it is the case 
where all electricity must be purchased from external utility and only heat is produced in the heat source. 
In the case the system features the ORC then electricity can be produced within the system. It can be 
produced to cover the demand solely of the network, or it can be produced in the amount not sufficient 
to cover the demand for electricity by the network. In the present study we consider the case when the 
electricity demand of the network is just fully covered by the ORC. However that may not always be 
the truth as some electricity purchases would be required, if the system requires more electricity. In the 
considered case the expenditure of primary energy E2 in the network featuring ORC increases with the 
demand for electricity, as that is produced from the thermal conversion of ORC fuel. Figures 4-7 show 
these trends in function of the thermal efficiency of ORC for the case all heating is done by electric 
heaters (COP=1) or when heat pumps with different COP are employed. The greater the COP of the heat 
pump the smaller the demand for primary energy E2. It should be also borne in mind that electricity 
produced in ORC usually costs less then electricity purchases in case of system without modifications. 
Such analysis can be the subject of techno-economic analysis. 

In Fig. 4-7 presented are four cases of considered simplex Q2/Q2R, which means four different scenarios 
of heat demand configuration. In case the simplex equal to 1.5, Fig. 4, the modification to the modernised 
LTDH network is not significant. The LTDH network requires up to 27% less heat than the reference 
traditional configuration (heat supplied by electrical heating). Three other cases studied correspond to 
much DH networks after modifications demanding even less energy and the savings are even more 
pronounced and correspond to 54%, 71% and 76%. 

For the planned new LTDH network, the heat and pump drive energy requirements are usually known. 
This allows to design a cogeneration plant with an ORC cycle and determine its efficiency in case a new 
heating network is under development. In such case, the ratio E2/E1 can be determined from Fig. 4-7. 
That in turn allows to determine the profit on the operation of a cogeneration plant with an ORC cycle 
in relation to a conventional boiler. The economic profit should take into account the difference in 
electricity prices to drive pumps in a conventional boiler coming from the outside source of energy, to 
the price of thermal energy.  

In Fig. 8 and 9 presented are distributions of E2/E1 ratio for the cases where Q2/Q2R is constant and equal 
to 1.5, whereas either Q2R,loss/Q2R or Q2,loss/Q2R are varied within the range of variation from 0.15 to 0.35. 
In both figures comparison between the electric heating (COP=1) and the presence of heat pump 
(assumed here as COP=3) are considered. In all cases the presence of heat pump reduces the demand 
for primary energy in comparison to the sole heating by electricity (COP=1). The effect of increasing 
Q2R,loss/Q2R is to increase the required energy demand, whereas the increase of Q2,loss/Q2R is reducing the 
primary energy demand. 
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Figure 8: Ratio of use of primary energy E2/E1 

for = 1.5 and heat losses , =

0.15; 0.25; 0.35 and , = 0.25. 

Figure 9: Ratio of use of primary energy E2/E1 

for = 1.5 and heat losses , = , =

0.25. 

 

The new LTDH incorporating the ORC and the heat pump always uses less primary energy than the 
traditional DH for the same demand of heat. For the newly planned LTDH network, the heat demand 
and pump electricity requirements are usually known. This allows to design a cogeneration CHP plant 
with an ORC cycle and determine its efficiency. The bigger is the demand for electrical energy the more 
efficient should be planned ORC. It must be however remembered that the demand for primary energy 
in such case also increases. Implementation of heat pumps renders more effective usage of electrical 
energy produced by ORC system. Designing DH system incorporating ORC and heat pumps should be 
always considered as a first option. Use of electrical energy for heating utility hot water and water for 
central heating in houses is popular in USA. In Europe heating of supplied water is usually done by gas 
or oil. Electricity can be used to run heat pumps integrated with ORC giving heat for the above purpose. 
A benefit of a system based on ORC is that it is not dependent on external sources of electrical energy. 
That in turn allows to determine the profit on the operation of a cogeneration plant with an ORC cycle 
in relation to a conventional boiler supplying heat to DH. The economic profit should take into account 
the difference in electricity prices to drive pumps in a conventional boiler coming from outside source 
of energy, to the price of thermal energy. In a cogeneration boiler with ORC, we deal with the 
consumption of only heat energy, and electricity is generated for own needs. 

We must remember however that DH losses are much smaller for lower temperature of supply of the 
heat carrier. Hence it is more pertinent to raise the temperature locally. A specific recommendations to 
how many heat pumps to install depends however on local conditions. So the final arrangement of supply 
temperature and local installations for increasing local temperature is a result of grid/cost optimization. 
We must also remember that the assumption made in the paper is that locally the dwelling is using 
electricity to raise temperature to the required level. 

4 Conclusions 

Applying ORC into DH networks and LTDH networks in particular is economically and 
environmentally justified, since it leads to a reduction of heat losses of the network system and gives 
the possibility to fulfil demand of the system for electric power allowing to drive circulation pumps and 
in some cases to provide hot water to individual houses. The considered study is accomplished under 
the assumption that the ORC system produces electricity to provide entire heating through electrical 
heating or alternatively through a heat pump (driven by electricity from ORC) to reduce the heat demand. 
Possibility to apply cogeneration of heat energy and electrical energy in DH is always profitable from 
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the point of view of energy production. The purpose of the presented study is to facilitate planning and 
design of replacement of traditional DH system [11] with a new one based on ORC with or without of 
heat pump. 

A low temperature district heating (DH) system  enables easier utilization of renewable energy as a heat 
source and improves the efficiency of heat distribution. The most advantageous configuration improving 
the real efficiency of the ultra-low temperature heating system (ULTDH) seems to be a system 
combining a central heat pump and a station based on modern ORC technology which also provides an 
independent (off grid) electricity supply. 

In the paper is exhibited the most favourable future CHP comprising ORC and heat pump that for both 
analysed systems, namely the new and traditional ones covers the same heat demand to the users as the 
system based on CHP with ORC only. The system with ORC and heat pumps is more effective and uses 
less primary energy, which in this in turn results in smaller carbon dioxide emissions. 
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Abstract 

This study aims to investigate the application of the Organic Rankine Cycle (ORC) as an alternative to 
low-pressure expansion in the negative CO2 power plant (nCO2PP). The reason for this study is that a 
detailed analysis of nCO2PP indicates a certain amount of waste heat present in the exhaust gas from the 
high-to-intermediate pressure gas turbine. Some of this energy can be used by the application of the 
expansion in a low-pressure turbine, optionally the application of regenerative water heating, which is 
further directed to the combustion chamber, and alternatively the combination of the ORC into the main 
cycle. For the ORC cycle, various configurations are examined, either with or without regenerative water 
heating and using different working mediums. For the highest cycle efficiency, regenerative heating of 
high-pressure water is applied, and proper ORC working fluid with optimum saturation point and mass 
flow is selected. Such modified nCO2PP power plant hybrid systems with ORC are compared to the 
original concept of nCO2PP with lower pressure expansion. A hybrid system integrating the advantages 
of nCO2PP and an ORC cycle is a promising solution, and modifications are possible, but the main 
advantage is that an ORC cycle can be introduced as a component to provide electrical power in the 
lower temperature range. Three ORC mediums were calculated, namely ethanol, refrigerants R236-ea 
and R245-fa which yielded net efficiency of the whole power plant of 38.35%, 40.16% and 40.39% 
respectively, while the original nCO2PP yielded 38.89%. 
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1 Introduction 

At present, due to the fact that mankind creates tonnes of sewage sludge and various restrictions appear 
in law prohibiting its spreading as fertiliser, new ways of utilising it should be sought [1]. One such 
solution is to utilise sewage sludge by gasification and produce electricity at the same time. At the 
receiving end of this technology is the process of CO2 capture, which leads to the idea of a cycle with a 
positive impact on the environment. This arrangement has been presented in recent publications by the 
authors [2,3], and the whole of the issues concerning the new technology [4]. The work in the nCO2PP 
grant is multivariate and multifaceted, so the search for efficiency improvement by combining the gas-
steam turbine with ORC cycles cannot be missed.   

One of the aspects to be considered when selecting the working medium in ORC systems is its operating 
temperature and the conditions under which the working medium is to operate [5]. There are known 
works concerning both ORC systems with several hundred MWe as well as micro-CHP plants adapted 
to prosumer needs, but the common feature is the consideration of several mediums adapted to the 
unique conditions of the energy system [6,7]. Another issue is the size of the unit, as the introduction of 
ORC media is very often associated with the compactness of the system, and sometimes the low 
temperature part of the cycle is even replaced by a low boiling medium unit [8,9]. As literature studies 
show, the ORC cycle itself can cooperate with a supercritical steam cycle [8,9], with a fuel cell [10] or 
with a simple Brayton cycle [11,12].  

An additional motivation for introducing an ORC cycle into an nCO2PP system is the fact that cycles 
with CO2 capture require the management of a large amount of waste heat. In general, there are three 
main technologies for capturing CO2, namely post-combustion [13,14], pre-combustion [15] and 
oxycombustion [16], and therefore this waste heat is associated with various effects, including: 
compression and cooling of CO2 [17], gasification of the fuel and its subsequent cooling [18], production 
of oxygen in cryogenic stations [19,20]. All these aspects make it worth considering a hybrid system 
combining the advantages of nCO2PP and ORC cycles. 

The aim of this study is to investigate application of the Organic Rankine Cycle (ORC) as an alternative 
to low pressure expansion utilising Aspen Plus program with REFPROP property method by NIST for 
fluid properties calculation. Reason for this study is that certain amount of waste heat is contained in the 
exhaust gas from the high-to-intermediate pressure gas turbine. Some of this energy can be used by 
application of the expansion in a low-pressure turbine, optionally application of regenerative water 
heating, which is further directed to combustion chamber, and alternatively the combination of the ORC 
into the main cycle. Study on heat duty and temperature distribution for low pressure expansion is 
conducted. For the ORC cycle various configurations are examined, either with or without regenerative 
water heating and by using different working mediums. To maximize cycle efficiency, which is 
calculated according to authors publication presented in [2], regenerative heating of high-pressure water 
is applied for both applications. 

2 Low temperature potential for nCO2PP 

2.1 Primary option with Spray-Ejector Condenser versus nCO2PP with ORC 

Process flow diagram (PFD) of nCO2PP is shown in Figure 1. Ending of expansion is highlighted by the 
dotted line. In this configuration application of GTbap turbine is for low pressure expansion, Spray-
Ejector Condenser (SEC) has to condense remaining steam, separate CO2 and create vacuum required 
by GTbap, and additionally there is HE1 which cools down the exhaust before SEC by regeneratively 
heating high pressure water directed to Wet Combustion Chamber (WCC) [21]. 

PFD where Organic Cycle Rankine (ORC) has been introduced instead of low-pressure expansion is 
shown in Figure 2. In this modification heat exchanger HE1 is in the same place, but it receives exhaust 
with the pressure of 1 bar and correspondingly higher temperature. From efficiency point of view, it is 
preferable that HE1 use as much heat as possible. After HE1, ORC cycle is combined to take the 
remaining heat that could not be used by the HE1 but would be lost instead in condenser. The last device 
here is the Cyclone Condenser to condense and separate CO2 which is in place of Spray-Ejector 
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Condenser, different condensers can be used for example Spray Condenser with optional gas injection 
to liquid. 

Figure 1: nCO2PP concept PFD - SEC low pressure expansion [2, 21]  

Figure 2: Hybrid nCO2PP with ORC PFD as an alternative to low pressure expansion [22] 

2.2 Overview on heat duty and temperature distribution  

Heat duty of HE1 for different exhaust temperatures from WCC is shown in Figure  3. Result of 500⁰C 
deviates from the rest due to not using HE1, due to low temperature of exhaust after the turbine. 
Temperature distribution of HE1 for two different WCC exhaust temperatures 1100⁰C is shown in 
Figure 4. It can be seen that for 1100⁰C from WCC there is no heat left to be used, due to maximizing 
assumption of regenerative water heating in comparison to “PFD0” (see [2]), where only heating by 
100K was assumed. 
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Figure 3: Heat duty of HE1 based on nCO2PP fuelled by methane 

 

Figure 4: Temperature distribution in HE1 based on nCO2PP fuelled by methane 
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3 Results and discussion of calculations for hybrid nCO2PP and ORC 

Due to high potential of heat recovery presented in previous chapter showing temperature distribution 
in heat exchangers Organic Rankine Cycle (ORC) is proposed with ethanol as primary working medium. 
In this modification, only GTbap turbine and SEC are disabled. Results from original concept PFD are 
added to results table for comparison. Results for two different ORC mediums are added, refrigerants 
R236-ea and R245-fa. There are also two variants of temperature distributions for ethanol depicted, first 
where only ethanol is heated by exhaust shown in figure 5, and the second ethanol with water heated by 
temperature of 100K shown in figure 6. The temperature distribution result of the ethanol example from 
the table 1 are depicted on the figure 7 and 8, figure 7 is logarithmic scale for better view, and figure 8 
is the linear scale representation, on these figures maximized water regenerative heating for maximum 
efficiency of the power plant can be seen.  

The results were generated in Aspen Plus process simulation software. Results in the table were adjusted 
to obtain maximum possible efficiency achieved by modifying ORC parameters. Every calculation was 
optimised to maintain the exhaust temperature of 1100ºC, at the mass flow of 100 g/s and 10 bar pressure 
and the fuel for the combustion chamber was syngas “Mixture 2” obtained from sewage sludge 
gasification (see [3]). Minimum 5K of temperature difference were applied in pinch-points of 
temperature distribution. 

PFD which includes combined ORC instead of low-pressure expansion, and without SEC is shown in 
figure 2.  

Table 1 shows results comparing different configurations. First is the original concept nCO2PP power 
plant with SEC and without ORC, the next one is hybrid nCO2PP with ethanol as ORC working medium, 
the other one is hybrid nCO2PP with R236-ea refrigerant as ORC working medium, than there is hybrid 
nCO2PP with R245-fa refrigerant as ORC working medium. Additionally, each hybrid nCO2PP result 
correspond to maximum net overall power plant efficiency obtained by adjusting best ORC parameters. 

Table 1: Results of different configurations. 

 

 
Parameter 

Symbol Unit 

nCO2PP 
concept (with 
SEC, without 

ORC) 

Hybrid 
nCO2PP with 
ethanol ORC 

medium 

Hybrid 
nCO2PP with 
R236-ea ORC 

medium 

Hybrid 
nCO2PP with 
R245-fa ORC 

medium 

Water mass flow injection to WCC �̇�  g/s 63.11 69.37 69.20 69.20 

Water mass flow in exhaust �̇�  g/s 76.91 80.80 80.70 80.70 

CO2 mass flow in exhaust �̇�  g/s 23.09 19.20 19.30 19.30 

Exhaust temperature 𝑡  ⁰C 323.26 670.12 670.18 670.18 

Turbine power GT 𝑁  kW 90.45 92.74 92.68 92.68 

Turbine power GTORC 𝑁  kW 65.78 as GTbap 18.75 24.46 24.73 

Power for own needs 𝑁  kW 47.15 22.18 23.09 22.84 

Chemical energy rate of combustion �̇�  kW 280.45 232.86 234.15 234.15 

Net efficiency 𝜂  % 38.89 38.35 40.16 40.39 

Gross efficiency 𝜂  % 54.38 45.52 47.64 47.90 
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3.1 Temperature distribution for different cases with ethanol as ORC medium 

 

Figure 5: Logarithmic scale chart temperature distribution of heat exchangers with ORC, and no HE1 

 

Figure 6: Logarithmic scale chart temperature distribution of heat exchangers with ORC and HE1 
increasing water temperature by 100K 
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Figure 7: Logarithmic scale chart temperature distribution of heat exchangers with maximized HE1 
and ORC 

 

Figure 8: Linear scale chart temperature distribution of heat exchangers with maximized HE1 and 
ORC 
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3.2 Optimal results for ethanol, R236-ea and R245-fa 

In order to obtain maximum overall efficiency of the entire power plant, maximum waste heat has to be 
effectively utilized. Two factors play crucial role in maximizing efficiency on the ORC side, namely 
pressure and mass flow. Pressure corresponds to temperature boiling point and thus proper value of this 
parameter allow to better fit to exhaust in temperature distribution. Mass flow allows to effectively 
maximize heat stream in the given level of ORC boiling temperature. Below figures 9, 10 and 11 present 
optimization technique to search for optimal point yielding maximum net overall power plant efficiency. 

Ethanol as ORC working medium shown the highest overall net power plant efficiency of 38.35% for 
1.11 bar, 170 g/s what gave 18.8 kW of ORC turbine brake power, this sensitivity analysis is shown on 
the figure 9. 

 

 

Figure 9: ORC ethanol working medium maximum nCO2PP hybrid net efficiency sensitivity analysis 

R236-ea refrigerant as ORC working medium shown the highest efficiency for 11.86 bar, 966 g/s and 
gave 24.5 kW ORC of turbine brake power and maximum overall hybrid net efficiency of 40.16% and 
sensitivity analysis is shown on the figure 10. This sensitivity analysis ends at 11.86 bar as higher 
pressure resulted in higher boiling point which breached the minimum temperature difference of 5K 
pinch-point in the heat exchanger and ORC medium would not evaporate fully under these conditions, 
thus figure 10 is cut on the pressure of 11.86 bar. 

 

 

Figure 10: ORC R236-ea working medium maximum nCO2PP hybrid net efficiency sensitivity analysis 

R245-fa refrigerant as ORC working medium shown the highest efficiency for 9.12 bar, 804 g/s and 
gave 24.7 kW ORC of turbine brake power and maximum overall hybrid net efficiency of 40.39% and 
sensitivity analysis is shown on the figure 11. Similarly to R236-ea in figure 10, this sensitivity analysis 
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ends at 9.12 bar as higher pressure resulted in higher boiling point which breached the minimum 
allowance 5K pinch-point temperature difference, thus figure 11 is cut on the pressure of 9.12 bar. 

 
Figure 11: ORC R245-fa working medium maximum nCO2PP hybrid net efficiency sensitivity analysis 

4 Conclusions and perspectives 

1) Exhaust mixture of CO2 and H2O decrease its temperature gradually during steam condensation. 
2) Organic Rankine Cycle is more appropriate than combined steam cycle due to lower 

temperature of evaporation what translates to better fitting of the temperature distribution along 
the recovery heat exchanger for the given process conditions. 

3) Organic Rankine Cycle can be further optimized, e.g. by selection best working fluid and 
according to changing exhaust conditions (changing syngas fuel conditions). 

4) Low pressure expansion with maximized heat recovery by high-pressure water allows to achieve 
better efficiency and is priority regenerative heat destination. 

5) A significant part of the net efficiency drawdown in the original concept low pressure expansion 
comes from SEC pump high power consumption to drive to SEC large amounts of motive fluid 
water what gives opportunity to ORC modifications without low pressure exhaust expansion. 

6) ORC combined hybrid plant achieves similar or better net efficiency to original concept nCO2PP 
low pressure expansion (when counted SEC pump power consumption). ORC with ethanol net 
efficiency 38.35%, while original concept 38.89%, while ORC with refrigerants yielded even 
higher net efficiency R236-ea 40.16% and R245-fa 40.39%. 

Due to high potential of heat recovery presented in this report showing temperature distribution in heat 
exchangers and SEC, the Organic Rankine Cycle is also considered as an alternative to low pressure 
expansion turbine with ethanol, R236-ea or R245-fa as working fluids. 

Hybrid system integrating the advantages of nCO2PP and the ORC cycle is a promising solution and 
modifications are possible, but the main advantage is that the ORC cycle can be introduced as a 
component to provide electrical power in the lower temperature range. 

Analysis of other refrigerants such as R1233zd(E) is the next step for this study. 
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Abstract 

The return temperature in district heating networks is a very important parameter to be controlled and 
of great impact on the economy of the network operation. It influences the transmission heat loses, 
pumping power etc. One way to obtain lower return temperature is to introduce optimal connection of 
heat receivers. In the developed model the module consisting of the supply pipeline and the heat receiver 
is introduced as a novelty. Theoretical analysis presented herein concern specifically the connection in 
the network of two heat exchangers heating the same space which are connected in parallel or in serial 
combination. Using combinations of such modules analysis can also applied in finding for example an 
optimal connection of additional houses in the district heating network. As a result is shown that the 
parallel connection results in lower return temperature and the need for much less pumping power. 

1 Introduction 

The return temperature in district heating networks is a very important parameter to be controlled and 
of great impact on the economy of the network operation. It influences the transmission heat loses, 
pumping power etc [1,2]. In all these cases controlling the level of the return temperature paves the paths 
for savings incurred from the more efficient operation of the district heating network [3]. One of the 
ways to obtain lower return temperature is to introduce optimal connection of space heating radiators in 
the dwellings and/or optimal connection of houses or even larger entities in the district heating network. 

The paper brings attention to the issue of differences in the network performance due to specific 
connections of the heat receivers. In the developed model the module consisting of the supply pipeline 
and the heat receiver is introduced as a novelty. Presented are the differences in return temperature 
resulting from the analysis of serial and parallel heat exchanger combinations. In the study modelled 
specifically is the connection in the network of two heat exchangers of the same heat transfer area and 
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heating the same space. Such exchangers are connected in parallel or serial combination. This is a 
fundamental question for further design of DH/DHC systems for a network of heat exchangers or houses 
in a substation. Considered simple theoretical model of the particular connections has been developed 
and discussed on the basis of relevant accomplished calculations. The postulated question is what will 
be the return temperature for each connection and what will be pressure losses and power for pumping 
for each studied case. These questions are fundamental because they have a general character and can 
concern also how to connect the house substations in the district heating network. 

2 General model of district heating elements  

2.1 Thermal model of the district heating network 

In the considered hypothetical district heating network a fundamental element of the analysis is the 
module consisting of two elements, namely a pipeline supplying heat to the receiver and the receiver, as 
marked by the dashed lines in Fig. 1 and 2, respectively for serial and parallel connection cases. In the 
simplest case the receiver is regarded as a heat exchanger providing heat for the single household, but 
as can be imaged the receiver can also be considered as a more complex heat demand facility. That leads 
to the conclusion, that in both cases these dashed elements can be regarded as two heat exchangers in 
serial connection. Connecting such basic units into the network enables to develop a simple model of 
the district heating network, but also permits for the development of larger systems. 

 

 

Figure 1: General schematic of the serial connection of basic modules 

 

 

Figure 2: General schematic of the parallel connection of basic modules 

2.1.1 Serial connection 

In the first instance the serial connection of two heat exchangers is to be considered. In such case we are 
interested in determination of the temperature Tk, which is the temperature after the receiver assuming 
that inlet temperature Tin, mass flow rate �̇�, temperature of surroundings Text of the pipeline and required 
temperature in the house T0 are known. For the sake of finding temperature Tk we can define two heat 
balances, namely for the pipeline and the receiver, respectively: 

�̇� = 𝑈 ∆𝑇 , 𝐴 = 𝑐 �̇�(𝑇 − 𝑇 ) (1) 

For the receiver the heat balance yields: 

�̇� = 𝑈 ∆𝑇 , 𝐴 = 𝑐 �̇�(𝑇 − 𝑇 ) (2) 

Where the overall heat transfer coefficient 𝑈  is determining heat transfer between the district heating 
water and surroundings, whereas 𝑈  denotes the overall heat transfer coefficient for heat transfer in the 
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heat receiver, i.e. the house which occurs between the district heating water and required temperature in 
the house.  

�̇�  – rate of heat exchanged in the pipeline supplying heat to the receiver, 
�̇�  – rate of heat exchanged in the receiver, i.e. the household 

∆𝑇 , = − 𝑇  - average temperature difference between heating water and temperature of 

surroundings in the pipeline 

∆𝑇 , = − 𝑇  - average temperature difference between heating water and temperature of the 

required temperature in the house. 
𝑇  - temperature on the exit of heating water from the heat supply pipeline 
cp -specific heat of water 

The heat balance for the basic element of heat supply network therefore yields: 

�̇� = �̇� + �̇�  (3) 

Incorporating equations (1) and (2) into relation (3) returns the following: 

𝑇 − 𝑇 =
𝑈 𝐴

�̇� 𝑐
∆𝑇 , +

𝑈 𝐴

�̇� 𝑐
∆𝑇 ,  (4) 

Two non-dimensional numbers B1 and Bp can be defined in eq. (4), namely 𝐵 =
̇  

 and 𝐵 =
̇  

. 

Hence equation (4) can now be cast as: 

𝑇 − 𝑇 = 𝐵 ∆𝑇 , + 𝐵 ∆𝑇 ,  (5) 

Outstanding issue now is determination of the temperature at the exit from the pipeline and prior to the 
receiver, Th. That can be found using the heat balance for the pipeline in the form: 

𝑈 ∆𝑇 , 𝐴 = �̇�𝑐 (𝑇 − 𝑇 ) (6) 

Incorporating the definitions of mean temperature difference between heating water and temperature of 
surroundings in the pipeline we arrive at: 

𝑇 =
1 − 𝐵 /2

1 + 𝐵 /2
 𝑇 +

𝐵

1 + 𝐵 /2
 𝑇  (7) 

Incorporating the result obtained in equation (7) into equation (5) enables determination of temperature 
Tk, which is found at the outlet from the receiver: 

𝑇 =
𝐵

𝐵
2

− 1 + (2 − 𝐵 )

2(1 + 𝐵 /2) 1 + 𝐵 /2
 𝑇 +

𝐵

1 + 𝐵 /2
 𝑇 +

𝐵 (2 − 𝐵 )

2(1 + 𝐵 /2) 1 + 𝐵 /2
 𝑇  (8) 

Knowledge of temperature Tk after the heat receiver leads to the possibility of finding all unknown 
variables in the problem. 

2.1.2 Parallel connection 

Next, let’s focus attention on the issue of parallel connection of two modules. In such case there is 
usually uneven distribution of mass flow rates, as the total mass flow rate in the system is (in line with 
the schematic presented in Fig. 2): 

�̇� = �̇� + �̇�  (9) 

In general the mass flow rate can be split into many legs. The outlet temperature is equal to the one after 
the heat receiver, i.e. Tout=Tk. In the case of parallel connection there are two equations per leg which 
are supplemented by the mass conservation equation. That can be stated as: 

�̇� , = 𝑈 ∆𝑇 , 𝐴 = 𝑐 �̇� 𝑇 − 𝑇 ,  (10) 

For the receiver the heat balance yields: 
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�̇� = 𝑈 ∆𝑇 , 𝐴 = 𝑐 �̇� 𝑇 , − 𝑇  (11) 

And for the second leg of the network: 

�̇� , = 𝑈 ∆𝑇 , 𝐴 = 𝑐 �̇� 𝑇 − 𝑇 ,  (12) 

For the second receiver the heat balance yields: 

�̇� = 𝑈 ∆𝑇 , 𝐴 = 𝑐 �̇� 𝑇 , − 𝑇  (13) 

The general balance of heat in the parallel network reads �̇� = ∑ �̇�  and the balance of mass of the 
district heating water: �̇� = ∑ �̇� . In the case when heat supply pipelines are the same as well as heat 
receivers are the same, then equations (10) and (11) as well as (12) and (13) reduce to one heat balance 
for the pipeline and one for the heat receiver, where �̇� = �̇� = �̇�/2. It can be imagined that the basic 
unit in the form of the pipeline and the heat receiver can be reduced to an equivalent one heat exchanger. 
Analysis based on such approximation is presented in the further. 

2.1.3 Hydraulic losses and pumping power 

Another distinct parameter which determines the efficiency of the system are hydraulic losses and a 
pumping power which will now be the focus of our attention. Hydraulic behaviour of studied systems 
could be described and analysed using the momentum and continuity equations. In the case the one-
dimensional model is used the momentum equation returns the balance of pressure in the system. The 
total pressure difference, consisting of three components, that is due to friction, local losses, and 
hydrostatic head pressure drop yields: 

∆𝑝 = ∆𝑝 + ∆𝑝 + ∆𝑝  (14) 

where: 

∆𝑝 = 𝑓
( )

= 𝑓 𝑝 , 𝑝 = 𝜌𝑤 =
( ̇ )

 - dynamic pressure, f=f(Re) -

friction coefficient, ∆𝑝 = 𝜌 𝑔 ℎ - hydrostatic component of pressure drop, ∆𝑝  - pressure 
drop on valves, bends etc., proportional to dynamic pressure, pdynamic.  

The pumping power is defined as a product of the pressure drop and volumetric flow rate: 

𝑁 = ∆𝑝�̇� =
∆𝑝 �̇�

𝜌
 (15) 

Scrutiny of eq. (15) enables to notice that pumping power is proportional to the cube of mass flow rate.  

3 Analysis of two identical households warmed up in DH 

3.1 Thermal analysis 

Firstly, a problem of two identical households is studied, which are supplied from the substation S. Serial 
and parallel connections of their supply are considered at the assumption that the return temperature is 
the same. The sought answer is which connection is better, that is which one requires smaller rate of 
supplied heat and smaller pumping power. In the analysis there can be used the general equation 
describing temperature after the basic module consisting of the supply pipeline and the receiver, given 
by equation (10). In the analysis we can assume the distance from the substation S to the receiver C1, 
denoted as L1. The distance from the substation S to the receiver C2 is L2, and the distance between 
receivers C1 and C2 is equal to L3. Overall heat transfer coefficients for heat transfer between the heating 
water and surroundings is set to Up=1W/(m2K), whereas the overall heat transfer coefficient between 
the heating water and demanded comfort temperature in the house T0 is set to U0=10W/(m2K). The 
diameter of DH pipeline transporting the heating water is 0.1m, whereas the area of heat exchanger 
providing heat to the house is A1=5m2. The external temperature is set to Text=5oC. The same return 
temperature is assumed, Tout=35oC. The purpose of calculations is to find the rate of supplied heat which 
requires determination of mass flow rates in both considered cases of serial and parallel flow. 
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In case of the serial connection schematically outlined in Fig. 3 we can express equation (8) in terms of 
respective B parameters, where Bp,i is the respective pipeline characteristics with respect to L1, L2 and 
L3: 

𝑇 = 𝑓 𝐵 , 𝐵 , 𝑇 + 𝑓 (𝐵 )𝑇 + 𝑓 𝐵 , 𝐵 , 𝑇  (16) 

where 

𝑓 =
𝐵

𝐵
2

− 1 + (2 − 𝐵 )

2(1 + 𝐵 /2) 1 + 𝐵 /2
  (17) 

𝑓 =
𝐵

1 + 𝐵 /2
 𝑇  

(18) 

𝑓 =
𝐵 (2 − 𝐵 )

2(1 + 𝐵 /2) 1 + 𝐵 /2
  

(19) 

For the relation of general balance of heat in the parallel network for the receiver C1 we get: 

𝑇 = 𝑓 𝐵 , 𝐵 , 𝑇 + 𝑓 (𝐵 )𝑇 + 𝑓 𝐵 , 𝐵 , 𝑇  (20) 

Then for the receiver C2 we obtain: 

𝑇 = 𝑓 𝐵 , 𝐵 , 𝑇 + 𝑓 (𝐵 )𝑇 + 𝑓 𝐵 , 𝐵 , 𝑇  (21) 

Substituting temperature Tk from (20) into (21) we obtain the expression: 

𝑇 = 𝑓 𝐵 , 𝐵 , 𝑓 𝐵 , 𝐵 , 𝑇 + 𝑓 (𝐵 )𝑇 + 𝑓 𝐵 , 𝐵 , 𝑇  

+𝑓 (𝐵 )𝑇 + 𝑓 𝐵 , 𝐵 , 𝑇  
(22) 

In equation (22) there are two unknowns, namely Tout and the mass flow rate, �̇�. 

 
 

Figure 3: Serial connection of two heat receivers 

Analogical case for the parallel flow is presented in Fig. 4. 

 

 
Figure 4: Parallel connection of two heat receivers 

3.2 Hydraulic losses and pumping power 

The hydraulic losses and pumping power will also be considered both for serial and parallel connections. 
Analysed two heat exchangers feature same geometric parameters, as well as have the same 
construction. However, due to different lengths of locations of the receivers the mass flow rates in 
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corresponding branches will be different, that is the internal flow path is not identical as well as is the 
Reynolds number of the flow for both heat exchangers. Local pressure losses are small in relation to the 
length of the heat exchanger. In effect the proportionality in function of the pipe length is justified. In 
the analysis pressure drop due to friction should be evaluated based on total pipe lengths of heat 
exchangers in cases of serial/parallel connections. 

3.2.1 Serial connection 

In the analysis of two heat exchangers (HX) placed one after another, the pressure drop due to friction 
should be evaluated based on two total lengths of pipe suppling heat for heat exchangers L1 and L2 
(assuming that the flow path through one HX is L, then through two HXs is 2L). 

∆𝑝 =
1

2
𝑓

(�̇�)

𝐴 𝜌

𝐿 + 𝐿

𝐷
 (23) 

The pumping power is defined as a product of the pressure drop and volumetric flow rate: 

𝑁 = ∆𝑝 �̇� =
∆𝑝  �̇�

𝜌
~(𝐿 + 𝐿 ) �̇�  (24) 

Analysis of relation (24) enables to be noticed that the pumping power is proportional to the cube of 
mass flow rate, but also to a combined length of the supply pipeline L1+L3.  

3.2.2 Parallel connection 

In case of parallel configuration it should be noted that in each leg there is a different mass flow rate of 
heating water. Expressions similar to (14) are used for evaluation of dynamic pressure drop and pumping 
power but the reduction of mass flow rate leads to the following results for pressure drop, assuming 
same pipeline diameters in both legs: 

∆𝑝 , =
1

2
𝑓

�̇�
2

𝐴 𝜌

𝐿

𝐷
 (25) 

∆𝑝 , =
1

2
𝑓

�̇�
2

𝐴 𝜌

𝐿

𝐷
 

(26) 

For modules connected in parallel the pressure loss is the same in all modules, which results in different 
mass flow rates in the modules. Power needed for pumping is: 

𝑁 = ∆𝑝 , �̇� =
∆𝑝 ,  �̇�

𝜌
~𝐿  �̇�  (27) 

3.3 Results 

Calculations have been accomplished using the MathCad14 software for the data presented in Table 1. 

Table 1: Data for comparison of serial and parallel combinations of the heat receivers 
No Parameter Value 
1. Distance between the substation and first receiver, L1, m 1400 
2. Distance between the first and second receiver, L3, m 1200 
3. Distance between the substation and second receiver, L3, m 1000 
4. Heat transfer surface required to supply heat to the dwelling, A1, m2 10 
5. Overall heat transfer coefficient for the dwelling, U1, W/(m2K) 10 
6. Overall heat transfer coefficient for the supply pipeline, Up, W/(m2K) 1 
7. Pipe diameter, D, m 0.1 
8. Temperature of supply water, Tin, oC 60 
9. Temperature in the dwellings, T0, oC 20 
10. External temperature, Text, oC 5 

374



The assumptions outlined in Table 1 have been incorporated into calculation procedures and the results 
of calculations have been presented in Table 2. 

Table 2: Results of calculations of serial and parallel combinations of the heat receivers 

No Parameter Value 
1. Mass flow rate in the serial connection, �̇�, kg/s 0.288 
2. Mass flow rate in the parallel connection in the leg 1, �̇� , kg/s 0.300 
3. Mass flow rate in the parallel connection in the leg 2, �̇� , kg/s 0.267 
4. Rate of heat in serial/parallel connection, kW 30.26/59.58 
5. Ratio of rate of heat in serial connection to rate of heat in parallel 

connection, �̇� /�̇� , - 
0.508 

The plots of return temperature distribution with respect to the mass flow rate have been presented in 
Fig. 5. As can be noticed from the distribution there in a minimum in the course of the return 
temperature, indicating that the same return temperature can be attained at two mass flow rates. Values 
presented in Table 2 correspond to the part of the curve beyond the minimum, at the assumption that the 
return temperature is 38oC. The same return temperature could be attained at lower flowrate. That 
indicates that lower pressure losses could be generated if laminar flows were to be designed in the 
pipeline system. 

 
Figure 5: Return temperature distribution in function of mass flow rate for serial and parallel 

connections 

4 Conclusions 

In the paper a simple model of heat exchangers connections in district heating network is proposed. The 
model can be used in designing a new network or for incorporation of a new heat receiver into the 
existing network, such as for example connection of the additional house/dwelling. A mathematical 
model for the basic module of the district heating network in the form of the heat exchanger together 
with the suppling pipeline was described. Multiplication of such modules allows to design more 
sophisticated network. 

As a detailed example considered is the connection of two exchanger’s. Simple analytical analyses of 
two heat exchangers connected in series or in parallel show that in any substation if it is at all possible 
it is better to connect the heat exchangers in parallel rather than in series. As a result is shown that the 
parallel connection results in lower return temperature and the need for much less pumping power. This 
conclusion is important from the thermal and hydraulic point of view. Thermal aspect of heat exchange 
is disappearing with the increase of mass flow rate, however the required pumping power still favours 
the parallel connection where it is eight times lower than in the case of serial connection. This study can 
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be easy to spread on connection of houses (substations) in district heating network and help to answer 
fundamental for heating nets question how to connect new house to existing network. 

Nomenclature 

A –  heat transfer surface, m2 

B –  parameter 
cp  –  specific heat, J/kgK 
D  –  diameter, m 
f  –  friction factor 
g –  acceleration due to gravity, m/s2 
G –  mass flux, kg/(m2s) 
h –  height, m 
L –  tube length, m 
�̇� –  mass flow rate, kg/m3 
p  –  pressure, Pa 
N  –  power, W 
�̇�  –  rate of heat, W 
T  –   temperature, oC  
U0  –   overall heat transfer coefficient, W/(m2K)  
�̇� –  volumetric flow rate, m3/s 
 
Greek symbols 
α –  heat transfer coefficient, W/(m2K) 
ρ  –  density, kg/m3 
 
Subscripts 
fric  –  friction 
h –  hot fluid 
hydrostatic –  hydrostatic 
i  –  inlet 
o  –  outlet 
parallel –  parallel 
serial  –  serial 
tot  –  total 
0  –  surroundings 
||  –  parallel 
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Abstract 

The article presents a comparison of mathematical models of methane steam reforming.  
This comparison is divided into two parts. The first concerns the reforming process using separate steam 
reformers. The second part of the article compares models of methane steam reforming processes 
directly inside fuel cells. Due to the fact that the steam reforming process takes place at very high 
temperatures, internal steam reforming can only be carried out in high temperature fuel cells. Therefore, 
the second part of the article deals with molten carbonate fuel cells and solid oxide fuel cells powered 
by methane. In the case of both of the above-mentioned fuel cells, the methane steam reforming may 
take place directly on the anodes of these electrochemical devices. The above-described mathematical 
models (for both external and internal reforming) were compared based on available experimental data. 
In this analysis of mathematical models, particular attention was paid to the causes of discrepancies 
between the mathematical models and the experimental data. The steam reforming process is influenced 
by a number of different parameters such as: temperature, the ratio of the amount of water vapor to 
carbon contained in the fuel (steam to carbon ratio), reaction time, presence of a catalyst, type of catalyst 
and many others. The models presented in this article were also compared in terms of taking into account 
various parameters that may affect the process of steam reforming. 

1 Introduction 

Fuel cells are high efficiency electricity generating systems that convert chemical energy from oxidation 
of the fuel directly into electric energy. They have been widely researched and developed as a future 
high efficiency energy generating technology in differential areas how electrical energy production, the 
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transportation sector in particular for marine and automotive applications. The most of the experimental 
investigations of fuel cells are expensive compared to numerical modelling of fuel cells where it is low. 
The important use of models is as a tool in research to interpret experimental observations and to 
determine specific trouble areas where future research should be focused. The quantitative prediction of 
the overall performance of fuel cells can be made over a wide range of operations and for different 
transient conditions with a mathematical model. Therefore, the numerical simulation of fuel cells is so 
important and has been used extensively. It is advantageous for a new integrated systems that could 
include a molten carbonate fuel cell (MCFC) for hydrogen or syngas production. The numerical 
simulation can be divided into modelling at the electrode level (micromodelling), cell level and stack 
level (macromodelling). Micromodelling aims at building better electrodes through study of 
microscopic processes. The aim of macromodelling is optimizing design alternatives and determining 
operational strategies, provided that the electrochemical performance of the given electrodes and 
electrolytes are known. In macromodelling of the MCFC, the two-dimensional numerical model 
developed by Wolf and Wilemski [1] is one of the most sophisticated fuel-cell models at the cell level. 
Mathematical modelling is now the basic method for analyzing fuel cells. The most often a zero-
dimensional approach is used for modelling the MCFC. There are many mathematical models of the 
single molten carbonate oxide fuel cell MCFC [2]–[25]. Numerical modeling is a very useful tool for 
the study of this problem. In the literature, a number of simulation models of an MCFC have been 
presented but some of these simulation models [1], [2], [7], [17], [19], [22], [24] are stationary but others 
[8]–[11], [20] are dynamic. 

The stationary MCFC simulation models consider as an anode feeding gas a gas rich in H2 without CO 
[17], [22], [26]–[29], reformed gas from a gas mixture of methane and steam [24], a gas mixture of 
methane and steam [30] a gas mixture consists mainly of CO and H2 [1]–[3], [19], [31] and they are 
zero-dimensional [7]–[9], mono-dimensional [20], two-dimensional [1], [2], [6], [11], [14], [19], [22] 
and three-dimensional [4], [5], [17], [18], [21]. Numerous models have been developed to simulate and 
study MCFC while MCFC performance modeling is related to the multi-physic processes taking place 
on the fuel cell surfaces. Heat transfer together with electrochemical reactions, mass, and charge 
transport are conducted inside the cell. The MCFC models found in the literature are based mainly on 
mathematical descriptions of these physical, chemical, and electrochemical properties. There are many 
parameters which impact cell working conditions e.g. electrolyte material, electrolyte matrix thickness, 
cell temperature, inlet and outlet gas compositions at anode and cathode, the porosity of the anode and 
cathode. The MCFC models developed thus far are mainly based on the Nernst equation, activation, 
ohmic, and concentration losses or anode, electrolyte and cathode losses. Fuel cells can be powered by 
different hydrocarbon compounds, using steam reforming of the fuel in order to produce hydrogen.  
The interest in these technologies results from their ability to generate energy highly efficiently using 
readily available hydrocarbon fuel sources e.g. natural gas, syngas, biogas, coal [1], [2]. The high 
temperature operating conditions mean the use of expensive electro-catalyst materials is not required, 
increasing the range of useable fuel constituents compared to other cell types [3]. Additionally, the high 
operating temperatures allow the introduction of a gas turbine system, increasing process efficiency via 
utilization of cell exhaust heat. Molten carbonate fuel cells (MCFCs) are of interest due to their potential 
for energy generation in combination with CO2 segregation [14]. Methane steam reforming (MSR) has 
been widely studied because of synthesis gas industrial applications [1] and as a primary stage for fuel 
cell grade hydrogen production [2]. In addition, methane may be obtained from various natural 
feedstocks such as biomass [3] and biogas [14], the methane steam reforming has become especially 
relevant in green energy technologies. Advantages of MCFC are fuel flexibility and high operating 
temperature [2], [14], [19], [20]. So far, many theoretical models of MCFC have been developed for 
various purposes [4]–[7], [21]–[25]. One of the earliest elaborated studies of heat transfer characteristics 
of fuel cells and batteries was done by Baker [8]. Heat distribution in the MCFC has been covered by 
other model studies [9], [10], [21]–[23]. Kobayashi et al. [24] and Fujimura et al. [11] have developed 
models for temperature distribution prediction in a fuel cell stack with 12 cells. Koh et al. [9], [23] 
applied fluid dynamics and heat-transfer theories to predict dynamic pressure and temperature 
distribution in a co-flow molten carbonate fuel cell with an assumption of uniform current density. 
Simple models have been reported to producing reasonable predictions of fuel cell behavior that 
comparable to that of complex models [18], [26]. In the literature, a number of simulation models of an 
MCFC [1]–[25] have been presented. Some of these simulation models [1], [2], [4]–[9], [11], [14], [18]–
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[22], [25] are stationary but others [3], [10], [12], [13], [15]–[17], [23], [24] are dynamic. The stationary 
MCFC simulation models consider as an anode feeding gas a gas rich in H2 without CO [17], [22], [26], 
[27], [32], [33], reformed gas from a gas mixture of methane and steam [24], a gas mixture of methane 
and steam [30] a gas mixture consists mainly of CO and H2 [1]–[3], [19], [31], [34] and they are zero-
dimensional [31]–[33], mono-dimensional [34], two-dimensional [1]–[3], [7], [17], [22], [24], [30] and 
three-dimensional [19], [26], [27], [35], [36]. Some of these simulation models consider CO 
electrochemical consumption at the anode [8], [30]. Authors have been working for years on numerical 
modelling of high temperature fuel cells fed by syngas or natural gas in stand-alone configuration or 
coupled to a gas turbine to produce electric and thermal energies [37], [38], with particular attention to 
the CO2 separation problem [39]–[41]. Detailed simulation models require the knowledge of many 
parameters, related to the internal resistance, the activation and  concentration voltage losses at the anode 
and at the cathode. More detailed simulation models require the knowledge of parameters such as the 
tortuosity, porosity and diffusion coefficients. They are difficult to determine and which are related to 
the microscopic properties of the fuel cell components. A detailed simulation model requires longer 
calculation time for its numerical solution, because of its greater complexity. The reduced order 
simulation models require knowledge of only few parameters. They are more easily manageable from 
the numerical and analytical points of view with respect to detailed physical models and they describe 
the behaviour of the MCFC fed by different feeding gases and in different operating conditions with a 
reasonable accuracy. Methane steam reforming has been widely studied because of synthesis gas 
industrial applications and as a primary stage for fuel cell grade hydrogen production. In addition, 
methane may be obtained from various natural feedstocks such as biomass and biogas. Methane steam 
reforming has become especially relevant in green energy technologies. 

2 Molten carbonate fuel cells (MCFCs) 

Molten carbonate fuel cells, MCFCs are high-temperature fuel cells that operate in the range of 600-
700°C. The MCFC has many advantages with respect to other fuel cell systems. It offers high fuel 
conversion efficiency and can operate with alternative fuels and hydrocarbons, so widening the potential 
application. Molten carbonates are very stable systems under a wide range of chemical conditions and 
temperature ranges which giving the possibility of designing ideal reactions and electrolyte media for 
advanced chemical/electrochemical processes related to production, storage, conversion and efficient 
energy performance. MCFC are a typical high-temperature fuel cell has attracted a great deal of attention 
due to its high efficiency, low emission of pollutants, and fuel flexibility based on its resistance to fuel 
impurities such as CO. The operation at elevated temperatures entails fast kinetics and allowing MCFC 
to use relatively inexpensive nonnoble catalysts e.g. Ni. The most encouraging characteristics of high 
temperature fuel cells is the high temperature of the exhaust gas, which is offering the possibility of 
cogeneration purposes or combination with other types of power generators such as gas turbine and 
organic Rankine cycle to achieve a high efficiency and provide additional power. The basic concept of 
molten carbonate fuel cell is similar to the other kinds of fuel cell and is the electricity generation via 
electrochemical reactions. In the anodic side, the hydrogen generated in the reformer reacts  
with carbonate ions CO3

2- which have passed through the membrane and produce water, carbon dioxide 
and electrons. These produced electrons are transferred through an external circuit and generate 
electrical power and then enter the cathodic side of the stack where they react with oxygen from the air 
flow and carbon dioxide from recycle stream at the outlet of the cathode. Alongside the electrochemical 
reaction, water gas shift reaction, due to the presence of CO, occurs in the anodic side. Fuel cell is 
composed of an anode and cathode that are separated by an electrolyte. An anode and cathode are made 
of nickel, while an electrolyte is made of lithium carbonate salts that fills up the porous matrix. 

In paper [42] authors introduced a simplified kinetics to describe the steam methane reforming reaction 
inside the MCFC anode channel and additional combine a reduced order model for molten carbonate 
fuel cell operation and the kinetic model for methane steam reforming and what describe below.  
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Most chemical reactions can be written as follows: 

𝑎𝐴 + 𝑏𝐵 + ⋯ ↔ 𝑘𝐾 + 𝑙𝐿 + ⋯  (1) 

where: a, b, …, k, l, … - number of moles of substrates A, B, … and products K, L, …  of the reaction. 

The general equation of the chemical reaction (1) is described using stoichiometric coefficients a, b, k, 
l. Substrates and products are marked here with the capital letters A, B, K and L. 

The reaction rate r in a specific, constant and closed volume can be represented by equation (2). 
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(2) 

where: [i] is the concentration of component i. 

 

𝑟 =
𝑑[𝐴]

𝑑𝑡
 

 
(3) 

There is a relationship between the degree of reaction, the partial pressures of the reagents and some 
fixed factors. Rate equation in the system under consideration involves a mass balance equation and 
reaction rate. The degree of occurrence for components A and B in the reaction can be described as 
follows: 

𝑟 = 𝑘 ∙ [𝐴] ∙ [𝐵] ∙ [𝑋]   (4) 

 

where: k –reaction rate coefficient, [] – concentrations of reactants, [X] – catalyst impact;  
b, c, x – coefficients (orders of reaction) considering the type of catalyst, reaction mechanism and its 
type. 

Reaction rate k and temperature are related by the Arrhenius equation: 

𝑟 = 𝐴 ∙ 𝑒 ∙  
 (5) 

 

where: Ea - activation energy, A - pre-exponential coefficient. The values of these coefficients  
(A and Ea) depend on the reaction. 

3 Detailed kinetics 

Researchers shows a different the forms of the kinetic equations for methane steam reforming based on 
different reaction conditions including catalyst, temperature, H2O/CH4 molar ratio, and pressure [43]–
[50]. Souentine et al. [44] showed a simple kinetic model to describe the catalytic and electrocatalytic 
performance of Ni/GDC and Au–Ni/GDC anodes of SOFCs operating under internal methane-steam 
reforming reaction conditions, at low and high steam-to-carbon ratio values. The model accounts or 
surface dissociation of CH4 and formation of methyl species  which then react with H2O from the gas 
phase to form CO and H2. Under high steam-to-carbon ratio values, it was found that the electrochemical 
oxidation of H2 and CO is favored. The model accounts for H2 selective oxidation at carbon-free 
adsorption sites and CO oxidation on sites covered by a carbonaceous adsorbate. Under low steam-to-
carbon ratio values, electrochemical partial oxidation of CH4 to CO and H2 in parallel with 
electrochemical oxidation of H2 was found to take place.  

In the experimental research performed by Fu et al. [43] a catalytic steam reforming of methane have 
been examined. Authors think that CO and CO2 are simultaneously produced, so steam reforming 
process can be described by two parallel reactions: 
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𝐶𝐻 + 𝐻 𝑂 ↔ 𝐶𝑂 + 3𝐻   [𝛥𝐻 = + 210 𝑘𝐽/𝑚𝑜𝑙] 
 
𝐶𝐻 + 2𝐻 𝑂 ↔ 𝐶𝑂 + 4𝐻  [𝛥𝐻 = + 160 𝑘𝐽/𝑚𝑜𝑙] 

 

Researchers were performing their experiments in the temperature between 400°C and 450°C, using 
catalyst based on nickel with rare earth elements. Activation energy Eact and constant A for the Arrhenius 
equation in case of CO and CO2 creation were equal to respectively: 

ECO = 151 kJ/mol, ACO = 168.1 
ECO2 = 78 kJ/mol, ACO2 = 0.2097 

Reaction rate equations defined by the measurements could be described as: 

 

𝑟 = 𝑘 𝑝 .    (6) 

𝑟 = 𝑘 𝑝 . 𝑝 .    (7) 

Thus total reaction rate of methane steam reforming in analyzed conditions can be described as follows: 

𝑟 = 𝑟 + 𝑟 =  𝑘 𝑝 . + 𝑘 𝑝 . 𝑝 .    (8) 

Experimental research in the higher temperatures between 800°C and 900°C were performed by 
Souentie et al. [44] who analyzed methane steam reforming over Ni/GDC and Au-Ni/GDC solid oxide 
fuel cell anodes. Steam to carbon ratios used were between 0 to 1.25. Higher S/C ratio gave better results 
for H2 formation. The experiments were performed under performance of fuel cell. In case of S/C ratio 
1:1, higher current density impacts slightly reaction rates of  H2, CH4, CO and CO2. Higher currents 
increase rate of CH4 consumption and CO2 production, but decreases slightly CO consumption and 
significantly decreases H2 consumption by fuel cell. Researchers noticed also that in case of S/C equal 
to 0.25:1 reaction rates of CH4, CO and H2 increases linearly with current density, while CO2 is almost 
not produced, so in this case it appears that only partial oxidation of CH4 takes place. For both low and 
high steam to carbon ratios, the reaction rate in analyzed conditions can be described as: 

𝑟 =
𝑘𝑝

1 + 𝐾
𝑝
𝑝

 
 

  (9) 

Where activation energy had value of 96-117 kJ/mol.  

Another results presented by Xu and Froment [51] of methane steam reforming on Ni/MgAl2O4 catalyst 
defines reaction rates in high pressures (between 3 to 15 bars). Steam to carbon ratios were between 3:1 
and 5:1, temperatures between 773K to 848K. Authors assume three reactions of simultaneously: 
methane steam reforming with CO as product, MSR with CO2 as product and water-gas shift reaction. 
Reaction rates for each reaction are: 

Methane steam reforming with CO as product: 

𝑟 =

𝑘

𝑝 . 𝑝 𝑝 −
𝑝 𝑝

𝐾

𝐷𝐸𝑁
 

 

 (10) 

MSR with CO2 as product: 

𝑟 =

𝑘
𝑝

𝑝 𝑝 −
𝑝 𝑝

𝐾

𝐷𝐸𝑁
 

   (11) 

Water gas shift reaction: 
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𝑟 =

𝑘

𝑝 . 𝑝 𝑝 −
𝑝 𝑝

𝐾

𝐷𝐸𝑁
 

   (12) 

Where: 𝐷𝐸𝑁 = 1 + 𝐾 𝑝 + 𝐾 𝑝 + 𝐾 𝑝 + 𝐾   

Activation energy of each reaction are as follows: E1 = 240 kJ/mol, E2=67 kJ/mol, E3=244 kJ/mol. 

In this case, reaction rates for the formation of CO2 and CO and consumption of CH4 in steam reforming 
process can be calculated as: 

𝑟 = 𝑟 − 𝑟     (13) 

𝑟 = 𝑟 + 𝑟     (14) 

𝑟 = 𝑟 + 𝑟     (15) 

Another researchers analyzed methane steam reforming on NiO/YSZ catalyst [46]. Temperature 
between 550°C and 750°C have been tested both with steam to carbon molar ratios of 3:1 to 6:1. In this 
conditions reaction rate of steam reforming can be described as: 

𝑟 = 𝑘𝑝 . 𝑝 .     (16) 

In this case activation energy was equal to 121 kJ/mol. 

Also NiO/YSC was analysed by Nagata et al. [47], but with higher temperature scope (953K to 1300K). 
Reaction rate could be described by equation (17): 

𝑟 = 𝑘𝑝 .     (17) 

Lower pressures allows to reach lower activation energy around 58 kJ/mol.  

Simple description of reaction rate was defined by Avertisov et al. [48] who analysed kinetic of methane 
steam reforming with addition of CO2. In this case Ni/MgAl2O4 and Ni/MgO were used as catalysts. 
Temperatures were between 500°C and 650°C. For activation energy equal to 99.7 kJ/mol, reaction rate 
is described by equation (18): 

𝑟 = 𝑘𝑝     (18) 

Ni/α-Al2O3 catalyst were examined by Hou and Hughes at al. [49] in temperatures between 748K to 823 
K. Addition of H2 in the stream was used. Steam to carbon ratio use 3:1. Authors also assume 3 reactions 
are taking place simultaneously: SMR with CO as product, SMR with CO2 as product and WGSR. 
Reaction rates for those reactions were presented: 

Methane steam reforming with CO as product (E1=210 kJ/mol): 

𝑟 =

𝑘

𝑝 . 𝑝 𝑝 . 1 −
𝑝 𝑝  

𝐾 𝑝 𝑝

𝐷𝐸𝑁
 

  

(19) 

Water gas shift reaction (E2=15 kJ/mol): 

𝑟 =

𝑘

𝑝 . 𝑝 𝑝 . 1 −
𝑝 𝑝  

𝐾 𝑝 𝑝

𝐷𝐸𝑁
 

  
(20) 

MSR with CO2 as product (E3=110 kJ/mol): 

𝑟 =

𝑘

𝑝 . 𝑝 𝑝 1 −
𝑝 𝑝  

𝐾 𝑝 𝑝

𝐷𝐸𝑁
 

  

(21) 

Where: 𝐷𝐸𝑁 = 1 + 𝐾 𝑝 + 𝐾 𝑝 + 𝐾 𝑝 . + 𝐾 +  𝐾 + 𝐾 .   
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Chen et al. [52] described intrinsic kinetic model based on the parallel and serial reaction mechanism 
but the parallel mechanism is found to better match the experimental data. Temperature of analysis was 
500-800°C, while catalyst used was a commercial nickel-based Z-501 produced by Shandong Qilu Keli 
Chemical Institute Co., Ltd. Except water also argon was an addition in molar ratios CH4:H2O:Ar of 
1:3:6. Reaction rates for CO and CO2 creation were suggested: 

𝑟 = 316.6 𝑒 𝑝 .  
  (22) 

𝑟 = 0.00263 𝑒 𝑝 . 𝑝 . 𝑝 .    (23) 

In paper [53] a semi-empirical kinetic model is presented that describes the performance of an MCFC 
by invoking a dual-ion transport mechanism in which both carbonate and hydroxide carry cell current. 
This model can accurately simulate cell performance at the low-CO2 carbon capture conditions whereas 
the kinetic parameters used in the model were fitted using experimental data collected at different 
cathode feed CO2, H2O, and O2 as well as various anode feed H2 concentrations. In the literature can be 
found many mathematical models MCFCs and their systems. Depending on the end-use and the purpose 
of the models, they are more or less detailed from a mathematical point of view. Fuel cell models can 
generally be divided into three groups: electrode, cell and stack models. The models can be further 
divided into level of dimensions, referring to the geometric solution space of the problem. A zero-
dimension model is independent of the geometry also independent of the geometry-dependent 
parameters, such as temperature, pressure. A three-dimensional model includes all three directions: x, 
y, z directions and every solution point in the geometry is dependent on pressure and temperature.  
The one and two-dimensional models consider the geometry in the flow directions of the anode and 
cathode compartments. Wolf and Wilemski [1] are considered as the pioneers in cell modeling of 
MCFC. In this study [1], the model is a nonisothermal empirical two-dimensional steady-state model.  
Their model takes into account the gas stream utilization due to electrochemical reactions, conductive 
heat transfer by the bulk streams and the in-plane heat conduction through the hardware. They studied 
cross-, co- and counterflow geometries. Bosio et al. [22], [23], [54] have developed an empirical two-
dimensional cell model. They have also developed an empirical three-dimensional stack model. In their 
simulations [22] they study a rectangular geometry with a crossflow feeding. One of the articles of 
Arato, Bosio and et al. present a further developed stack model. Standaert et al. [55] have developed an 
analytical co-flow isothermal cell model which was extended to a non-isothermal cell model [55]. 
Yoshiba et al. [19] developed an empirical three-dimensional stack model. They studied the influence 
of different gas flow geometries on the stack performance. The results showed that the best stack 
performance was achieved when using a co-flow geometry. Koh et al. [56] developed a three-
dimensional stack model, in order to study the effect of scale-up on the maximum temperature rise and 
average cell potential. They concluded that use of overall heat-transfer coefficient in the model resulted 
in a limited accuracy of the temperature prediction and a significant effect of the scale-up on  
the temperature and no effect of stack size on average cell voltage. Koh and Kang [57] also developed  
a co-flow two-dimensional stack model. They conducted a study on how the gas utilization and system 
pressure affect the temperature distribution and stack performance in the stack at constant load. In paper 
[5], Koh et al. studied several issues regarding numerical analysis of a co-flow stack model.  
They concluded that using a single computational grid for the gas channel depth (vertical coordinate) 
does not cause significant errors in the temperature calculation but causing an underestimation of the 
pressure drop. They also confirmed that the prediction of the temperature is not accurate without using 
momentum equations. This due to constant velocities not accounting for mass flux changes, which 
influence the convection heat transfer. 
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Table 1: Comparison of different forms of methane steam reforming reaction kinetic equations 

Lp. Equation 
number 

Fuel Reaction conditions 
S/C 
ratio 

Temperature 
[°C] 

Activation 
energy 

[kJ/mol] 

Catalyst 

1 8 CH4 2:1 400 - 450 ECO=151  
ECO2=78   

nickel with rare earth 
elements 

2 9 CH4 1:1 
0.25:1 

800 - 900 E=96-117 Ni/GDC,  
Au-Ni/GDC SOFC anode 

3 10,11,12 CH4 3-5:1 450 - 575 E1=240  
E2=67 
E3=244 

Ni/MgAl2O4 

4 16 CH4 3-6:1 550 -750 E=121 NiO/YSZ 
5 17 CH4 1:1 680 - 1027 E=58 NiO/YSC 
6 18 CH4 3:5 500 - 650  E=99.7 Ni/MgAl2O4 

Ni/MgO 
 

7 19,20,21 CH4 3:1 475 - 550 E1=210 
E2=15  
E3=110 

Ni/α-Al2O3 

8 22,23 CH4 3:1 500 - 800 E=59-(-104) The commercial  
nickel-based catalyst  
Z-501 (produced by 
Shandong Qilu Keli 
Chemical Institute Co., Ltd.) 

4 External reforming  

Fuel cells can be powered by different hydrocarbon compounds and using steam reforming of the fuel 
in order to produce hydrogen. There are two types of the MCFCs reforming: internal reforming  
(IR-MCFC) and external reforming (ER-MCFC). The main distinction between them is the placement 
of the active reforming compartment. In the ER-MCFC approach the reforming part occurs adjacent 
outside the fuel cell stack. In the IR-MCFC approach the reforming part is situated inside the stack, 
however with different geometric configurations. For both types the electrochemical reaction and water 
gas shift reaction are given as. Oxygen is reduced with CO2 at the cathode, while hydrogen is oxidized 
at the anode to produce water and CO2. In the electrolyte, carbonate ions provide the means of ionic 
transport between the cathode and the anode. 

 

Cathodic reaction: 𝐶𝑂 + 𝑂 + 2�̅�  → 𝐶𝑂  

 
Anodic reaction: 𝐻 + 𝐶𝑂  → 𝐻 𝑂 + 𝐶𝑂 + 2𝑒 
 

Overall reaction: 𝐻 + 𝑂 → 𝐻 𝑂 

 
Gas shift reaction: 𝐶𝑂 + 𝐻 𝑂 ↔ 𝐶𝑂 + 𝐻  
 

For the IR-MCFC an additional reaction equation is taken into account for the fuel reforming: 

 
𝐶𝐻 + 𝐻 𝑂 ↔ 𝐶𝑂 + 3𝐻  
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The external reforming MCFC (ER-MCFC) produce hydrogen at the outside of the MCFC stack. In 
this case, the stack temperature can be controlled by convection heat transfer only. The external 
reforming adopts a pressurized operation to supply a high rate of cooling gas flow. For the external 
reforming there must be an independent steam reformer connected to the installation before the anode 
channel. This reformer can have more optimal geometry which allowing for reforming to occur more 
efficiently, also catalysts made of different materials can be applied. External reforming takes place in 
a separate unit installed in the MCFC power plant. Cathode exhaust which possess a high energy content 
is burnt in a catalytic burner and the heat produced is supplied to the reformer for the endothermic 
methane reforming reaction to occur. Lower efficiency and higher capital costs are the main 
disadvantages of such systems. However, when there is a size limitation with the fuel cell stack, external 
reformers should be employed. It is used for pressurized systems, as the steam reforming is promoted 
by high temperature and pressure. The water-gas shift reaction is reversible and fast and can be assumed 
to be at equilibrium inside the fuel cell. Kim and Lee [58] presented a compare of the temperature, 
thermal stress distribution, and structural stability to investigate the thermal effects in external and 
internal reforming molten carbonate fuel cell (MCFC) systems with a large active area. In article [59] 
showed the performance of internal and external reforming molten carbonate fuel cell systems are 
investigated. Authors [59] concluded that the operating temperature has more effect on the cell voltage 
of IR-MCFC system compared to ER-MCFC system and the IR-MCFC system is more efficient than 
the ER-MCFC system. 

5 Internal reforming 

The other type of fuel processing is an internal reforming MCFC (IR-MCFC) that directly generates 
hydrogen in the MCFC stack. The stack temperature is controlled within the stack to remove the heat 
generated from the endothermic reforming reactions. The MCFC with internal reforming does not 
require a high flow rate and fuel cell can operate under atmospheric conditions. Internal reforming 
processes can be further divided in direct (MCFC-DIR) and indirect (MCFC-IIR) one. In the first case, 
the reforming is made in the anode room itself with benefit on thermal exchange efficiency. The internal 
reforming processes (MCFC-IIR) can be also made just adjacent the anode. Internal reforming uses the 
heat produced by the exothermic hydrogen oxidation for the endothermic steam reforming reaction, 
which simplifies thermal management of the stack. When hydrogen is consumed in the anode reaction, 
this drives the steam reforming reaction to the right which yield higher fuel utilization and higher overall 
efficiency. Chung and et al. [24] developed a two-dimensional cross-flow cell model. They studied how 
the reformer affects the temperature distribution and performance in an internal-reforming MCFC (IR-
MCFC) cell unit. They concluded that the temperature is more evenly distributed compared with an 
externally reformed MCFC (ER-MCFC), additionally that the best cell performance was achieved with 
a steam to methane ratio of 2:1. A mathematical process model for an internal reforming molten 
carbonate fuel cell power plant is discussed in paper [60]. The paper [61] reviews some of the catalytic 
aspects of internal reforming in these two types of cell, molten carbonate fuel cell (MCFC) and solid 
oxide fuel cell (SOFC). A compare of the temperature, thermal stress distribution, and structural stability 
to investigate the thermal effects in external and internal reforming molten carbonate fuel cell (MCFC) 
systems with a large active area shows [58]. The effects of the reformer in the internal-reforming IR-
MCFC have been studied by mathematical model and additionally, the temperature distribution, voltage 
distribution, and performance of an internal reforming fuel cell at a constant current density are 
calculated and compared with those of an external reforming [62]. Shikhar and et al. [63] compared the 
IR-SOFC system and the IR-MCFC system and authors stated that the IR-MCFC system produces 
similar electric output at similar efficiency but with the gas power output in the form of hydrogen and 
CO in comparison to the IR-SOFC. The gas efficiency is much lower.  

6 Conclusions 

Reforming hydrocarbons to break them down into a more usable fuel for a fuel cell is a very complicated 
process. In this paper, an overview of the methane steam reforming analysis is presented, considering 
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both a mathematical process model for an internal and external reforming molten carbonate. The main 
focus here is on how to describe the equilibrium degrees of reactions, as demonstrated by the equations 
used by various scientists. For these equations, it was also necessary to have parameters such as 
activation energies, etc. Published articles related to modelling of internal and external reforming were 
reviewed and discussed. The first chapter describes the current state of knowledge on internal methane 
(and other fuels) steam reforming in general extensive literature review on this subject. A more detailed 
analysis of the modelling of these processes (internal and external steam reforming) is performed in the 
following chapters 
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Abstract 

A boil-off gas reliquefaction system that is a part of LEG carriers is evaluated in this study. The 
overall system consists of two thermally interconnected two-stage refrigeration cycles. The working 
fluid of the bottoming cycle is the transported cargo (ethylene). The working fluid of the topping cycle 
is propylene. The research is based on the determination of irreversibilities in the reliquefaction 
system cycles using the entropy-cycle method of thermodynamic analysis. Based on the results of the 
analysis obtained by the entropy-cycle method, the impact of the process performance in the main 
components on the reliquefaction system energy efficiency was evaluated. The greatest 
thermodynamic irreversibility is observed in the processes of compression in the two-stage compressor 
of the bottoming cycle (9%), total throttling in the reliquefaction system (8.5%), and vapor 
superheating at the suction into the low stage of the two-stage compressor of the bottoming cycle 
(8%). The results of the study allow designers and operators of gas carriers to determine the 
components of the reliquefaction system that require improvement and take practical measures to 
improve the operational characteristics of the reliquefaction system components. 

1 Introduction 

Ethylene is one of the main products of the petrochemical industry. Liquefied ethylene's large sea 
transportations are carried out by specialized gas carriers (LEG carriers). Shipping by sea is a segment 
of the ethylene economy. The specialization of vessels is related to the cargo containment system and 
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is determined by the physical properties of ethylene (normal boiling temperature is –104°C). A part of 
the transported ethylene (0.08–0.3% per day) evaporates, which leads to an increase in pressure and 
temperature in cargo tanks. To maintain constant pressure in the tanks, it is necessary to remove the 
boil-off gas (BOG), condense it, and return to the cargo tanks. A reliquefaction system is used for 
these purposes. The reliquefaction system is based on a low-temperature cascade refrigeration 
machine. The energy efficiency of vessel reliquefaction systems must comply with EEDI and SEEMP 
standards [1]. It is possible to increase the energy efficiency of the reliquefaction system by increasing 
the productivity and reducing the energy consumption. 

There are studies dedicated to the LEG reliquefaction systems. Saputra and Supramono [2] evaluated 
an LPG vessel reliquefaction system with a capacity of 20 tons per day. The vessel carries both, 
liquefied pressurised gases (propane, butane) and cryogenic liquids (ethylene, ethane, and methane). 
For the reliquefaction system, a cascade refrigeration machine is used. The thermodynamic analysis of 
the reliquefaction system has been conducted using the exergy analysis. Berlinck et al. [3] carried out 
a numerical simulation of the reliquefaction system. Good agreement has been obtained between the 
assumed thermodynamic parameters and the experimental data. Chien and Shih [4] proposed a project 
for optimizing reliquefaction processes in the ethylene cargo containment systems. As a result of the 
exergy analysis the operating conditions have been determined, in which the energy consumption is 
decreased by 16.2%. At the same time, the volumetric flow rates of refrigerant and boil-off gas are 
significantly reduced. The optimization of the real cycle for LEG by the exergy method was carried 
out by Li et al. [5]. The analysis showed an increase in the exergy efficiency of BOG liquefaction by 
19% and a decrease in refrigerant flow rate by 45% per hour. Nanowski [6] described the ethylene 
cycle of a reliquefaction system using a Mollier diagram. The performance of a system with a large 
number of possible refrigerants has been analysed using detailed experimental data. Tan et al. [7] 
proposed the options for improving the energy efficiency of an ethylene reliquefaction system by 
using an ejector as an expansion device within a cascade refrigeration machine. The author of this 
study claims that the installation of an ejector reduces the energy consumption by 15.7–27.9 kW 
compared to conventional expansion devices. In the studies Tan et al. [8, 9], three modified cycles of 
the ethylene reliquefaction system have been evaluated. The cycle parameters have been optimized to 
minimize the energy consumption of the entire system. The results showed that the largest exergy 
losses are observed in compressors and expansion devices. The authors provide background 
information on the selection of reliquefaction processes for LEG vessels. 

A literature review showed that very few works are addressed the study of LEG liquefaction systems. 
The exergy analysis was intensively applied to evaluate the efficiency and optimize the 
thermodynamic cycle of the BOG reliquefaction system. The exergy method is the modern sense 
includes exergoeconomics, i.e., the analysis should include a lot of real cost indicators, which are very 
poorly suited to unification and make thermodynamic calculations time-consuming. It follows from 
this that the use of exergy analysis is appropriate for assessing the entire vessel energy system. 

The purpose of the presented study is a thermodynamic analysis of the ethylene reliquefaction system 
cycle. To assess irreversible losses in the reliquefaction plant, in isolation from the power systems of 
the vessel, Morosuk et al. proposed to use the entropy-cycle method of thermodynamic analysis [10]. 
Compared to exergy analysis; this method is less engineering. However, it provides information that 
can increase the creativity of the scientists to propose the option for the structural improvement of the 
reliquefaction system. 

2 LEG reliquefaction system 

For the numerical analysis, the data obtained for the vessel LEG reliquefaction system of the 
“ANTIKITIRA” tanker [11] have been used. This tanker belongs to the semi-refrigerated gas carriers. 
The tank design is an independent tank of type “C” [12]. To keep the pressure of the cargo in the tank 
close to the recommended values, the vessel is provided with the reliquefaction system. The flow 
diagram of the cascade direct reliquefaction system is shown in Figure 1. The reliquefaction system 
consists of two thermally interconnected two-stage refrigeration machines. The working fluids are: 
ethylene (R1150) for the bottoming stage, and propylene (R1270) for the topping stage. 

392



The bottoming stage of the cascade operates on a two-stage compression cycle with partial 
intercooling and parallel throttling. This refrigeration system includes a two-stage reciprocating 
crosshead compressor 2K140 by Burckhardt Compression [13], an intermediate vessel with a coil, an 
LPG condenser, a shell-and-tube condenser-evaporator, a receiver, shut-off, and control valves. The 
topping stage of cascade operates on a two-stage mechanical compression cycle with incomplete 
intercooling between the compressors, and an economizer. This refrigeration system includes a two-
stage oil-flooded screw compressor SS102944 by MYCOM [14] with a corresponding oil cooling 
system, a brazed-plate condenser, an economizer, shut-off and control valves. Condenser-evaporator 
with intratubal evaporation of propylene is a common heat exchanger for both cascades. 

 

Figure 1: Flow diagram of the reliquefication system 

The parameters and characteristics of the cycles obtained in real operating conditions when monitoring 
cargo operations were used for the thermodynamic analysis of the reliquefaction system. Based on 
these data, a thermodynamic cycle of the reliquefaction system (Figure 2) has been simulated (Table 
1), and the energy evaluation has been performed [15] (Table 2). 
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Figure 2: Thermodynamic cycle of the reliquefaction system in T–s diagram 

Table 1: Initial data 

Parameter Value 
Temperature of BOG (ethylene) in the tank 𝑇 , ℃ –38℃ 
Condensing pressure in the condenser-evaporator 𝑝 , bar 16 
Intermediate pressure in cargo compressor 𝑝 , bar 4.45 
Intermediate pressure in screw compressor 𝑝 , bar 4.41 
Theoretical volumetric capacities of the cargo compressor low stage 𝑉 , m3·h-1 609* 
Theoretical volumetric capacities of the cargo compressor high stage 𝑉 , m3·h-1 273* 
* In accordance with the vessel’s instructions  

Table 2: System simulation results and energy analysis 

Parameter Value 
Refrigeration capacity �̇� , kW 92.5 
Mass flow rate of the refrigerant in the cargo compressor low stage �̇� , kg·s-1 0.240 
Mass flow rate of the refrigerant in the coil �̇� , kg·s-1 0.056 
Mass flow rate of the refrigerant in the cargo compressor high stage �̇� , kg·s-1 3.550 
Mass flow rate of the refrigerant in the screw compressor low stage �̇� , kg·s-1 0.400 
Mass flow rate of the refrigerant in the screw compressor high stage �̇� , kg·s-1 0.562 
Mass flow rate of the refrigerant through expansion valve in the topping stage   
of cascade �̇� , kg·s-1 0.162 
Cargo compressor power consumption �̇� , kW 115.17 
Screw compressor power consumption �̇� , kW 80.92 
Total compressor power consumption ∑ �̇� , kW 196.09 
Coefficient of performance COP 0.47 

 

3 Analysis by the entropy-cycle method 

To evaluate complex energy-conversion systems as a whole and their individual components, the 
entropy-cycle method of thermodynamic analysis is used [10]. This method is based on the well-
known Gouy-Stodola theorem (i.e., work-lost theorem). The system was evaluated under the steady-
state conditions. The complexity of the analysis is associated with the change in the mass flow rate of 
the working fluids. 
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For thermodynamic analysis of the cascade cooling cycle, this cycle is divided into components: 
component 1 is the low mechanical compression stage of the bottoming stage of the cascade, 
component 2 is the high mechanical compression stage of the bottoming stage of the cascade, 
component 3 is the low mechanical compression stage of the topping stage of the cascade, component 
4 is the high mechanical compression stage of the topping stage of cascade. All characteristics of the 
individual components are presented relative to 1 kg of the mass flow rate of the working fluid of 
component 1. 

The analysis is carried out at an initially assumed constant temperatures: evaporating temperature 𝑇 , 
ambient temperature 𝑇 , condensing temperature in the bottoming stage 𝑇 , condensing 
temperature in the topping stage 𝑇 , temperature in the condenser-evaporator 𝑇 , and temperature 
difference in the heat exchangers of the components ∆𝑇. The corresponding Carnot cycle can be used 
as a cycle-model for the studied components with the processes of heat supply and rejection during 
phase transformations of single-component fluids (Figure 3). 

 

 

Figure 3: Cycle-model of the cascade refrigeration system in the T–s diagram 

The temperature range of Carnot cycle for component 1 is from 𝑇  to 𝑇 , for component 2 is from 
𝑇  to 𝑇 , for component 3 is from 𝑇  to 𝑇 , and for component 4 is from 𝑇  to 𝑇 . 
According to the working fluids, the cycle-models are presented as Carnot 1 and Carnot 2 for 
bottoming stage of the cascade, as well as Carnot 3 and Carnot 4 for the topping stage of the cascade. 
The areas of the corresponding Carnot cycles are equivalent to the works of the cycles. Based on the 
theoretical studies of Morosuk et al., [10] should be calculated starting from component 2, taking into 
account the changed mass flow rates of working fluids in the stages. In a graphic representation, this 
corresponds to an increase in the area along the x-axis (entropy s). 

The analysis has been carried out graphically way using the T–s diagram (Figures 3 and 4). The cycles 
are compared by step-by-step replacement of growing total irreversibilities by changing the width of 
the corresponding Carnot cycle. The actual cycle of the bottoming stage of the cascade is represented 
by the contour 0E1E2E3E4E5E6E7E8E9E (Figure 4). The image of the cycles takes into account external 
irreversibility in the processes of heat rejection and supply as well as internal irreversibility of the 
compression processes in LS(E) and HS(E) compressors, and throttling in EV1(E) and EV2(E) in 
expansion valves. The corresponding Carnot cycle 1 is constructed with the equality of useful effects 
of Carnot cycle and actual cycle 

𝐴𝑟𝑒𝑎 𝑑0 9 𝑏 → 𝑞 = ℎ −  ℎ = 𝑇 ∙ 𝑠 −  𝑠  (1) 

The Carnot cycle1 is represented by the area 0Em1m29E. To construct the corresponding Carnot cycle 2, 
it is used the ratio of mass flow rates for the high and low stages of the bottoming stage of cascade: 

𝑔 =
�̇�

�̇�
 (2) 
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Figure 4: Determination of irreversibilities in the bottoming stage of the cascade ethylene 
reliquefaction system 

Carnot cycle 2 is built on the temperatures 𝑇 and 𝑇  between the stages, and represented by the area 
n7n4m5m6. Taking into account the change in the flow rate of the working fluid 𝑔, Carnot cycle 2 along 
the x-axis (entropy s) is increased on the right - area m3m4m5m6. 

The calculation model on the example of the bottoming stage of the cascade cooling cycle is 
represented by Eqs.(3)–(15). 

The specific work of compression in the LS(E) compressor of the actual cycle: 

𝑤 ( ) = ℎ − ℎ , kJ·kg-1 (3) 

The specific work in the corresponding Carnot cycle 1 

𝑤
( )

= ℎ − ℎ − ℎ − ℎ Е , kJ·kg-1 ⇔ 𝐴𝑟𝑒𝑎 0Е𝑚 𝑚 9  (4) 

The difference of specific works from Eq.(3) and Eq.(4) 

𝑤cycle
( )

= 𝑤 ( ) − 𝑤
( ), kJ·kg-1 (5) 

The irreversibility in the LS(E) compressor: 

𝐼
( )

= 𝑇 ⋅ 𝑠р − 𝑠е = 𝑇 ⋅ 𝛥𝑠
( ), kJ·kg-1 ⇔ 𝐴𝑟𝑒𝑎 𝑝𝑛 𝑛 𝑒 (6) 

The irreversibility due to vapor superheating inlet the LS(E) compressor: 

𝐼
( )

= 𝑇 ⋅ (𝑠е − 𝑠 ) = 𝑇 ⋅ 𝛥𝑠
( ), kJ·kg-1 ⇔ 𝐴𝑟𝑒𝑎 𝑒𝑛 𝑚 𝑑 (7) 

The irreversibility in the expansion valve EV2(E): 

𝐼
( )

= 𝑇 ⋅ (𝑠 − 𝑠а) = 𝑇 ⋅ 𝛥𝑠
( ), kJ·kg-1 ⇔ 𝐴𝑟𝑒𝑎 𝑎𝑏9 𝑚 𝑛  (8) 

The specific work of compression in the HS(E) compressor of the actual cycle:  

𝑤 ( ) = ℎ − ℎ ∙ 𝑔, kJ·kg-1 (9) 

The specific work in the corresponding Carnot cycle 2: 

𝑤
( )

= ℎ − ℎ − ℎ − ℎ ∙ 𝑔, kJ·kg-1 ⇔ 𝐴𝑟𝑒𝑎 𝑚 𝑚 𝑚 𝑚  (10) 

The difference of specific works from Eqs.(9) and (10): 

𝑤cycle
( )

= 𝑤 ( ) − 𝑤
( ), kJ·kg-1 (11) 

The irreversibility in the HS(E) compressor: 

396



𝐼
( )

= 𝑇 ⋅ 𝑠 − 𝑠 ∙ 𝑔 = 𝑇 ⋅ 𝛥𝑠
( ), kJ·kg-1 ⇔ 𝐴𝑟𝑒𝑎 𝑘𝑛 𝑛 𝑦𝑔 (12) 

The irreversibility in the expansion valve EV1(E): 

𝐼
( )

= 𝑇 ⋅ 𝑠 − 𝑠 ∙ 𝑔 = 𝑇 ⋅ 𝛥𝑠
( ), kJ·kg-1 ⇔ 𝐴𝑟𝑒𝑎 𝑚 𝑛 𝑔𝑓 (13) 

The irreversibility in the LPG heat exchanger (see Figure 1): 

𝐼
( )

= ℎ − ℎ − 𝑇 ⋅ (𝑠 − 𝑠 ) ∙ 𝑔 = 

= 𝑇 ⋅ 𝛥𝑠
( ), kJ·kg-1⇔ 𝐴𝑟𝑒𝑎 𝑘𝑛 𝑛 ℎ 

(14) 

The irreversibility in the condenser-evaporator: 

𝐼
( )

= ℎ − ℎ − 𝑇 ⋅ 𝑠 − 𝑠 ∙ 𝑔 = 

= 𝑇 ⋅ 𝛥𝑠
( ), kJ·kg-1⇔ 𝐴𝑟𝑒𝑎 𝑔𝑚 𝑛 ℎ 

(15) 

The results of loss calculations in individual processes of the bottoming stage of cascade are presented 
in Table 3. 

Table 3: The analysis of the bottoming stage of the cascade system 

Parameter Value 

The difference between specific works from Eqs.(3) and (4) 𝑤cycle
( ), kJ·kg-1 118.52 

The irreversibility in the LS(E) compressor 𝐼 ( ), kJ·kg-1 52.42 

The irreversibility due to vapor superheating inlet the LS(E) compressor 𝐼 ℎ
( ), 

kJ·kg-1 
 

61.47 

The irreversibility in the expansion valve EV2(E) 𝐼 ( ), kJ·kg-1 65.92 

The difference between specific works from Eqs.(9) and (10) 𝑤cycle
( ), kJ·kg-1 17.04 

The irreversibility in the HS(E) compressor 𝐼 ( ), kJ·kg-1 34.35 

The irreversibility in the expansion valve EV1(E) 𝐼 ( ), kJ·kg-1 19.21 

The irreversibility in the LPG heat exchanger 𝐼 ( ), kJ·kg-1 10.97 

The irreversibility in the condenser-evaporator 𝐼 ( ), kJ·kg-1 32.34 

Note: In the Table 3, the specific values of kJ kg-1 are related to 1 kg of cargo (ethylene) 

Analysis of the topping stage of cascade and graphical interpretation of the corresponding cycles 
Carnot 3 and Carnot 4 is carried out similarly to the above, but with the condition of the influence of 
the working fluids flow rate over the stages of the topping cycle of the cascade. The actual cycle is 
represented by the contour 0R1R2R3R4R5R6R7R8R (Figure 5). The results of loss calculations in 
individual processes of the topping stage of the cascade are presented in Table 4. 
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Figure 5: Determination of irreversibilities in the topping stage of the cascade ethylene reliquefaction 
system 

Table 4: The analysis of the topping stage of the cascade system 

Parameter Value 

The difference between specific works 𝑤cycle
( ), kJ·kg-1 34.31 

The irreversibility in the expansion valve EV2(R) 𝐼 ( ), kJ·kg-1 10.81 

The irreversibility due to vapor superheating inlet of the LS(R) compressor 

𝐼 ℎ
( ), kJ·kg-1 

 
27.06 

The difference between specific works 𝑤cycle
( ), kJ·kg-1 65.58 

The irreversibility in the expansion valve EV1(R) 𝐼 ( ), kJ·kg-1 30.88 

The irreversibility in the condenser-evaporator 𝐼
( ), kJ·kg-1 18.16 

The irreversibility in the condenser 𝐼 ( ), kJ·kg-1 43.60 

Note: In the Table 4, the specific values of kJ kg-1 are related to 1 kg of refrigerant (propylene) 

 

 

Figure 6: A graphical interpretation of the results of the thermodynamic performance assessment 
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A graphical interpretation of the results of the thermodynamic performance assessment according to 
calculations is shown in Figure 6. The area of the circle is equivalent to the actual specific work of the 
cascade cooling cycle. 57% of the area of the circle is equivalent to the specific work of the 
corresponding Carnot cycles for the cascade cooling machine. The remaining area represents the 
relative overrun of the specific work in the individual processes of the actual cascade cooling cycle. 
The analysis shows that in the evaluated actual cycle of the cascade refrigeration machine, the greatest 
impact on energy efficiency (i.e., decreasing the irreversibility) is associate in the two-stage 
compressor of the bottoming stage of the cascade (9%), expansion devices (8.5%), and the process of 
superheating of the vapor at the suction in a cargo compressor (8%). 

4 Conclusions 

In this study, the entropy-cycle method of thermodynamic analysis has been applied to assess the 
energy efficiency of complex multi-stage cascade refrigeration cycles, since this method has great 
visual possibilities and associated creativity to develop the options for structural improving the 
systems. 

Based on the results of the analysis obtained by the entropy-cycle method, the impact all the main 
components on the energy efficiency of the ethylene reliquefaction system was evaluated. The 
following processes have the highest thermodynamic irreversibility: compression in a two-stage 
compressor of the bottoming stage (9%), the total process of throttling in the reliquefaction system 
(8.5%), and the process of superheating of the vapor at the suction in a cargo compressor (8%). 

When designing cascade ethylene reliquefaction systems, it is necessary to develop options that will 
help to decrease the effect of irreversibilities within the expansion devices (because the expansion 
device cannot be improved itself) and the cooling system of cargo compressors. It is also necessary to 
pay attention to the condition of the cargo pipelines insulation and the operation parameters of the 
cargo compressor cooling system during operation. 

Nomenclature 

𝑔 ratio of mass flow rates, 
ℎ specific enthalpy, kJ·kg-1, 
𝐼 irreversibility, kJ·kg-1, 
�̇� mass flow rate, kg·s-1, 
𝑝 pressure, bar, 
�̇�  refrigeration capacity, kW, 
𝑠 specific entropy, kJ·kg-1·K, 
𝑇 temperature, ºC, 
𝑉  theoretical volumetric capacities of the compressor, m3·h-1, 
𝑤 specific work, kJ·kg-1, 
�̇�  compressor power consumption, kW. 
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Abstract 

Nowadays, the energy system decarbonization represents one of the most critical challenges. This 
process will occur through a transition that will have natural gas as one of the main characters. In Poland, 
over half of electricity production comes from hard coal. However, the fluctuations in natural gas price 
and the coal cheapness slow down this transition; therefore, LNG importations could play a key role. In 
this work, a proposal for a novel recovery solution for the LNG regasification terminal of Świnoujście 
(Poland) is examined. The assessed configurations consist of a plant with a closed-loop cryogenic cycle 
operating with nitrogen, which operates the LNG regasification process and also produces electricity 
through the recovery of the heat from the exhaust flow of a gas turbine. Therefore, the proposed plant 
has the dual purpose of regasifying and producing electricity by the recovery of the LNG’s cold exergy 
otherwise destroyed. Currently, the Świnoujście terminal has a regasification capacity of about 5 billion 
m3 per year and uses submerged combustion vaporizers (SCV) to operate it. The power plant here 
proposed is sized to cover this capacity, using 2 SIEMENS SGT800 gas turbine units. An economic 
analysis of the plant is carried out and the attractiveness of the proposal is shown, also taking into account 
the Świnoujście seasonality. Finally, an exergo-economic analysis of the whole power plant is carried 
out, highlighting the most critical component of the developed configurations. It also permitted to 
calculate of the cost of the regasified natural gas as a function of the seasonal temperature trend. 

1 Introduction 

Due to the recent Ukraine crisis, the natural gas price skyrocketed, especially in Europe and particularly 
in Poland. As a consequence, the struggle to get a higher amount of Liquified Natural Gas (LNG) has 
raised globally [1]. Not only have natural gas prices increased, but also oil, coal and any other fuel have 
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been subjected to drastic growth in their cost. This, on one hand, is generating a very difficult scenario, 
as an industry, as well as final consumers, are in a dire situation due to the increase in the energy prices, 
on the other hand, it is pushing the energy transition to speed up. 

When dealing with energy transition topics, one should not only think about producing electricity or 
heat through renewable technology, but he has to keep in mind that energy efficiency is also a 
fundamental step to reaching the predefined goal set by the Paris Agreement in 2015. 

Therefore, the recovery of wasted energy is one of the most efficient ways to strive forward a clean 
scenario. This, coupled, with the increased attention toward LNG, provide a breeding ground for 
proposing an innovative solution that combines a regasification plant with electricity production. 

These kinds of solutions are starting to emerge in literature, as testified by the works of Kim et al., 2015 
[2] and Sun et al., 2018 [3]. In particular, Kim et al., 2015 developed optimization analyses of ORC 
cycle utilizing binary mixtures to recover the cryogenic energy of the regasification process. The 
obtained results demonstrated the feasibility of the solution, with a production of electricity up to 151.78 
kJ/h kgLNG and a cycle efficiency of almost 20%. A further study [4] analyzed the increase in 
performance of the propulsion of a ship that utilizes a dual-fuel engine for LNG carriers. Specifically, 
the utilization of a dual loop ORC cycle which recovers both energies from the exhaust gases and the 
cold energy of the regasification allowed an increase of the power output of 729 kW, which 
corresponded to about 4% of the original engine output. 

On the same topic, Sun et al., 2018, developed a thermodynamic optimization of several plant solutions 
(single-stage ORC, parallel two-stage ORC, cascade two-stage ORC, combined direct expansion cycle), 
to exploit LNG regasification cold energy. It was found that all configurations achieved an efficiency of 
close to 20%. 

Differently from the previously cited studies, Angelino and Invernizzi, 2011 [5], focused on the recovery 
of the cold regasification energy, not with an ORC cycle, but instead with a Brayton cycle and performed 
a sensitivity analyses to select the proper working fluid. The main outcome of their work was the 
demonstration of achieving similar efficiency to utilizing a Rankine cycle, but with the advantage of 
having a simpler overall plat layout. 

Following this idea, Fiaschi and Manfrida, 2017 [6] focused on the design of a closed-loop gas turbine 
solution for the recovery of cold energy in LNG regassifiers in Italy. They analysed two possible 
working fluids, Nitrogen and Helium, and found out that for the proposed scheme, both fluids provide 
relatively high-efficiency values (about 52%). The main obtained results were that they demonstrated a 
very attractive CO2 footprint (about 520 g/kWh) which is in line compared to the best available 
combined cycles (350-400 g/kWh), but which have a much larger size. 

In this study, following the previous work developed by Fiaschi and Manfrida, 2017, a novel power 
plant layout scheme had been introduced and coupled to the real regasification terminal of Świnoujście, 
in Poland. The aim of the study is therefore to assess the economic feasibility of installing such a system 
on a real regasification terminal. In the following, energy, exergy, exergo economic, and advanced 
economic analysis are proposed and discussed. 

2 Description of the proposed innovative scheme 

The proposed innovative solution consists of a combined cycle with a closed-loop cryogenic cycle 
operating with nitrogen, that operates the LNG regasification process and produces electricity 
recovering the heat from the exhaust flow of a gas turbine cycle. Therefore, the plant proposed has the 
dual purpose of regasifying and recovering the cold of LNG to produce electricity. The regasification 
takes place in two shell and tube vaporizers, IC and HE1, as can be noted in Fig. 1. 
The plant is made up of a closed-loop cryogenic power cycle operating with nitrogen and a power cycle 
with gas turbines. The bottom cycle consists of two shell and tube vaporizers, IC and HE1; a water-
nitrogen preheater, US1; an exhaust gas-nitrogen heat recovery, US2; two compressors and a turbine. 
The turbogas cycle has a precooler that cools down the inlet air temperature exploiting the cold seawater 
coming from US1. The choice of the precooler is made to enhance the gas turbine operability. For the 
gas turbine cycle, it was chosen a Siemens SGT-800.  
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The precooler was added to the original layout (proposed by Fiaschi and Manfrida, 2017 [6]). This was 
done because there is the possibility of using the extra cold available in subcooled seawater (down to 
0.5 °C) to pre-cool the gas turbine inlet, thereby compensating for off-design for warm/hot climate while 
respecting common international environmental restrictions for seawater cooling (that is, using a 
temperature range lower than 10°C from coolant inlet to outlet). 

Currently, the Świnoujście terminal has a regasification capacity of about 5 billion m3 and uses 
submerged combustion vaporizers (SCV) to operate it. The power plant here proposed is sized to cover 
this capacity, using two SIEMENS SGT800 gas turbine units.  

 

Figure 1: Plant scheme  

2.1 Input data 

The thermodynamic analysis was developed in EES (Engineering Equation Solver) modelling 
environment [7]. The LNG and exhaust gas thermodynamic properties were calculated using REFPROP 
libraries [8]; The compositions of the LNG and exhaust gas in terms of mole fraction are shown in Table 
1. 

Table 1: Chemical compositions for LNG and exhaust gas of gas turbine.  

LNG Mole fraction [-] Exhaust gas Mole fraction [-] 
Methane 0.88788 Nitrogen 0.72 
Ethane 0.07558 Oxygen 0.18 
Propane 0.02608 Carbon Dioxide 0.05 
Butane 0.01046 Water vapor 0.05 

The plant currently has a nominal production capacity of gas of 𝟒. 𝟗𝟗𝟑𝟐𝟒 ∙ 𝟏𝟎𝟗 𝒎𝟑/𝒚𝒆𝒂𝒓 but can cope 
with a maximum production capacity of 𝟓. 𝟕𝟒𝟔𝟓𝟔 ∙ 𝟏𝟎𝟗 𝒎𝟑/𝒚𝒆𝒂𝒓. In addition, it is expected to soon 
reach a nominal production capacity of 𝟕. 𝟒𝟗𝟖𝟓𝟔 ∙ 𝟏𝟎𝟗 𝒎𝟑/𝒚𝒆𝒂𝒓 and to be able to reach a maximum 
production capacity of 𝟖. 𝟔𝟏𝟗𝟖𝟒 ∙ 𝟏𝟎𝟗 𝒎𝟑/𝒚𝒆𝒂𝒓. These data are necessary to identify the suitable 
number of gas turbines to be used inside the plant. However, in this study, only the current nominal 
capacity is considered. One of the main hypotheses of the work is the continuous operation of the 
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regasification process, assuming therefore stationary conditions. To consider the influence of climate 
conditions on the gas turbine off-design a data collection was carried out: the temperature averaged 
values of seawater and air were obtained for each month considering their value over a period of 25 
years, from 1990 to 2015. Therefore, the seasonality of the power plant was evaluated. In Tab. 2 the 
monthly variable input data were reported.  

Table 2: Monthly input data 

 
The remaining thermodynamic input data are resumed in the following:  

 The inlet LNG pressure and temperature: p[8]=p[10]=80 bar; T[8]=T[10]=-160°C. 

 Nitrogen cryogenic cycle: p[1]=2 bar; overall pressure ratio β=56; ηC1=ηC2=0.85; ηT1=0.9. 

 Turbine Inlet Temperature T[20]=1280°C. 

2.2 Energy and exergy analyses 

The thermodynamic analysis of the overall combined cycle is modelled through mass and energy 
balances. The cycle efficiencies are calculated through Eqns. 1-3 (for all analysed cases the post-
combustion was not activated): 

     𝜼𝒄𝒓𝒚𝒐 =
�̇�𝑻𝟏 (�̇�𝑪𝟏 �̇�𝑪𝟐)

�̇�𝑼𝑺𝟏 �̇�𝑼𝑺𝟐
     (1) 

     𝜼𝑮𝑻 =
�̇�𝑻 �̇�𝑪

�̇�𝑪𝑪
      (2) 

     𝜼𝒐 =
�̇�𝒕𝒐𝒕

�̇�𝑪𝑪 �̇�𝑼𝑺𝟏
      (3) 

Then an exergy analysis is conducted; for all thermodynamic points, it is calculated as described by 
Eqns. 4-5. 

𝜺𝒊 = (𝒉𝒊 − 𝒉𝟎) − 𝑻𝟎(𝒔𝒊 − 𝒔𝟎)     (4) 

�̇�𝒊 = �̇�𝒊 ∙ 𝜺𝒊      (5) 

For the LNG regasified stream at the combustion chamber inlet, both chemical and physical exergy are 
considered. Chemical exergy is calculated starting from the standard chemical exergy of each 
component of the mixture, as reported in Tab.3. 
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Table 3: Standard chemical exergy for each component of LNG 

Component Chemical exergy [kJ/mol] 
Methane 831.6 
Ethane 1500 
Propane 2150 
Butane 2800 

Once the exergy of each stream is calculated, the exergy destructions and losses for each component of 
the plant are computed, as also the direct and indirect exergy efficiency, as shown in Eqns. 6-7.   

𝜼𝒆𝒙 =
�̇�𝒐𝒖𝒕

�̇�𝒊𝒏
=

�̇�𝟑𝟑 �̇�𝟑𝟐 �̇�𝟗 �̇�𝟏𝟏

�̇�𝟑𝟒 �̇�𝟏𝟐 �̇�𝟏𝟓 �̇�𝟏𝟎 �̇�𝟖
    (6) 

𝜼𝒆𝒙;𝒊𝒏𝒅 = 𝟏 −
∑ �̇�𝑫𝒊/𝑳𝒊

�̇�𝒊𝒏
     (7) 

2.3 Components costs 

In order to develop an economic and exergo-economic analysis, it is critical to have a good estimate of 
the cost of components. Different cost correlations were taken into consideration. Except for heat 
exchangers (unless US2), for the calculation of the investment cost of the components, several 
correlations found in the literature [9, 10, 11, 12] have been evaluated. So to the components C1, C2, 
T1, C, CC, and US2 (treated as an HRSG) the Kayadenlen, 2017 correlations were applied. Considering 
the moderate pressure levels and temperature employed in the closed power cycle the cost of 
turbomachinery working with nitrogen was assumed similar to that of equipment working with air or 
combustion gases. The heat exchangers were priced using the Turton, 2001 correlations [13]. First, heat 
exchangers must be sized: the cryogenic ones (HE1; IC; US1) are shell and tube type; for their 
geometrical sizing, the procedure as in Prasad and Das [14] was followed; the precooler is a compact 
heat exchanger (plate type) and for its sizing EES libraries were exploited.   

April is the month considered for calculating the design point of the components because it is the closest 
to the operating design conditions of the gas turbine. The calculated purchased equipment cost of each 
component is shown in Tab. 4. 

Table 4: Purchased Equipment Cost (PEC) 

Component   PEC  
Compressor1 1 14.670.000,00 € 
Intercooler IC 2 906.894,00 € 
Compressor2 3 2.517.000,00 € 
US1 4 364.039,00 € 
US2 5 14.040.000,00 € 
Turbine1 6 126.874,00 € 
HE1 7 908.507,00 € 
Compressor GT 8 26.960.000,00 € 
Combustion Chamber CC 9 8.902.000,00 € 
Mixer pre-Turbine 10 0,00 € 
Turbine GT 11 2.385.000,00 € 
Stack EG 12 0,00 € 
Precooler PC 13 457.177,00 € 
Post combusorPostC 14 0,00 € 
Scambiatore Bypass 15 0,00 € 

Mixer Bypass-Precooler 16 0,00 € 

TOTAL  72.237.491,00 € 
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2.4 Exergo-economic analysis 

For the exergo-economic analysis an open-source tool (3ETool) developed in python was exploited [15]. 
The tool is freely downloadable using pip and allows non-experienced users to perform exergo-
economic analysis with results assured to be in line with the SPECO methodology [16]. Four different 
scenarios were carried on: 1) plant with precooler with LNG fuel at inlet LNG price; 2) plant with 
precooler with LNG fuel at network price; 3) plant without precooler and LNG fuel at inlet LNG price; 
4) plant without precooler and LNG fuel at network price. Options 2 and 4 are significant for a 
comparison with the cost of the electricity produced by common power plants using natural gas with 
high efficiency, such as combined-cycle gas turbines.  

This was done to evaluate the economic convenience of using Natural Gas at the price of LNG, using 
part of the regasified stream rather than buying it from the network, and the attractiveness of 
implementing the precooler (in the Baltic sea climate) before the inlet in the GT compressors. In this 
exergo-economic analysis, the LNG cost was assumed at 3.50 €/GJ, while the cost of natural gas cost 
from the network was taken at 5 €/GJ. It should be underlined that the specific cost of inlet LNG in shell 
and tube vaporizers is fixed at 60% of LNG cost because it considers only the cost of liquefaction and 
transport [17].  

Then, an economic evaluation of the power plant was carried out, assuming the electricity and LNG 
prices from the historical data of the energy market in Poland (2016-2020). Fig.2 and Fig.3 report the 
price and consumption trends for electricity and natural gas. For the consumption, the data were taken 
from a European database [18]; while price values were taken from TGE [19]. Looking at the national 
consumption, it is possible to see that the products of the plant cover about 20% of the overall national 
consumption of natural gas and about 1% of the electricity. As a first step of the analysis, looking at the 
data, it was chosen to consider the forecasted market price of electricity at 57.56 €/MWh (linear 
prevision by the trend) and the natural gas price as 17.3 €/MWh (five-year weighted average). This 
assumption is strong and affected by a degree of uncertainty, that should be kept into consideration in 
the following sections.  

 

Figure 2: Trend of electricity consumption and price in Poland. 
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Figure 3: Trend of natural gas consumption and price in Poland. 

Subsequently, the Total Capital Investment (TCI) of the proposed plant was evaluated, in order to 
classify all the costs. The purpose of the economic analysis was to evaluate the profitability of the 
improved plant layout compared to the existing terminal. To perform this comparison, the difference 
between the two plants' natural gas consumption was needed. The existing terminal uses Submerged 
Combustion Vaporizers (SCV) to regasify the LNG. In accordance with [20], SCV consumes about 2% 
of natural gas, while the turbogas cycle uses about 5.5% of the regasified natural gas. It was therefore 
estimated that in one year, with the same inlet LNG, the Turbo-Cryogenic regasification plant provides 
about 0.176 billion m3 less to the network.  

Three different scenarios were evaluated, a standard, an optimistic, and a pessimistic scenario.  

In the standard case, it was considered that maintenance costs will grow by 0.5% per year, while the 
insurance costs remain constant; the electricity price, as well as the natural gas one, is assumed constant 
in time. The interest rate is fixed at 5%. 

In the pessimistic case an increase of 20% on TCI, an increase of 5% per year on maintenance costs, a 
decrease in electricity price of 5% per year (starting from the 2021 forecasted price), and an increase in 
the natural gas price of 10% per year, an increase of interest rate from 5% to 10% are considered.  

In the optimistic case an increase of 5% per year in electricity price was assumed (the other assumptions 
were kept the same as the standard case). 

3 Results 

Utilizing regasified LNG instead of gas purchased by the network allows a cost reduction of about 1 
c€/kWh, as resumed in Table 5. Considering the precooler, we can see that its use implies a little 
marginal cost increase in the natural gas provided to the network, but some increase in electricity 
production. Therefore, considering that the cost of the additional equipment is evaluated at about 500 
000 €, its use can be advantageous. 

Table 5 and 6 report the annual and monthly exergo-economic results of the two cycles. The cost of the 
electricity produced in the cryogenic closed-cycle section is higher than the one produced by the gas 
cycle section. This result is however common when considering the cost of producing electricity also in 
other cascade cycle contexts, such as gas-steam combined cycles. 

 

 

5
10
15
20
25
30
35
40
45
50

0

500

1000

1500

2000

2500

3000

[€
/M

W
h

]

[M
il

lio
n 

m
3 ]

Month

Natural Gas
QUANTITY [Million m^3] PRICE [€/MWh]

407



 

 

Table 5: Results of exergo-economic analysis – annual average 

With Precooler 

GAS CYCLE NITROGEN CRYOGENIC CYCLE 

Quantity 
Cost 

(Natural Gas at 
Network price) 

Cost 
 (Natural Gas at 

LNG price) 
Quantity 

Cost 
(Natural Gas at 
Network price) 

Cost 
 (Natural Gas at 

LNG price) 

[GWh] [c€/kWh] [c€/kWh] [GWh] [c€/kWh] [c€/kWh] 

967,13 3,973 2,970 540,78 5,932 4,910 

Without Precooler 

TURBOGAS CYCLE NITROGEN CRYOGENIC CYCLE 

Quantity 
Cost 

(Natural Gas at 
Network price) 

Cost 
(Natural Gas at 

LNG price) 
Quantity 

Cost  
(Natural Gas at 
Network price) 

Cost 
(Natural Gas at 

LNG price) 

[GWh] [c€/kWh] [c€/kWh] [GWh] [c€/kWh] [c€/kWh] 

953,61 3,970 2,969 541,40 5,914 4,897 

Table 6: Results of exergo-economic analysis – monthly analysis 

 TURBOGAS CYCLE 
 With Precooler Without Precooler 

 Quantity 

relative cost 
(Natural 
Gas at 

network 
price) 

relative cost 
(Natural Gas 

at LNG 
price) 

Quantity 

relative cost 
(Natural 
Gas at 

network 
price) 

relative cost 
(Natural 

Gas at LNG 
price) 

 [kWh] [c€/kWh] [c€/kWh] [kWh] [c€/kWh] [c€/kWh] 
January 83932716 3.967 2.960 83932716 3.961 2.953 
February 83767824 3.968 2.961 83767824 3.962 2.954 

March 81917976 3.966 2.963 81917976 3.959 2.956 
April 81048828 3.966 2.964 79737973 3.964 2.964 
May 80507434 3.974 2.972 77711718 3.972 2.974 
June 78693636 3.980 2.980 75954270 3.980 2.983 
July 77395430 3.985 2.986 75096343 3.985 2.988 

August 77167790 3.985 2.986 75191858 3.985 2.988 
September 78382976 3.978 2.979 76847736 3.978 2.980 

October 80000459 3.965 2.966 79132669 3.971 2.970 
November 81423034 3.972 2.969 81423034 3.965 2.962 
December 82893986 3.969 2.963 82893986 3.962 2.956 

Annual 967132089 3.973 2.970 953608103 3.970 2.969 
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 NITROGEN CRYOGENIC CYCLE 

 With Precooler Without Precooler 

 Quantity 

relative cost 
(Natural 
Gas at 

network 
price) 

relative cost 
(Natural Gas 

at LNG 
price) 

Quantity 

relative cost 
(Natural 
Gas at 

network 
price) 

relative cost 
(Natural 

Gas at LNG 
price) 

 [kWh] [c€/kWh] [c€/kWh] [kWh] [c€/kWh] [c€/kWh] 
January 44919567 6.036 4.985 44919567 6.028 4.978 
February 44913281 6.044 4.991 44913281 6.036 4.984 

March 45002720 5.987 4.952 45002720 5.980 4.945 

April 45040100 5.943 4.917 45098473 5.922 4.903 

May 45058538 5.920 4.900 45193281 5.869 4.865 

June 45146633 5.873 4.867 45279675 5.826 4.835 

July 45208555 5.842 4.845 45323278 5.805 4.820 

August 45219720 5.836 4.841 45318413 5.806 4.821 

September 45161172 5.862 4.859 45235512 5.842 4.846 

October 45126088 5.879 4.870 45126088 5.897 4.885 

November 45023874 5.963 4.934 45023874 5.956 4.927 

December 44961658 6.006 4.964 44961658 5.999 4.957 

Annual 540781906 5.932 4.910 541395820 5.914 4.897 

The next step is to move from case 1 (the most probable) which presented a Net Present Value at 10 
years equal to 288.946.753,25 € with a Return On Investment of 275.86%, a profitability index (PI) of 
3.76 and an Internal Rate of Return of 47.71% to cases 2 (pessimistic case) and case 3 (optimistic case).  

In case 2 the calculated NPV was found to be 1.368.318,08 €, which corresponds to a ROI=1.09%; 
PI=1.01, and IRR=10.78%.  
In case 3 an NPV= 445.345.632,99 €, a ROI=425,17%, and PI=5.25 and an IRR=55.52% were found. 
The obtained results (resumed in Table 7), demonstrate the profitability of the solution, as, even for the 
pessimistic case, the net present value at 10 years is over 1 M€. 

Table 7: Results of economic sensitivity analysis 

   Case 1 (Probable) Case 2(Pessimistic) Case 3 (Optimistic) 

VAN 288 946 753.25 € 1 368 318.08 € 445 345 632.99 € 

IRR 47.71% 10.78% 55.52% 

PI 3.76 1.01 5.25 

ROI  275.86% 1.09% 425.17% 

Figure 4 displays the Net Present Value as a function of natural and electricity prices. The higher the 
price of electricity compared to natural gas, the greater the investment advantages. In red is represented 
the NPV=0 line, which represents the price line on which the NPV is zero, i.e. that the investment is 
fully repaid at the end of the tenth year of operation of the plant. The region above the line is that in 
which the investment produces an NPV>0; the larger the distance from this line in the upper section, the 
better is for the return of the investment. The region under the red line represents NPV<0 and in this 
case, the investment should not be undertaken (this region corresponds to an abnormal situation of low 
price of electricity and high price of natural gas).  
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Figure 4: NPV sensitivity analysis. 

As an example, if on average in the next 10 years the price of natural gas will be 25 €/MWh, the NPV 
will reach the value of double of total capital investment (ROI=200%) if on average the price of 
electricity will be 60 €/MWh. On the contrary, the NPV will be zero if the electricity price will be on 
average equal to 43 €/MWh, as drawn in figure 5. 

 
Figure 5: Example of NPV scenario. 

4 Conclusions 

The paper has shown that the physichal exergy content of the cryogenic LNG can be recovered using a 
dedicated power cycle. The proposed solution has proven to be of extreme interest from an economic 
point of view, especially for scenarios with high gas and electricity cost. ROI up to 300% are expected 
depending on the condition. Moreover, because of the current crisis the LNG market is expected to grow 
in size making such technology much more appealing.  
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Nomenclature 

Parameter  Description Unit 
βGT Gas Turbine Compression Ratio - 

𝜀 , �̇�  Relative and Total Exergy Value kJ/kg, kW 

IRR Internal rate of return - 

ηcomp, ηturb Efficiencies of Compressor and Turbine - 

𝜂  Cryogenic Cycle Efficiency - 

𝜂 , 𝜂 ;  Direnct and Indirect Overall Exergy Efficiency - 

𝜂  Gas Turbine Cycle Efficiency - 

𝜂  Overall Thermodinamic efficiency - 

NPV Net Present Value € 

mair;UNIT Gas Turbine Air Inlet Flow Rate kg/s 

PI Profitability Index - 

ROI Return On Investment - 

Tair, Tsea Air and Sea Ambient Temperature °C 

T[15], T[16] Precooler and Turbine Inlet Temperature °C 

TCI Total Capital Investment € 
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Abstract 
The increasing energy consumption by humanity and the continuous development of energy systems 
raise serious concerns about the state of the environment and the availability of resources. It has been 
commonly realised that the global energy system requires significant structural, technological, and 
organizational transformations. The concepts of sustainability and energy transition have been widely 
agreed. Consequently, a significant number of new ideas, approaches, and policy drivers emerged, which 
were largely enabled by recent developments in the field of technology. The number of possible decision 
variables, constraints, and degrees of freedom in the design process have been substantially increased. 
In addition, many new actors have become active in the field, including energy consumers which define 
new bottom-up approaches and ground-breaking initiatives. However, on the other hand, there is no 
single solution for building sustainable energy systems. Different goals and activities are being defined 
in different regions and by different stakeholders. This paper presents a subjective review of emerging 
trends and innovations in the field of design of large-scale energy systems. The AARTT framework is 
proposed, which groups trends and innovations into five respective categories, namely: Awareness, 
Approaches, Resources, Technologies, and Tools. Within each category up to date literature, reports and 
projects have been reviewed, and as result, a mind map has been built, which depicts key innovations. 
This enables the identification of major changes and emerging novelties that may have an impact on the 
functioning of modern societies and the future shape of energy systems. It is concluded that the fate of 
our future doesn’t depend solely on technologies but rather a holistic approach and concerted multi- and 
interdisciplinary activities are required.  
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1 Introduction 

Day-to-day functioning and further development of modern societies are dependent nowadays heavily 
on energy supplies. Global energy consumption is constantly growing and conventional finite primary 
energy sources are already approaching their natural limits. Contemporary man consumes energy in 
enormous quantities, and the supply model is still largely based on fossil fuels such as coal, pit, oil, and 
natural gas, which in 2018 represented the share of 82% of globally supplied 14 282 Mtoe of primary 
energy [1]. The major energy-consuming sectors are the industry, transport, and residential sector, which 
together were responsible for 88% of 9 938 Mtoe of final energy consumed globally [1]. The difference 
of 4344 Mtoe around between supply and consumption represents losses at different stages of the supply 
chain within the global energy system. The use of energy represents the largest share of anthropogenic 
carbon emissions, which in 2018 accounted for 33.9 Gt of CO2 equivalent [2]. The massive use of energy 
and emissions causing climate change are nowadays major challenges humanity must deal with. 
Remedial actions are undertaken in many areas related to the planning and design of energy systems. 
However, the future shape of the energy system is not fully predictable as uncertainties and risks 
associated with energy demand as well as energy conversion and supply pathways are significant.  

The energy systems we know nowadays were largely defined in the XIXth century and evolved in the 
XXth century as the result of technological development and choices made by policymakers, energy 
consumers, and energy companies. The first commercialized centralised energy system was 
implemented in Britain around 1785, where natural gas produced from coal was used to light houses 
and streets [3]. In the field of electric power generation, the first such system was started on 4 Sep. 1882 
by the Edison Illuminating Company at Pearl Street in New York [4]. In the same year, the New York 
Steam Company started the first district heating system in the world [5]. Those classic centralised 
solutions were scaled up and widely replicated, which largely contributed to the advancement of 
civilisation and growth of the world economy, which is usually measured by the Gross Domestic Product 
(GDP). According to the World Bank’s data [6], this index measured in constant US$ has increased 
within the years 1960 – 2020 by 653%, and counted per capita by 194%. On the other hand, the rapid 
development of the global energy system has led to a distinct sectoral breakdown, strong dependence 
on fossil fuels, depletion of resources, and a devastating impact on the natural environment overall. 
Serious concerns about social, economic, and environmental consequences emerged in the 1960s, when 
the discipline of environmental economics was proposed [7].  

Nowadays, views in the debate on humanity's use of energy and economic activities overall are different, 
including some apocalyptic ones, which question the further existence of mankind on the planet [8][9]. 
As a consequence, within the first two decades of the XXIst century, it has been commonly realised that 
the global energy system requires significant structural, technological, and organizational 
transformations. The concept of the energy transition has been widely agreed. Consequently, a 
significant number of new concepts, approaches, and policy drivers emerged, which were largely 
enabled by recent developments in the field of technology. The number of possible decision variables, 
constraints, and degrees of freedom in the design process have been substantially increased. In addition, 
many new actors have become active in the field, including energy consumers which define new bottom-
up approaches and ground-breaking initiatives. On the other hand, the political and investment decisions 
driving the transformation are influenced by unpredictable events such as the COVID-19 pandemic,  
extreme weather events, natural disasters, serious accidents, political destabilisation, and conflicts in 
some regions. All those factors have led to a situation, in which predictions on the future shape of the 
global energy system are extremely difficult. The existing models and scenarios, for example, the ones 
presented in [2][10][11] have a limited predictive capacity as they are based on macroeconomic indices 
and historical data, and uncertain assumptions on behavioural changes, policy developments integration 
of sectors and future innovations. According to World Economic Forum [12], an innovation tsunami has 
the potential to wash over the world’s energy systems. It can be easily observed, that nowadays 
innovations emerge in many fields and the terms such as “The Age of Innovations” [13] and “Disruption-
as-usual” [14] have come into common use indicating that the devised and predictable progress may be 
interrupted as the humanity is largely in the quest for game changers, that would effectively contribute 
to solving contemporary problems and achieving newly defined goals. Mostly policy, social, 
technological, industrial, business, and organisational innovations will influence design of future energy 
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systems. For example, technological innovations have the potential to cause a substantial reduction in 
the Levelized Cost of Energy (LCOE) of conventional technologies through changes in the design of 
hardware, software, or processes. These result in changes in Capital and Operational Expenditures 
(CAPEX and OPEX) and Annual Energy Production (AEP) [15]. According to Bogdanov et al. [11], 
the optimal structure of future systems and potential transition pathways are still open questions. 

Overall, any energy system is a large, artificial (i.e. man-made) and hierarchical structure of components 
and their interconnections within a given control volume, which uses available resources, and a sequence 
of technological processes such as energy harvesting/acquisition, conversion, transmission, distribution, 
and use as well as appropriate control and management procedures to safely and continuously satisfy 
demands of a wide variety of energy users. Such a system can be therefore represented as a network of 
components (i.e. nodes), where operations take place, and streams representing the transfer of energy 
and/or mass. In terrestrial conditions, energy systems are in majority open thermodynamic systems, 
which interact with their surroundings.  

Figure 1  depicts the basic structure of a large-scale energy system. It can be further multiplied and 
branched according to types of resources, primary, secondary, and final products. Examples of such 
systems are industrial factory, municipality, district, cluster or hub, country or macro-region. There can 
be distinguished such common features as: - a large number of components (operations); - a large 
number of interactions (i.e. connections, including alternative paths); - a significant number of sources 
and sinks (multiple inputs and multiple outputs); - different types of demands (i.g. electricity, heating, 
cooling, fuels); - significant time variations of demands; - occurrence of poorly controllable and 
intermittent inputs; - considerable spatial constraints; - hierarchy of at least two levels. 

Regarding the interactions with surroundings, there can be distinguished controllable inputs and 
functional outputs as well as inputs and outputs, which are unwanted (noises) and consequences of the 
laws of physics. There are also spatial and functional constraints to the functioning of energy systems. 
This in practice leads to complex hierarchical structures and relationships (including organisational and 
business). An important feature of large energy systems is their sectoral breakdown, which means they 
contain subsystems, which are sets of components bound within smaller control volumes. Examples are 
power systems, natural gas systems, district heating systems, municipal energy systems, industrial 
energy systems, etc. The hierarchical nature of the energy system is depicted in Figure 2 on the example 
of a sample industrial energy system, which provides a factory with power, heating, cooling, and 
compressed air. Figure 3 depicts the sample structure of a national energy system. The level of system 
aggregation/decomposition depends on the purpose of the analysis. In the design of relatively wide 
industrial, municipal or regional energy systems usually, they are decomposed to the level of energy 
conversion plants, which interact together to supply spatially distributed users with the required forms 
of final energy. 

 
Figure 1: Fundamental components of large energy system structure 

415



SY
ST

EM
 L

EV
EL

SU
BS

YS
TE

M
 L

EV
EL

SU
BS

YS
TE

M
 L

EV
EL

In
du

st
ria

l e
ne

rg
y 

sy
st

em

 
Figure 2: Simplified diagram of the hierarchical large-scale energy system (Legend: PP – power 
plant; HP – heating plant; CP – cooling plant; CAP – compressed air plant; PGI – power grid 

interconnection; BP – boiler plant; MP – machinery plant; CP – cooling plant; CFB – coal fired 
boiler, GFB – gas fire boiler, BFB – biomass fired boiler; B – burner; F – fuel delivery; EX – exhaust 
gas removal; PC – power consumer; HC – heat consumer; CC – cold consumer; CAC – compressed 

air consumer; P1, P2, P3 – individual processes; D1, D2, D3 – individual devices) 
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Figure 3: Sample structure of national energy system 

The design of energy systems is a collective and iterative activity of many stakeholders and comprises 
a variety of political, social, economic, and technical measures as well as decision-making. The most 
influencing drivers of the process are the policy ones, which impose structural modifications on the 
system and stimulate its evolution dynamics [16]. From the societal point of view, the design process is 
typical of long-term strategic planning, with key recurrent stages: analysis of the current state, 
development of objectives, execution planning, execution and monitoring of the trajectory of change, 
and corrective actions. The design process combines energy planning, which is mainly focused on the 
selection of resources and balance between supply and demand sides [17], as well as infrastructure 
planning, which concerns physical components of the system, and impact assessment. The key aspects 
are: 

 problem identification; 
 selecting design objectives; 
 selecting evolution pathways and defining development targets; 
 selecting impact and performance indicators for monitoring; 
 selecting energy conversion technologies; 
 selecting primary resources to be used; 
 designing process chains and system structure (i.e. energy conversion and storage pathways);  
 selecting nominal design parameters of physical components; 
 defining operational parameters and control and management procedures;  
 shaping demand characteristics and behaviours of energy consumers; 
 defining research and development objectives; 
 defining coordination and support activities, including education. 

All those energy system design aspects are strongly influenced by many factors, which can be 
systematised into five categories, namely: Awareness, Approaches, Resources, Technologies, and 
Tools. In this way, the AARTT framework is formed, which is depicted in Figure 4. The AARTT 
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framework not only represents a holistic approach to the review of emerging trends and innovations in 
the design of large-scale energy systems but also the iterative character of the evolution of energy 
systems.  Within the first category, it is studied how society nowadays perceives energy supply, use, and 
related impacts and consequences. Within the second category issues related to dealing with problems, 
and defining and reaching goals are addressed. The third category of trends and innovations covers 
inputs to the system, which are nowadays considered realistically possible. The field of technology is 
the largest one and includes a review of emerging system components, their interconnections, and ways 
of use. The category of tools encompasses measures, which can be applied to effectively drive the 
change. 

 

Systematisation 
of design trends and 

innovations.
AARTT  

framework

A - Awareness

R - Resources

T - Technologies

T - Tools

A - Approaches

 

Figure 4: The AARTT framework 

Trends and innovations in the design of large-scale energy systems are continuously monitored by 
different technology platforms, associations, agencies, such as the International Energy Agency (IEA), 
and organisations, such as the World Economic Forum and the World Energy Council. They publish 
periodic reports on the current situation in areas such as resource use, energy balances, technology, 
research, energy policy, climate policy, and system development strategies and scenarios. General 
conclusions from the published documents, such as [2][10][12][14][18][19], point to an ongoing 
unprecedented change in the global energy system, which is nowadays driven by digitalisation, 
decarbonisation, decentralisation, and disruption-as-usual. However, there is no single vision of energy 
transition and the future energy system. There are different scenarios and goals at global, regional, and 
national levels. Howells et al. [20] presented the study of perspectives on sustainable energy, which 
revealed that decision-makers are faced with an array of important and sometimes conflicting views, 
and setting a consistent decision-making framework is difficult. In addition, a significant increase in 
activities of various actors leads to rapid advances in the cost and capability of technology, new business 
models, policy changes, and shifts in societal behaviour, which disrupt today’s energy systems [21]. 
Queries to the Scopus database reveal that the number of scientific papers including the concept of 
disruptive innovation has grown rapidly in the last decade. Figure 5 depicts them according to the query 
type. The three dominating fields, where the biggest number of papers have been published are Business, 
Management, and Accounting; Social Sciences; Engineering. The study [21] classifies the disruptive 
trends in the energy sector into four major categories, namely: new technologies, policies and 
regulations, social behaviours, and business models. Johnstone et al. [22] proposed an analytical 
framework, which consists of four dimensions of system disruption: technology, markets, business 
models, ownership and actors, and regulation. According to Ketsopoulou et al. [23], who reviewed 
potential sources of disruption and set different perspectives on disruption and continuity in 
contemporary energy systems, disruption of established technologies, markets, and business models is 
a key feature of the emerging revolution in energy systems.  
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Figure 5: Results of queries to the Scopus database on disruptive innovations 

According to IEA special report [24], a growing number of governments and companies are making 
ambitious pledges to reach net zero emissions in the coming decades, and governments play a pivotal 
role in energy innovation. The report revealed that on the global scale public spending on research and 
development reached USD 17 billion in 2019.  It was mainly allocated to renewables and nuclear power 
generation (47%), energy efficiency (26%), storage and grids (10%), hydrogen (8%), bioenergy (5%), 
and carbon capture storage and use (4%). The global energy investment in 2021 reached USD 1.9 trillion 
and a shift from traditional fuel production toward power and end-use sectors was noticed [25]. An 
interesting fact is that according to the World Energy Council [21] in the past few years an estimated USD 
300 billion of venture investments have flowed into the sector through new entrants and non-traditional 
players. 

Previous reviews of trends and innovations in energy systems presented in the literature are usually 
narrowed to specific aspects or fields and do not represent a holistic approach. However, combining 
different reviews and reports throws light on the complexity of future energy system planning and 
enables the identification of upcoming changes and potential disruptions. 

Johnstone et al. [22] analysed sociotechnical dimensions of system disruption in Germany and the 
United Kingdom and distinguished three waves of disruption in clean energy transitions, namely: first 
electricity disruption, second electricity disruption, and cross-sectoral disruption. Through the literature 
review and interviews with experts, they identified phenomena such as growing awareness and 
resistance to disruption.  

Kivimaa et al. [26] conducted a qualitative systematic review of literature, which revealed four non-
technical dimensions of disruption in the energy sector, adding behaviour, practices, and cultural models 
to dimensions previously distinguished in [22]. They acknowledged the multi-dimensionality of 
disruption and emphasised that it should be understood as a high-intensity effect in the structure of the 
socio-technical system(s), demonstrated as a long-term change in more than one dimension or element. 
They also suggested that disruption can be stimulated with coordinated activities in multiple dimensions.  

The literature study conducted by Hanna et al. [27] draws attention to purposive (i.e. coordinated) and 
emergent (i.e. uncoordinated) disruptions. The study also points to the fact that optimisation and 
integrated assessment models of energy systems are limited in their capability to anticipate 
discontinuities relating to social, economic, geopolitical, and governance changes. The authors conclude 
that improvement of modelling tools is required for proactive seeking and integration of 
multidisciplinary insights, and system development scenarios should embrace unlikely or non-
mainstream assumptions. 

Significant changes in the field of energy system modelling were reported in the study published by 
Chang et al. [28]. Three main trends in the development of energy system models were identified. These 
are increasing modelling of cross-sectoral synergies, growing focus on open access to models, and 
improved temporal detail to deal with planning future scenarios with high levels of variable renewable 
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energy sources. They conclude that to build a common understanding of the capabilities of the modelling 
tools, it is necessary to engage in dialogue with developers and users as well as there is a need for 
activities towards interlinking of different tools to fully utilise their potential. 

Manfren et al. [29] presented a vision of future energy systems, which is to a significant extent based on 
distributed generation. In this context, they reviewed tools for modelling distributed generation planning 
and design. Their findings point out to different capabilities of available tools and the requirement to 
adopt a multicriteria perspective within the optimisation framework to determine optimal solutions for 
providing energy services through distributed generation. According to the study, the future energy 
system can be characterised by the following features: integrated, interactive, optimized, resilient, 
adaptive, and predictive.  

According to Mancarella [30], an important direction of the development of future energy systems is 
distributed multi-energy generation including concepts such as energy hubs, microgrids, and virtual 
power plants, which extend the concept of smart grid beyond the electricity sector toward optimal 
interaction of different sectors. His literature review results revealed that such systems can be designed 
by taking into consideration various approaches and criteria for energy, environmental, and techno-
economic assessment. He categorised available models and assessment tools according to spatial 
perspective, multi-service perspective, multi-fuel perspective, and network perspective. 

Ghofrani et al. [31] reviewed optimisation techniques for combining different sources of power into 
hybrid renewable energy systems. Similar to previous studies, they concluded that nowadays different 
objective functions are used for optimal design and component sizing of such systems.  

Howell et al. [32] reviewed the literature on distributed energy systems and discussed modern concepts 
as well as the trends toward distributed intelligence and interoperability. They addressed current trends 
beyond the concepts such as distributed generation or multi-energy systems and concluded that a new 
generation of holonic energy systems is required to orchestrate the interplay between energy system 
components. According to the authors, the holonic system approach is based on the concept of a dynamic 
hierarchy of holons, where each holon represents an autonomous and self-contained system, but can 
contain or be contained within other holons, and further, each sub-holon can change which super-holon 
it is a part of or become a part of multiple super holons. 

Huang et al. [33] investigated the development trends of the energy system with emerging blockchain 
technology, which has fundamentally overturned the inherent logic, operating mode, and business scope 
of traditional finance. According to the study, the technology has a considerable potential to 
revolutionise energy trading models and contribute to the development of the Energy Internet and 
power-sharing economy. An important notion of the authors is that the key actors in this field are not 
from traditional specific fields, but included electric power manufacturers, computer software 
companies, e-commerce companies, and even many new companies devoted to blockchain technology. 

A relatively broad review of research trends, which was focused on concepts of energy systems for 
climate change mitigation, was presented by Kang et al. [34]. They performed extensive, systematic, 
and quantitative analysis of published literature, focused mainly on research trends in the field of 
technology. The review was organised according to sectoral breakdown and hierarchy of production, 
conversion, transmission and distribution, storage, and end-use. It revealed that discussions of 
technological innovation are grounded in optimal technology portfolio deployment and cost reduction 
potential, along with financial and political incentives. According to the study, energy storage, hydrogen 
production, waste-to-energy conversion, and energy–water–land nexus are the key emerging research 
and development areas while biomass, solar, wind, and nuclear technologies attract the most attention. 
Considerable attention is also paid to the end-use sector, where studies focused on residential and 
transportation subsectors are the most evident. The authors also noticed that new tools, new initiatives, 
social and cultural aspects, and inclusion of different stakeholders may have an important impact on the 
development of energy systems for climate change mitigation but presented it as open questions for 
future research. 

In the field of renewable energy, The International Renewable Energy Agency (IRENA) [35] reported 
30 key innovations to transform the power sector across four dimensions: enabling technologies, 
business models, market design, and systems operation, and demonstrated 11 system flexibility solutions 
created by combining them. On the other side, conclusions from the study point out a large gap between 
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countries being leaders in energy transition and those being at the early stages of integrating variable 
renewable energy. 

Jesse et al. [36] performed a literature review focused on research into resilience and its application to 
energy systems. According to the authors, resilience has gained importance within the field of systems 
analysis in recent years and has also become increasingly important in the consideration of energy 
systems. They presented new approaches to resilience assessment and new tools such as the resilience 
index and concluded that in the case of energy systems many aspects have to be decided in a problem-
specific manner to address issues such as duration of disruption or the time of actions. 

Naber et al. [37], reviewed issues related to the upscaling of smart electricity grids, which according to 
the authors,  is critically important to enable a widescale integration of renewable energy sources. The 
study revealed that techno-economic performances are important but not sufficient for the successful 
diffusion or upscaling of smart grids in the energy system. Further, they proposed four different patterns 
of upscaling, such as growing, replication, accumulation, and transformation. Finally, they concluded 
that the building of broad and deep social networks is important for growing and replication; articulating 
and sharing expectations is important for replication; and broad and reflexive learning processes are 
critical to transformation and replication.  

Another important aspect of the development of modern energy systems is the evolution of spatial and 
energy planning in cities, which was addressed by the study of De Pascali et al. [38]. The study 
highlighted the trend toward the divergence of energy planning from systemic urban and spatial 
planning, also due to the low consideration of energy as a factor for local development. On the other 
hand, the authors claim that increasing awareness of the interaction between urban features and energy 
system opens innovative approaches and opportunities for the integration of the planning processes. 
They pointed out to eco-energy district as a projection of the local energy community and which seem 
to enhance a more systemic and strategic dimension of planning. 

This work aims to further explore available information on measures, which may change the functioning 
of the energy system in the future, and provide new insights into the complexity of the problems related 
to system planning. The paper is also an attempt to holistically address the issue of large-scale energy 
systems design using the AARTT systematisation, which is depicted in Figure 4. The paper presents 
mainly the results of a literature study, which is focused on emerging concepts and recent developments 
in areas related to the functioning of modern societies and energy systems.  

In this study, a systematic review of different literature, including internet resources, has been carried 
out. Within each category of the proposed AARTT framework up to date literature, reports and projects 
have been reviewed. The main tools used were Google search engine, Scopus database, and EU Cordis 
database. The search criteria initially included keywords of the top layer of the AARTT hierarchy and 
the list evolved as new ideas were identified.  The results were presented in the form of a mind map, 
which is a powerful tool that helps visualize the complexity of the design problem as well as multi- and 
interdisciplinarity. The study, although non-exhaustive, aims at comprehensive identification of 
novelties, that were proposed by different authors. It may help a variety of stakeholders, including the 
scientific community, make informed decisions and define their development strategies and research 
areas. This is because the AARTT framework addresses the following key questions of energy systems: 

 How does society perceive energy supply, use, and related issues? (Awareness), 
 How to deal with problems, how to define and reach goals? (Approaches), 
 What inputs to the system are realistically possible? (Resources), 
 What physical components can be used and how? (Technologies), 
 What measures can be applied to drive the change? (Tools). 

2  Awareness 

The concepts of sustainability and energy transition are not just about resources and technologies but 
rather all aspects of human existence and the functioning of societies. Nowadays, perception of the 
global energy system as a whole is beginning to dominate and its complex interactions with surrounding 
systems are more often taken into consideration. However, as presented by Blumberga et al. [16], design 
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problems in large-scale energy systems are comprehensive, not easily recognisable, and manifest 
themselves in various ways at different locations across time. These characteristics may result in low 
transparency, poor public recognition, late detection, erroneous attribution, weak democratic control, 
and, eventually a call for radical intervention [16]. Therefore, awareness of phenomena and processes 
associated with energy use is of paramount importance for energy transition and sustainable 
development. According to [39] knowledge has been identified as a key enabler of action and 
transformative change, and fundamental changes are required in the knowledge system for successful 
systemic transformation. Consequently, in recent years human beings have experienced unprecedented 
evolution of thinking about resources and the environment that pave the way for radical changes in 
energy systems. The trends can be classified into such categories as critical thinking, systemic thinking, 
and exploratory thinking [40]. 

The growing awareness has triggered social innovations, which result in both setting development goals 
and dynamics of change in shaping the built environment and use of the natural environment. Awareness 
is also of paramount importance the for creation of trends in other categories of the AARTT 
classification. It is related to perceiving actual needs and causes of behaviours of different stakeholders 
as well as impacts of the energy system on society and options for decision making. Lund [41] claims 
that choice awareness is the fundamental aspect of energy system design and creates a framework for 
radical technological changes. According to Sovacool [42] altering human behaviour is of the same 
importance for energy system transition as altering technologies.  

Since the early stages of energy system development, public awareness has increased dramatically 
leading to the definition of the so-called energy trilemma and the concept of “Energy For People and 
Planet” [14]. The trilemma concerns three fundamental aspects of energy use:  

 Energy Security, which covers the effectiveness of management of domestic and external energy 
sources, as well as the reliability and resilience of energy infrastructure. 

 Energy Equity, which addresses access to reliable, affordable, and abundant energy for domestic 
and commercial use. 

 Environmental Sustainability, which encompasses mitigation and avoidance of potential 
environmental harm and climate change impacts. 

According to the International Energy Agency [10], humanity is approaching a decisive moment for 
international efforts to tackle the climate crisis and limit the long‐term increase in average global 
temperatures to 1.5 °C. It has become commonly accepted that energy transition and climate protection 
nowadays define a new paradigm for the design of energy systems and the evolution of energy 
technologies. By April 2021 the number of countries outside the European Union that made pledges to 
reduce GHG emissions to net zero increased to 44, and in total, they account for around 70% of global 
CO2 emissions [10]. At the same time access to modern energy, and services is supposed to increase 
toward the UN’s Sustainable Energy for All goal set for 2030 [11]. According to the International 
Renewable Energy Agency [18], the gap between aspiration and reality in tackling climate change 
remains significant. Stakeholders globally have become aware that the effectiveness of using available 
resources, climatic neutrality, and energy security requires not only a long-term structural change in the 
energy sector, with new energy technologies and systems creating tightly integrated and smarter 
solutions to address dynamic patterns of supply and demand, but also an evolution of socio-economic 
systems [18]. Consequently, in the 1990s, the concept of transitions emerged in different places in the 
scientific community as a novel concept to generally address large-scale societal change and 
sustainability. Since then the field and community of transitions research have developed significantly 
and provided multiple theories and models of social transformation [43]. According to Johnstone et al. 
[22], nowadays, there is greater awareness of disruption among key stakeholders. 

Over the last decade, the role of social science in studies related to energy system development has 
grown considerably. Social studies are nowadays focused on the relationship between energy systems 
and society and reach far beyond the identification of acceptance or resistance towards particular novelty 
such as policy regulation or technology are of key importance. On the other hand, the social aspect of 
the energy transition is often overlooked in energy system studies [44]. According to Loorbach et al. 
[45], our economies continue to develop along unsustainable pathways and push ecological boundaries, 
despite ambitious policy commitments, large-scale investments in innovation, and voluntary actions. 
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Sovacool [42] identified four worrisome trends: an undervaluation of the influence of social dimensions 
on energy use; a bias towards science, engineering, and economics over other social sciences and the 
humanities; a lack of interdisciplinary collaboration; and the under-representation of female authors or 
those from minority groups. He has also identified twelve subjects seldom considered in energy studies: 
gender and identity; philosophy and ethics; communication and persuasion; geography and scale; social 
psychology and behaviour; anthropology and culture; research and innovation; politics and political 
economy; institutions and energy governance; energy and development; externalities and pollution; 
sociology of technology. Gregg et al. [44] proposed augmenting sustainable transition theory with social 
movement theory to better understand the role of social innovation and Collective Action Initiatives 
within the energy sector.  

The intellectual activity and creativity of humans are supported by nowadays available computing, data 
acquisition, and processing hardware and software massively boost changes. An overall macro trend in 
the field of awareness is the transition from the evolution of the system driven by corporations towards 
collective activities and decision-making and the increasing role of societal stakeholders. According to 
Loorbach et al. [45] transformative social innovations often take the shape of local sustainability 
initiatives that seek to advance a social or just local economy, low consumption lifestyles, democratic 
and renewable energy systems, regional sustainable food systems, or living and building in harmony 
with nature. Local initiatives also form translocal networks that exchange, translate and diffuse ideas, 
objects, and activities. and thus can be considered as socio-material, emergent, multi-actor phenomena. 
Mikkonen et al [46] analysed the concept of social innovation, its use in the energy sector, and its impact 
on energy transition. After examination of 21 social innovation cases, out of which six projects were 
analysed in-depth, they concluded that they address multiple UN sustainable development goals [47] 
and differences exist in the focus of the various social innovations. De Geus et al. [48] based on extensive 
literature analysis distinguished between four types of (potential) contributions that social innovations 
make to energy transitions: 1) Accelerating the energy transition through bottom-up innovation; 2) 
Addressing issues of democratisation and equity; 3) Mainstreaming new practices; and 4) Creating new 
(local) actor configurations and relations.  

 Robinson et al. [49] recommended that social sciences and humanities (SSH) must be meaningfully 
included and prioritised at many stages of energy system planning. Pires Klein et al. [50] argued that 
there must be a fundamental shift in the way that social values are accounted for in the transition towards 
a desirable carbon-neutral future. Responding to this demand, they devised the first overarching social 
values-based assessment framework that allows the identification of underlying social values associated 
with peer-to-peer energy sharing models. Ivanova et al. [51] carried out an extensive literature study 
focused on the identification and quantification of emission mitigation potentials due to changes in 
consumption patterns in the domains of food, housing, transport, and other. They claim that raising 
awareness is an effective measure of overcoming behavioural lock-ins and challenging current 
consumption patterns needs to become a priority for successful climate change mitigation. Sari et al. 
[52] presented an overview of emerging research in the field of energy justice, which seeks to embed 
principles of justice, fairness, and social equity into energy systems and energy system transitions.  

Regarding the proposed AARTT framework, the ideas triggered in the field of awareness are depicted 
in Figure 6. 
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Figure 6: Second level AARTT framework ideas related to Awareness 

3 Approaches 

New approaches directly result from awareness. The ideas captured in the field of approaches are 
depicted in Figure 7. 

 
 

Figure 7: AARTT framework ideas related to Approaches 

To strengthen the interaction between these areas and enable a multi- and inter-disciplinary approach to 
energy transition planning,  new education has been proposed by different organisations. For example, 
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the European University Association (EUA) presented the Action Agenda [53] which articulated a new 
vision for energy education, training, and research, and demand for new teaching content, methods, and 
formats. Several educational projects, such as  UNI-SET,  Fit-to-nZEB,  ASSE,T and SMAGRINET 
[54], were funded by the European Commission. Growing awareness has also led to the emergence of 
new disciplines such as environmental economics, ecological economics [7], thermoeconomics [55], 
exergoeconomics [56], and new analytical frameworks such as Life Cycle Assessment (LCA), Life 
Cycle Cost (LCC), Thermo-ecological Costs (TEC) analysis [57], natural capital accounting [39], 
energy metabolism [58] and other. This trend continues.  Pikoń [59] made an extensive review of 
currently known environmental assessment methodologies and distinguished 7 economic and 14 non-
economic and 10 LCA-based approaches to the assessment of energy and industrial technologies. 
Energy systems are also significantly influenced by new economic concepts, such as circular economy, 
sharing economy, hydrogen economy, green economy, and Society 5.0 [60].  New ways of industrial 
production like ecodesign, lean manufacturing, recycling of materials and partially energy, reuse of 
products, green supply chain investment and coordination [28], improvement of energy efficiency, 
cogeneration, trigeneration and poligeneration create new energy consumption and supply patterns as 
well as new links between energy systems and economy. Important approaches are also decoupling 
economic growth the from use of resources, decoupling growth and consumption and new growth 
measuring metrics such as sustainable well-being beyond the Gross Domestic Product (GDP) [61]. Ripa 
et al. [58] drew attention to the emergence of the  post-industrial economy in some regions of the globe. 
This is related to the concepts of embodied energy, and externalization, which refers to the investment 
of resources and production of environmental impacts taking place outside of a reference system, 
associated with goods and services consumed within the reference system. The authors concluded that 
due to considerable methodological limitations, currently used indicators related to energy consumption 
cannot fully describe the overall energy consumption associated with the production and use of imports 

Among approaches to the design of energy systems special attention should be given to different 
transition pathways, starting from business-as-usual scenarios, through rapid transition [2], and net-zero 
scenario [10] and ending with energy revolution [62]. As there is still no common understanding of the 
range and format of the transition and stakeholders’ awareness is increasing, new pathways are 
continuously being developed [63]. The proposed pathways typically differ in speed of transition, 
approach to existing infrastructure, production assets and existing markets, and recognition of concepts 
such as just transition and inclusive transition. There can be also noticed regional differentiation of 
approaches, with tendencies towards radical changes in some regions and slow changes, rather based on 
retrofits of existing fossil fuel plants. The issue of the impact of near-term climate policy choices on 
technology and emission transition pathways has been studied by Eom et al. [64]. They concluded that 
there is no “Silver-Bullet” technology whose deployment would eliminate the need for other emission 
mitigation technologies and multiple technology transition pathway portfolios could be used to achieve 
the long-term goal of low climate forcing. Kueppers et al. [65] proposed a novel approach of energy 
system archetypes to derive the set of solutions for the decarbonization of worldwide countries. After 
defining data categories used for a clustering algorithm they distinguished 15 major country archetypes 
and a group of not clustered countries. An important conclusion from this modelling study is that 
regarding the 2050 energy mix the energy systems of all countries become more similar, which is 
attributed to the increasing importance of renewable energy.  

The main trends in approaches to the design of large-scale energy systems, which have been identified 
by major reports are digitisation, decarbonisation and decentralisation [14] (with a significant number 
of small-scale fully functional nodes (e.g. energy hubs or holons [32]) like for example cogeneration in 
buildings), exploration of synergies through the integration of sectors [66][67], multi-energy systems 
and multi-level perspective planning [68][69]. These result in the increasing complexity of energy 
systems and a noticeable toward towards multi-input multi-output (MIMO) solutions integrated with a 
variety of storage components. For example, Bamisile et al. [70] proposed a complex hybrid renewable 
energy-based multigeneration system, which converts wind and geothermal energy into electricity, 
hydrogen, hot water, cooling effect, and freshwater. 

The functioning and performance indicators of energy systems can be significantly improved by making 
the technical infrastructure smart [32][41]. The concept of smart systems has evolved from smart 
electricity grids and nowadays is taken into consideration almost everywhere (e.g. heating grids, cooling 
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grids, gas grids, industrial multi-energy grids, etc.). Whenever the system boundary encompasses 
sources, grids, and distant sinks this functionality is taken into account. A smart system acquires 
knowledge of behaviour and interaction of system components and uses it for self-improvement and 
event management. On the other hand, in addition to mass and energy flows, it also requires an adequate 
flow of information and its management. Within the information, layer interconnections are utilised with 
other areas of the system outside the physical infrastructure, such as energy markets. In such a case the 
strategy for control of energy conversion and flows, which should lead to optimal operational decisions, 
is of critical importance for system design. Smart systems are considered enablers of new system 
functionalities as well as new markets and business models [71].  

Overall, a dramatic change has been noticed in the field of system design criteria, performance 
indicators, and objective functions. While for several decades energy systems have been optimised using 
fundamental thermodynamic parameters such as power output, efficiency, and costs/profitability, 
nowadays many more parameters are taken into consideration (e.g. flexibility, resilience, durability as 
well as environmental, social, and economic impact indicators), including not easily quantifiable. This 
frequently leads to multi-objective optimization, as a single objective may lead to a system that does not 
satisfy other objectives [72]. For example, in [50][73][74][75] quantified social values are taken into 
consideration in optimisation models of energy systems. Ahmadi et al. [76] proposed an energy system 
optimization framework taking into consideration system resilience to high-impact low-probability 
disruptive events. Chen et al. [77] performed multi-scenario optimal sizing of integrated electricity and 
gas system taking into account flexibility, lifetime, and two-stage investment strategy. 

An important trend in approaches to energy system design is shaping demand profiles [78]. This is 
typically addressed with Demand Side Management (DSM) and Demand Side Response (DSR) schemes 
as well as dynamic pricing [71]. These approaches can considerably contribute to the integration of 
renewable energy sources, increased use of renewable energy, and emission reductions [68][79]. In some 
energy system optimisation studies DSM or DSR activities are being integrated into the optimisation 
models resulting in an integrated supply-demand design [74][80]. 

High uncertainty about the future of energy systems and increased risk of disruption of business as usual 
development and growth scenarios trigger new approaches of different stakeholders. Many 
organisations shift their development concepts from competitive to collaborative through establishing 
diverse business ecosystems [21]. For example, in [67] the concept of industrial symbiosis is proposed 
to reach system balance and resilience through the implementation of a circular approach to production 
and consumption and to turn current challenges into competitive advantages. Gómez-Bolaños et al. [81] 
found that environmentally sustainable development can be reinforced by internationalisation as 
multinational enterprises institutionally from developed countries can better absorb the globally 
acquired knowledge to improve their environmental innovation. 

An important group of activities in the field of approaches consists of the creation of new values [82], 
new markets and new business models. Since many national energy markets have been effectively 
demonopolized and liberalized, and numerous obstacles and trade barriers are being continuously 
removed [83], new opportunities appear that support a dynamic evolution of the energy market. The key 
element in changing approaches to market creation is conceptualisation of what and how can be turned 
into either a financial value or other benefits. Examples of new markets are capacity markets, regulating 
power markets, intraday markets [84], energy as a service market [85], flexibility markets [86], energy 
storage as a service market, and peer-to-peer electricity trading schemes [50]. These new market 
concepts are at research and development stage, and their full-scale implementation may lead to radical 
changes in functioning of energy systems. For example, PwC report [87] outlined four new market 
scenarios, namely: the Green Command and Control market, the Ultra Distributed Generation (DG) 
market, the Local Energy Systems market, and the Regional Supergrid market. Each of the proposed 
scenarios represents transformative change of current markets. Different market studies reveal that one 
of the fastest growing markets nowadays is the energy as service market (EaaS) [85][88]. In this concept 
the customer pays for the service to maintain the contracted parameters and the service provider takes 
all measures (technical and non-technical) to deliver the service. To meet the contract requirements the 
provider can supply energy via grids, deploy on-site generation devices as well as implement system 
maintenance optimization and energy efficiency measures. An advanced option of the EaaS market is 
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the Energy Cloud. In this emerging concept revenue allocation across the value chain shifts toward the 
edge of the grid (i.e. behind the meter) and it is controlled by network orchestrators and prosumers [88].  

New markets require from existing companies and new entrants identification of opportunities and 
development of appropriate business strategies. Giehl et al. [89] carried out an exhaustive survey of 
business models existing in the energy sector. They identified 638 business models, that were finally 
classified into 69 prototypical business models. The study also revealed  the growing importance of 
value creation and new value chains in the sector. The report by PwC [87] presented eight different 
future business models that could emerge either individually or in combination beyond the traditional 
model, which is based on energy generation, transmission and distribution and retail. Some specific 
examples of works in this field are [90][91][92]. Gaspari et al. [90] proposed a novel model of Integrated 
Energy Services that encompasses distributed generation (DG) and demand response (DR) resources for 
industrial customers. Dai et al. [91] and Zhang at al. [92] addressed the issue of dynamic pricing 
schemes.  

It is worth noting that in most of the studies related to development of new markets and business models 
the roles of consumers are changing and becoming of paramount importance. Many opportunities for 
new developments emerged from introduction of the concept of energy prosumer [93], who performs 
bidirectional exchange of energy with the system. The roles other actors of the energy market, such as 
for example distributed system operators, are also changing [87][90] as well as the number of new active 
actors is increasing significantly [16][46]. As many activities in the field of system design and 
development nowadays represent bottom up approaches (e.g. creation of energy clusters and hubs,  
energy communities, energy cooperatives, energy neighbourhoods, virtual plants) there is growing 
demand for new actors such as operators, integrators, orchestrators, enables, facilitators and others. Their 
role in the future energy system is to provide innovative services.  

4 Resources 

The major and nowadays globally recognised trend in the field of Resources is the shift from fossil fuels 
towards renewable energy sources and significant diversification of national energy mixes. As primary 
resources of renewable energy have been largely identified a battle nowadays is for their large-scale 
integration with existing energy system for effective replacement of fossil fuels [94]. There can be also 
noticed activities focused on intensified exploration of resources and energy harvesting. For example, 
today, wind power is sought wherever possible for its conversion to electricity [95]. This results in new 
solar, wind, hydro, ocean, geothermal and biomass primary energy resources being added to the system. 
In the field of wind energy, there can be distinguished new developments in land-based, offshore 
(including floating), and distributed (including micro-scale) applications. Wen at al. [96] demonstrated 
that miniature wind energy harvesters have attracted widespread attention because of their great 
potential of power density as well as the rich availability of wind energy in many possible areas of 
application. Similar activities can be noticed in the field of solar energy, where new developments can 
be observed in the fields such as space solar energy harvesting [97] floating solar systems [98] and even 
micro-scale applications, such as subdermal solar energy harvesting [99]. Relatively slow progress has 
been reported in the field geothermal energy which still requires relevant policies tackling challenges 
associated with pre-development risks [100]. On the other hand, emerging technologies and innovative 
approaches can unlock access to previously untapped sources and improve economic viability of 
projects [101]. An example in this field can be combined extraction of geothermal energy and lithium 
[102]. 

A noticeable trend in the field of resources is the development of secondary resources which results 
from implementation of circular economy principles and the need for storage of surplus renewable 
electricity and system flexibility. Significant developments can be observed in the area of wastes to fuels 
conversion [103]. In the area of energy storage, an essential and game-changing concept of electric 
energy storage is the conversion of traditional power to power (P2P) route into a more flexible Power-
to-X pathway (P2X), which allows decoupling of electric energy from the power sector and use of it in 
other subsystems such as heating or fuels [104]. Such secondary conversion can also be regarded as the 
relocation of electricity [105]. An additional substance or an energy carrier may also be used (absorbed). 
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An example can be Power-to-Gas (P2G) technology integrated with biomass gasification or systems that 
use CO2 from capture in conventional power plants [106]. Key developments in production such fuels 
as synthetic natural gas, methanol, ethanol, dimethyl ether (DME), ammonia and urea, formic acid [107] 
and a range of so called eFuels for land and maritime transportation as well as for aviation [108]. The 
most important secondary resource is nowadays hydrogen, which is also an enabler of other energy 
conversion pathways. Significant developments in the area of hydrogen can be nowadays observed 
[109]. 

The next considerable trend in the field of Resources is growing interest in  nuclear energy. As reported 
by IEA [24] significant public expenditures are allocated to research and development in this area. 
According to World Nuclear Association [110] about 30 countries are considering, planning or starting 
nuclear power programmes, and a further 20 or so countries have at some point expressed an interest. 
Rapid expansion of nuclear energy use for power generation has been recently observed in developing 
countries [111]. According to the International Atomic Energy Agency [112] nuclear energy could in 
the high scenario contribute to global electricity generation at the level of 12% by 2050.  

Regarding the use of available resources, implementing different energy efficiency measures is the 
second major trend in the context of money spent on research and development [24]. Significant number 
technical and non-technical energy saving measures are being nowadays implemented across different 
sectors contributing to energy intensity levels fall [113]. Energy efficiency measures are being 
implemented in both supply and demand sides of the energy system but considerably bigger contribution 
to energy intensity reduction results from the second one [114]. According to the Odyssee-Mure Project  
findings [115], energy efficiency of final consumers improved on average by 1.1%/year between 2000 
and 2019 and the resulting energy savings in 2019 compared to 2000 were around 196 Mtoe (i.e. 21% 
of final energy consumption). 

Although future energy systems are expected to use renewable energy sources, new fossil fuels are still 
being sought and introduced into the system.  According to Pudasainee et al. [116] coal is still going to 
be a major player in the global energy spectrum over next 30–40 years and, in particular, for the countries 
such as India and China. Despite global trend for decarbonisation, new coal mining projects are triggered 
worldwide [117] as well as new exploration methods are implemented in existing mines. In the field of 
oil and gas new developments are addressing resources, which are difficult-to-harness, such as ultra-
deep or small-scale ones. According to [19] one major supply-side development over the past two 
decades has been the remarkable boom in production of shale gas and oil in the United States, which 
has transformed the country from a major importer to a net exporter of both fuels. Some new 
opportunities come from integration with carbon capture and storage (CCS) schemes. Those are 
enhanced oil recovery (EOR), enhanced gas recovery (EGR) and enhanced coalbed methane. Natural 
gas hydrate (NGH) has attracted much attention as a new alternative energy globally [118]. 

The next identified trend in the field of resources is development of new distribution routes. First of all, 
energy storage is nowadays considered at different points of the energy system.  Das et al. [119] 
presented an overview of optimal placement, sizing, and operation of storages, including a range of grid 
scenarios, targeted performance objectives, applied strategies, and storage technologies. New 
distribution routes include also new natural gas pipelines and LNG terminals, hydrogen infrastructure 
[120] and CO2 distribution infrastructure [121]. 

An important and quite recent trend is taking into consideration the water-energy-food-ecosystem nexus, 
which is currently being transferred from the academic debate into policy and development practice 
[122]. Some researchers also point out that it is highly necessary to take into consideration Earth’s 
mineral resources [9]. According to the European Commission [123] the nexus is a source of potential 
conflict in numerous regions of the world and challenges have to be addressed by ensuring a better 
management of linked resources. According to [122][123], current barriers for implementation of the 
nexus concept are  challenges to cross-sectoral collaboration, complexity and incompatibility of current 
institutional structures, lack of integrated policy and legislation, data uncertainty and large numbers data 
of subsystems, system boundary, lack of sufficient standards and laws, and lack of efficient software 
platforms. 

Key trends, which have been identified in the field of Resources are summarised in Figure 8. 
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Figure 8: Second level AARTT framework ideas related to Resources 

5 Technologies 

Major developments, which have the greatest impact on scale and dynamics of energy transition, are in 
the field of technologies. Technologies are nowadays being developed in in multiple areas of the energy 
system, which allows the implementation of new approaches and the use of new resources. It is most 
probable that fundamental changes in functioning of energy systems will be caused by appearance of 
disruptive innovations in the area of technologies. Therefore many organisations keep an eye on what is 
happening in this area, and the field of technologies is relatively well covered in available reports and 
literature reviews, such as [19][24][25][34][35]. For example, the IEA report [19] analyses over 800 
technology options in all areas of the energy system. It can be concluded from the report that only a 
relatively small number of technologies, which are needed for the world to reach net-zero emissions by 
2050, are mature ones. Most of the technologies are at the readiness level of either early adoption or 
demonstration. What is more, the number of technologies of technologies, which are at the level of 
concepts or small prototypes are considerably higher than the number of mature technologies. The 
biggest number of new technologies are being introduced in the area of end use in the sectors of buildings 
and industry.  

Key areas of new developments, which were identified in the field of Technologies are summarised in 
Figure 9. As the field is very large and the number of new developments is significant, only the main 
identified areas are depicted together with sample sub-areas (third level classification). The entire picture 
cannot be presented in this paper as this task requires a large volume of reporting. Noteworthy is that 
most activities in the field of technologies are nowadays oriented on maturing technology concepts, 
improving performance parameters and driving down both the capital and the operating costs. As the 
energy system complexity increases significantly its control becomes of paramount importance for good 
performance and stability [123]. Another issue is that digitisation, communication, data processing and 
relative technologies are starting to be play key role in the system. This issue was discussed by 
Maroufkhani et al. [124] who identified many concepts of digitalization in the energy sector, which 
provides new opportunities for energy system evolution and business value creation. To mention some, 
Big data analytics, machine learning, digital twins can and virtual power plants be presented as 
examples. The new digital tools can improve organizational performance and operational efficiency as 
well as can be improve planning processes as some of them also enable large scale simulations. 
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Figure 9: Major areas of development in the field of Technologies 

6 Tools 

The availability of appropriate tools is crucial for the planning and design of energy systems. Effective 
tools are also increasing awareness, which is depicted in Figure 4. Some aspects of this complex issues 
are covered in the previous works  [16][17][27][28][36][41][122]. Chang et al. [28] demonstrated that 
the range of available energy system modelling tools is nowadays significant and continuously 
expanding as well as there are different technical and methodological considerations. The findings of 
the study showed that it is hardly possible build an universal tool that would be capable of including all 
aspects of the ongoing energy transition as different tools do different things and fulfil different specific 
tasks. In the current study some recent developments and emerging aspects of energy system planning 
are addressed. 

Blumberga et al. [16] developed a new system dynamics analysis model to assist policy development 
and energy transition in Latvia. The authors concluded that even significant effort has been invested in 
the tool development, they are still “at the foot of the mountain”. Bogdanov et al. [66] presented a tool 
allowing modelling of complex energy system transition for power, heat, transport and industry sectors 
in full hourly resolution. Liu et al. [126] presented new methodology for optimisation of the integration 
of the current centralised energy. The model is based on two existing numerical approaches such as the 
Power Pinch Analysis (PoPA) and the Electric System Cascade Analysis (ESCA) and takes into 
consideration hourly resolution of  system operation. Bischi et al. [127] presented the Planning tool for 
multi-energy systems – PlaMES. The tool addresses design of the European energy system and considers 
the expansion of generation and storage technologies, sector integration as well as related infrastructure 
in an integrated manner. Perra at al. [128] presented a data driven approach based on reinforcement 
learning to design distributed energy systems, which according to authors is supposed to overcome 
shortcomings of white box models resulting from increasing complexity of energy systems.  

An interesting tool is the Energy Modelling Platform for Europe (EMP-E) [128], which constitutes a 
forum for exchanging research, development and practice of energy system modelling in Europe and, 
where feasible, promote the sharing of data and resources. 

Şen [95] presented innovative computation methodologies for assessment of renewable energy sources. 
It includes physical environmental conditions and data properties in the probabilistic, statistical, 
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stochastic, logical, and rational senses leading to refined and more reliable estimations. Piguet at al. 
[129] presented a new investigation method for assessment of resources related to energy and 
environment, which is based on the Deep City approach promoting the sustainable use of urban 
underground resources. Within the ODYSSEE-MURE project [115] the ODEX index methodology and 
some other tools were developed to measure the energy efficiency progress by main sector and for the 
whole economy. World Energy Council [21] proposed an innovative analytical tool named 
“Constellation of Disruptions” which is an innovative framework for grouping of trends, that enables 
better understanding of the combinatorial effect of changes in technology, society, business and policy. 
Ahmadi at al. [130] presented a new two-stage long-term optimization framework for evaluating the 
energy system resilience as a crucial Critical Infrastructure (CI) system against high-impact low-
probability (HILP) caused by climate change. Rodríguez-Gutiérrez et al. [131] developed multi-
objective methodology and the metric based on utopia-tracking approach for measuring the behavior of 
the food-energy-water nexus. Zhang at al. [132] built an expanded food-energy-water nexus framework 
from the lens of Sustainable Development Goals (SDGs), which consists of six sectors, including food 
(SDG2), water (SDG6), energy (SDG7), economic (SDG8), consumption and production (SDG12), and 
forest (SDG15). They quantified the two-way interactions between the six sectors by the panel vector 
autoregressive (PVAR) model. Koasidis et al. [133] proposed monetisation of behavioural change as a 
promising policy tool and an adequate incentive for end-users to actively reduce consumption. They 
also claim that implementation of monetisation enables the quantification of behavioural change in 
monetary units, rendering social aspects easier to integrate in models. 

Finally, it should be emphasised in order to effectively carry out the energy transition there are 
continuously being developed and modified policy tools. Those are the mechanisms to transform 
different ideas and goals into specific actions, which drive the change. An example of innovative policy 
tool is [135], also known as The Taxonomy Regulation, which creates a classification system for projects 
and economic activities that have a substantial positive impact on the climate and the environment. Lu 
et al. [136] presented a review on sustainable energy policy for promotion of renewable energy by 
introducing the development history of energy policy in five countries, i.e., the United States, Germany, 
the United Kingdom, Denmark and China. According to Fragkos et al. [137] policy design needs to find 
the right balance between investments in the update of the energy system and other climate-policy 
related investments, as well as to ensure the timely support of research and technology development and 
into the right direction so as to ensure reduction of costs for clean energy technologies and the cost 
effective implementation of the intended nationally determined contribution and low-carbon pathway to 
2050.  

Key trends, which have been identified in the field of Tools are summarised in Figure 10. 
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Figure 10: Key ideas related to Tools 

7 Summary and conclusions 

The aim of this paper was to present the complexity and multidimensionality of the issues involved in 
the planning and design of energy systems. In order to do so, an extensive review of published literature 
and other sources of information was carried out. Special attention was paid to innovations. New 
framework for classification of activities was proposed. The AARTT framework groups trends and 
innovations into five respective categories, namely: Awareness, Approaches, Resources, Technologies, 
and Tools. In each category different innovation were identified, which have different transformative 
impact on the energy system.  

The final conclusion from this study is that it is extremely difficult to anticipate future shape of the 
global energy system, including nodes and flows of energy. Variety of activities are performed by a 
significant number of actors, which make predictions highly uncertain. Although possible development 
scenarios are known, it is difficult to predict if the defined targets will be reached. The level of 
uncertainty is additionally increased by occurrence of disruptive events, which are nowadays more 
frequently being taken into consideration in design activities and system models. 

It can be also concluded that energy transition is accelerating, and a great enthusiasm is out there in the 
societies. Innovations emerge spontaneously in different areas and geographical locations, and are 
generated by different actors usually responding to different needs, and exploring different 
opportunities. This suggests that future energy systems will be based on a wide variety of, sometimes 
competing, solutions. Future arrangement of different system components and their interactions can be 
predicted only to a certain extent. Therefore, the design of the unknown using known practices and 
performance indicators may lead to suboptimal and sometimes even conflicting solutions. There is an 
urging need for flexibility in both system design and operation.  
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Abstract 

In this paper, a solar absorption cooling system with a chilled water storage tank and peak load 
compression system was considered for cooling the Instituto Superior Tecnico (IST) Tower building in 
Lisbon, Portugal. To fulfil this task, a dynamic simulation of the building was performed using the 
DesignBuilder software, then a solar collector field was designed. The next step was to build a 
computational model of the absorption chiller in the Engineering Equation Solver software, which 
allowed for further simulation of the annual operation of the system supported by the chilled water tank 
and the backup system with compressed air conditioning. The last stage of the work was the economic 
analysis of such a system in comparison with conventional compressed air conditioning. The simulation 
results and economic analysis showed that the solar absorption cooling system could be a beneficial 
cooling solution for IST Tower building. However, it would have to operate with an energy storage 
system and a peak load compression backup system to be able to cool the building efficiently all year 
round. Additionally, such a solution could have a significant positive impact on climate through 
considerable annual savings in electricity consumption. Results revealed that the proposed system meets 
the cooling demand of the building, mainly by solar-energy-driven absorption chiller. The annual 
contribution of a backup compression chiller ranges from 20% to 36% depending on the size of chilled 
water storage tanks. Financial calculations revealed discounted payback periods in the range of 4.5 to 
12.5 years depending on system configuration. 

1 Introduction 

In times of climate crisis, depletion of fossil energy sources, and global energy transition, in all branches 
of the global energy system solutions are sought for reduction of fuel consumption and environmental 
impacts. The cooling sector is one of the sectors where the integration of renewable energy sources has 
been constantly increasing over the past several years [1]. Conventional, and widely used grid-connected 
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compression cooling systems can be nowadays replaced with heat-driven systems using absorption or 
adsorption chillers, PV-driven compression or thermoelectric technologies, and several other solutions 
[2]. Considering technology maturity and financial aspects of projects, in practice, absorption 
technology is usually taken into account as a feasible solution. Although, the COP of the absorption 
cooling devices (typically in the range of 0.7 to 1.2) is significantly lower than in the case of 
conventional vapour compression chillers (typically above 3.0), the key advantage of absorption 
technology is much lower electricity consumption and peak power demand. As electric grids become 
affected more strongly by cooling systems due to hotter weather conditions [1], solar cooling projects 
can also generate positive external systemic effects. Additionally, as sorption chillers use natural 
refrigerants only, they can effectively support the fluorinated gases (F-gas) phase-out [1]. 

The single effect LiBr absorption chillers require hot fluid at the temperature higher than 70-80ºC, which 
can be achieved by solar collectors. Appropriately engineered and optimised technology solutions can 
achieve the COP at the level of 0.9 – 0.95. The noticeable disadvantage is however relatively large size 
of the cooling unit. Although sorption cooling can be implemented starting from 100 kW of cooling 
capacity [1] typical applications are considerably bigger. Typical places of implementation are  
skyscrapers, large office buildings, shopping centres, industrial facilities, hospitals etc. Examples are 
[3]: Surgery Hospital for children in Soba (Sudan) where 2 x 615 kW absorption chiller and 12 000 m2 
solar field were installed,  the United World College in Singapore with 1470 kW of cooling capacity 
absorption system and the 3900 m2 field of solar collectors, the METRO Cash Carry in Rome (Italy) 
with absorption chillers of 700 kW of cooling capacity, or the office building of the bank Caixa Geral 
de Depositos in Lisbon (Portugal), which is cooled by absorption system of 585 kW cooling capacity 
driven by hot water from the 1592 m2 rooftop system of 158 solar collectors of 845 kW heating capacity. 

Although the technologies and implementation examples are already known, solar cooling is still a 
relatively rare solution. This is mainly due to low level of dissemination, lack of relevant information 
regarding the long-term effects and bankability of projects. According to Delmastro et al. [1], the number 
of newly installed solar-driven systems can be estimated for 1800 small units in 2018. Nowadays broad 
measures are required for affordable, safe and reliable cooling systems for the sunbelt regions 
worldwide, including development of innovations, an adaptation of components and systems, 
demonstration, assessment tools and dissemination [4]. According to the definition of the research topic 
“Solar Cooling Technologies: Challenges, Applications, and improvements” of the Frontiers Open 
Access Publisher and Open Science Platform [5] it is necessary to recognize the main advantages, 
challenges, disadvantages, and feasibility of different solar cooling technologies, and the area of interest 
among other issues includes simulation, modelling and techno-economic analysis of solar cooling 
systems. 

Regarding research activities in the field of solar cooling different projects and studies have been 
reported in the published literature. For example, Assilzadeh et al. [6] proposed a solar cooling system 
with evacuated tube solar collectors and LiBr absorption unit for a building in Malaysia. The system 
was optimally sized using  the TRNSYS software and the typical meteorological year weather data. The 
optimal key system design parameters were: 3.5 kW (1 refrigeration ton) chiller, 35 m2 evacuated tubes 
solar collector sloped at 20º and 0.8 m3 hot water storage tank. The results revealed, that life cycle 
savings generated by the system against conventional air conditioning were negative, which was due to 
high cost of the solar collectors and low price of electricity. 

Narayanan [7] presented a simulation-based study on absorption solar cooling systems and their 
application in commercial/office buildings in India. A typical Indian commercial building of 1156 m2 
floor area and 289 m2 roof area was simulated using TRNSYS software in order to examine feasibility 
and operational strategy of the cooling system. The results revealed that the proposed solar absorption 
cooling system in comparison to traditional air conditioner unit will achieve full payback time after 15.5 
years. According to the author this period may vary depending on climate and the cooling demand. 
However, the author drew attention to the high initial installation costs, which for the system with 105 
kW cooling capacity chiller, 20 m3 heat storage tank and 42 evacuated tube collectors of 220 m2 total 
area was estimated at 81,650 USD. 

Similarly, Praene et al. [8] considered a possibility of implementing a single stage solar absorption 
system for classroom cooling in the Reunion Island, where yearly average solar-radiation and is 5.4 
kWh/m²/day. The system simulation and optimization were performed using TRNSYS to determine the 
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optimum solar energy collector area, storage tank volume and absorption chiller nominal capacity of 60 
m2, 0,8 m3 and 33 kW respectively. The author did not provide information on system economics. 

Iranmanesh et al. [9] presented results of optimization of solar cooling system with a 350 kW (100 t of 
cooling capacity) double-effect LiBr–H2O absorption chiller using combined EES - MATLAB software 
environment. It was infeasible to operate a solar double-effect absorption chiller without any auxiliary 
energy source to provide the required energy for the chiller at most hours during the day. Therefore, two 
objective functions were defined, namely the amount of auxiliary energy consumed and net profit. The 
input parameters taken into account in the sensitivity analysis are the volume of storage tank, area of 
evacuated tube collector, and mass flow rates of water passing through the collector and generator. The 
results revealed very positive financial performance with the investment return period from 1.79 to 2.75 
years. 

Pinamonti et al. [10] investigated different configurations of solar-assisted heat pump systems in 
combination with energy storage for a typical single residential dwelling in Italy of 140 m2 heated floor 
area and a ratio of heat dispersion area over conditioned volume (S/V) of 0.59. The study was focused 
on factors influencing energy demand of the system, self-consumption of solar energy, and installation 
cost. Several configurations of the system were simulated using the TRNSYS software. The proposed 
solution was compared to a standard air-source heat pump. The results revealed that for a highly 
insulated building, maximum reduction of energy consumption at the level of -30% could be achieved 
in the case of photovoltaic (PV) panels and a battery storage. On the other hand, in the case of solar 
thermal (ST) panels the achievable energy savings are lower (-24%), however financial benefits are 
more advantageous over a 20-year period. The solution based on ST panels appeared to be the most 
profitable solution also for a low insulated building. The results also revealed that the role of energy 
storage is essential. 

The aim of this study is to assess whether absorption cooling system with solar collectors as a heat 
source would be advantageous solution for an university building compared to a typical vapour 
compression cycle air conditioning system. To examine this, the annual simulations of both the solar 
absorption cooling system and the vapour compression cooling system were carried out for the IST 
Tower in Lisbon using the DesignBuilder software [11]. In the first step the dynamic model of the 
building was created, which resulted in cooling demand data on hourly basis. In the next, a field of solar 
thermal collectors was simulated to determine possible heat output profile. Then a calculation model 
was prepared which firstly calculated design parameters of the absorption chiller and later simulated 
annual performance of the system. Within the model the chiller correction curves and solar field data of 
commercially available equipment were used. Subsequently, the energy storage system was modelled 
and sized for the installation. In the case of solar cooling system, a backup vapour compression chiller 
was taken into consideration, which allowed the system to operate in the absence of solar energy or 
insufficient cooling capacity produced by the absorption chiller. Dimensions and costs of whole 
installation were assessed. Finally, the two alternative solutions of the building cooling system were 
compared using economic indicators, such as net present value (NPV), net present value ratio (NPVR), 
internal rate of return (IRR), discounted payback period (DPB) and simple payback (SPB), which 
presented economic justification for the project. 

2 The IST Tower building simulation 

The IST Tower building is located in Lisbon, Portugal (38º44´ N 9º08´W). This is 10-story high-rise 
building of 50 m height. Its facade material is glass. The building is not equipped with external blinds. 
inside It entered into exploitation in 1994 as a university building. The building is depicted in Figure 1.  

In order to determine energy demand profiles, the building was modelled using the DesignBuilder 
software [11]. The software allows to create complex building models in a user-friendly and intuitive 
manner. It uses EnergyPlus™ [12] whole building dynamic energy simulation program as calculation 
engine software and simulates building thermal conditions over a long period of time. In this work the 
annual simulation of IST Tower building performance was carried out. The building model is depicted 
in Figure 2.  
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Figure 1: IST Tower building (Source: Google Earth: https://earth.google.com/web/) 

 

 

Figure 2: IST Tower building model in the DesignBuilder 

Occupied floor area of the designed building was equal to 7994.5 m2 and the occupied volume 100768.5 
m3. Lightweight concrete clad wall was selected as an external walls’ material. The interior of the 
building was divided with walls in order to take into account its thermal inertia. Occupancy density was 
set to 0,111 people/m2, fresh air flow was 10 dm3/s-person, and power density of office equipment was 
set to 11.77 W/m2. Light office work was used as the occupation scenario of the building. The cooling 
setpoint temperature was 24C and the cooling set back temperature was set to 28C. The weather data 
for Lisbon were used. Figure 3 and 4 depict annual variability of the ambient temperature and solar 
irradiation for the site. The analysis of data revealed that the annual values of temperature and solar 
irradiation are very high and promising for the use of solar technologies to generate energy. The average 
annual ambient temperature was equal to 16.32◦C, while maximum was 36C and the temperature did 
not fall below 4.1C. As far as irradiation is concerned, the annual average was 397 Wh/m2 (excluding 
fully cloudy condition and nights) or 196.01 Wh/m2 (taking into account every hour of the year). 
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Figure 3: Annual dry bulb temperature variations in Lisbon 

 

Figure 4: Annual variations of solar irradiation in Lisbon 

As a result of the simulation, the necessary hourly data was obtained cooling demand and heating 
demand of the building. The DesignBuilder software also enabled calculation of the demand for electric 
power for needs for heating system, conventional air conditioning system (vapour compression), and 
domestic heating water. The annual profile of the cooling demand is depicted in Figure 5. 

 

Figure 5: Annual cooling demand profile 
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During the hottest hours cooling demand did not fall below 800 kW and the peak values exceeded 1550 
kW. It was also found that the demand for a cooling also occurs during colder months. In January and 
December when the temperature dropped down to 4C but sometimes also values as high as 17C 
registered, and the cooling demand reached at some hours 250 kW. An important factor for the operation 
of the air conditioning system was that already in the spring months (especially May) and early autumn 
months (especially September) there may occur very high temperatures (up to even 32C), and at the 
same time high demands for cooling. 

3 Design and characteristics of solar collectors and solar field 

It was assumed that the driving heat for the absorption chiller will be generated by solar collectors. The 
solar field was designed on roofs of the IST buildings. The obtained value of the available space for 
solar collectors field was 3056.8 m2. For calculation of total aperture area, the land use coefficient was 
assumed to be 2.5. Arcon-Sunmark A/S HT- SolarBoost 35/10 collectors [13] were adopted as solar 
collectors for the entire installation. Technical specification of the collector is given in Table 1. The 
available roof area allowed for the placement of 225 solar collectors which gave 3053.25 m2 of collector 
aperture area. The peak power of such field at solar irradiance G = 1000 W/m2 would be around 2,366.8 
kW. The heating power of the solar collector was calculated using the formula: 

 �̇� = A ·  η G − a ∆T  −  a  ∆T  (1)  

where: A - total aperture area [m2], η0 - zero loss efficiency, G - solar irradiance [W/m2], a1 - first order 
loss coefficient, a2 - second order loss coefficient, ∆Tsol -temperature difference between average 
temperature of solar fluid and ambient temperature. 

Solar collector field simulation was performed in MS Excel to determine the heat flux that can be 
transferred to the absorption chiller generator. Collector water inlet/outlet temperature was assumed 
80/90C taking into consideration requirements of the absorption chiller.  Results are depicted in Figure 
6. The maximum value of the collector field throughout the year was 2080.15 kW. The annual average 
of obtained heat was equal to 240.68 kW (770.87 kW - excluding hours during night and periods without 
any thermal energy obtained from solar collectors). 

Table 1: Parameters of Arcon-Sunmark A/S HT-SolarBoost 35/10 solar collector 

Gross area [m2] 13.57 
Gross length [m] 26 
Gross width [m] 26 
Gross height [m] 24 
Zero-loss efficiency (η0) 0.773 
First order loss coefficient (a1) [W/(m2K)] 2.27 
Second order loss coefficient (a2) [W/(m2K2)] 0.018 
Peak power (at G = 1000 W/m2) kW. 10.519 
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Figure 6: Results of solar collector field simulation – hourly heating output 

4 Sizing of solar absorption cooling system 

The proposed cooling system is depicted in Figure 7.  

 

Figure 7: Technological scheme of solar absorption cooling system with cold storage 

The main part of the installation is the absorption chiller. A hot water driven lithium bromide/water 
(LiBr/ H2O) system was assumed as typical solution for air conditioning applications [14]. The chiller 
is interconnected with the field of solar collectors, chilled water cycle with cold storage reservoir and 
cooling water cycle. For cooling of the absorber and condenser of the chiller a wet cooling tower is taken 
into consideration. The cooling water temperature for Portugal was set to 31C [15]. Constant chilled 
water inlet/outlet temperature of was assumed 12.2C/6.7C according to technical specification [16]. 
In order to provide cooling during unfavourable weather conditions and during exceptionally high 
cooling demand, the chilled water storage was designed. The reservoir sizing was performed taking into 
account cooling demand as well as financial profitability of the project. 
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The absorption chiller was modelled using Engineering Equation Solver (EES) software and its built-in 
LiBr/H2O thermodynamic properties library. Energy balance for the absorber is: 

 �̇� = �̇� ℎ + �̇� ℎ − �̇� ℎ  (2) 

The heat of absorption is removed by cooling water, what gives: 

 �̇� = �̇� ℎ − �̇� ℎ  (3) 

The energy balance of generator: 

 �̇� = �̇� ℎ + �̇� ℎ − �̇� ℎ  (4) 

In the condenser where the H2O vapour from generator is cooled down and subjected to the 
condensation process, energy balance was as follows: 

 �̇� = �̇� ℎ − �̇� ℎ  (5) 

And from the side of cooling water it is: 

 �̇� = �̇� ℎ − �̇� ℎ  (6) 

Energy balance of the evaporator, where cooling effect occurs is: 

 �̇� = �̇� ℎ − �̇� ℎ  (7) 

Energy balance of the regenerative heat exchanger is: 

 �̇� ℎ − �̇� ℎ = �̇� ℎ − �̇� ℎ  (8) 

The mass flow of chilled water was calculated from energy balance: 

 �̇� , =
̇

 (9) 

The required mass of water from the solar collectors to the generator was calculated as: 

 �̇� , =
̇

 (10) 

The thermodynamic model also takes into account the operation of the pump in 

the absorption chiller: 

 𝑃 = �̇� 𝑣 (𝑝 − 𝑝 ) (11) 

Moreover, considering steady state energy for expansion and refrigerant valves and mass conservation 
equations, the following enthalpies relations are: 

 ℎ = ℎ  (12) 

 ℎ = ℎ  (13) 

LiBr concentration balance for generator is: 

 �̇� 𝑥 = �̇� 𝑥  (14) 

Concentration in other points of the system is: 

 𝑥 = 𝑥  (15) 

 𝑥 = 𝑥  (16) 

 𝑥 = 𝑥  (17) 

 𝑥 = 𝑥  (18) 

 𝑥 = 𝑥  (19) 

 𝑥 = 𝑥  (20) 

 𝑥 = 𝑥  (21) 

Additionally, the following parameters were assumed:  

- temperature difference between the cooling water before/after condenser: 6 K, 

- pinch temperature difference in absorber, generator, condenser and evaporator: 3 K, 

The coefficient of performance is defined as: 

 𝐶𝑂𝑃 =
̇

̇
 (22) 

448



The EES model results for design parameters of the absorption chiller are presented in Table 2. It has to 
emphasised that sizing of the absorption chiller was performed assuming that its nominal of heating 
power input (output from the solar field) is: 

 �̇� , = 0.4�̇�  (23) 

Table 2: Key design parameters of the absorption chiller 

Parameter Symbol Unit Value 
Cooling capacity �̇�  kW 622.5 

Absorption heat flux  �̇�  kW 792.9 

Condensation heat flux  �̇�  kW 661.7 

Driving heat flux �̇�  kW 832.1 

Design coefficient of performance  COP - 0.748 

In off design calculations of the absorption chiller correction curves were used. Those were adopted 
from manufacturer data of the WFC-M100 Yazaki Energy absorption chiller [16]. The cooling capacity 
of the unit was then: 

 �̇� = (0.0048 ·  �̇� ,  +  0.534)�̇� ,  (24) 

where �̇� , is the actual mas flow of hot water into the generator. 

5 Simulation of integrated cooling system 

Using design calculations, correction curve and solar collector field simulation it was possible to 
perform an annual simulation of the absorption cooling system performance. The key parameters 
determining the efficiency as well as the legitimacy of using such an installation were the COP values 
and the generated cooling effect which should meet the building’s demand. Sample daily COP values 
for the absorption system, which result from weather conditions are depicted in Figure 8. 

 

Figure 8: Achievable values of COP in spring period (March – May) 

It was found that the absorption cooling system with solar collectors as a heat source was not able to 
provide cooling for the building every hour of the year. To solve this issue heat storage or cold storage 
system was necessary. In this work the system with chilled water storage and additional compressor 
chiller as a backup unit was considered. Three different maximum energy storage tank capacities were 
considered: 2500 kWh (392 m3), 5000 kWh (784 m3) and 12500 kWh (1958 m3). As for the principle of 
operation of the entire solar absorption cooling system with a chilled water storage and backup system 
of a compressor chiller, the cooling capacity required for the building was the main input to calculate 
the compressor energy balance. Priority was given to the system of the absorption chiller and chilled 
water tank, and the compressor chiller balanced the cooling capacity with the cooling capacity required 
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by the building. Results of annual simulation for 5000 kWh storage tank are depicted in Figure 9. 
Summary of annual results for three different systems is given in Figure 10. 

 

Figure 9: Key simulation results for the system with 5000 kWh cold storage 

 

Figure 10: Summary of key results of annual energy simulation 

In order to limit the unused solar energy throughout a year, configuration with smaller collector field 
(the number of solar collectors has been reduced to 112) and 784 m3 storage tank was simulated and 
economic indicators were calculated. This configuration resulted in the reduction of the active field area 
of the solar collectors to 1519.84 m2. The cooling capacity of the absorption chiller was downsized from 
622.5 kW to 331.9 kW. The solution also takes into account the situation in which the conventional air 
conditioning system has been already installed, so it could be used as back-up system, and its initial 
capital cost would be 0. The key to such a system was to calculate again design parameters of the 
absorption chiller, which had to be lower than originally assumed due to the operating range of the 
absorption chiller. Simulation results for this case are presented in Figure 11. 
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Figure 11: Summary of key simulation results for downsized solar field 

6 Project profitability assessment  

Undoubtedly, the initial capital costs of classic air conditioning system are lower than absorption cooling 
systems. However, savings in electricity consumption due to the new cooling system could be so 
significant that, with a long-term investment, the absorption solar cooling system can turn out to be a 
profitable investment, especially for a large-scale building, such as the IST tower. The economic 
analysis of the solar absorption cooling system was carried out with reference to the conventional vapour 
compression cycle air conditioning system. Thus, the annual cash flow was due to the lower operating 
costs of the system. The considered lifetime of the project was 20 years. The cost of electricity was 
assumed € 0.147/kWh. The capital costing model was adopted from [17]. The absorption cooling system 
cost was assessed to be € 159 982.50 and in the case of  vapour compression refrigeration units it 
amounts to € 491 222.88. Additionally, for the absorption cooling system the costs of 784 m3 chilled 
water reservoir (€ 98 000.00), cooling tower (€ 99 447.38), solar collectors installation (€ 405 000.00), 
piping, valves, controllers, pumps (€ 66 298.25) and evaporative condenser installation (€ 47 040.85) 
were added. Key results of the profitability assessment for the three initial cases are shown in Figure 12. 

In the case of the downsized system the NPV is € 189 770.04, SPB is 9,1 years and DPB is 12,5 years. 

  

Figure 12: Summary of profitability assessment 

451



7 Conclusions  

In this detailed energy simulation and financial analysis were performed for solar cooling system for the 
IST Tower in the Lisbon, Portugal. Atmospheric and sunlight conditions in Lisbon are ideal for testing 
this type of solution. After analysing a classic air conditioning compression system, it turned out that 
such a system would consume approximately 549 238.21 kWh per year. Such amount of electricity 
consumption could result in really high costs (approximately € 80 738.02 per year), but it would also 
have a significant impact on greenhouse gas emissions into the atmosphere (the Portugal CO2 per MWh 
of electricity indicator is equal to approximately 248.57 kg of CO2 per MWh of electrical energy [18]. 

Results revealed that the proposed system meets the cooling demand of the building, mainly by solar 
energy driven absorption chiller. The annual contribution of backup compression chiller ranges from 
20% to 36% depending on the size of chilled water storage tanks. Financial calculations revealed 
discounted payback periods in the range of 4.5 to 12.5 years depending on system configuration. The 
best solution appeared to be the system with 3053.25 m2 of solar collector aperture area, absorption 
chiller of 622.5 kW cooling capacity and relatively small cold water storage tank of 392 m3. The results 
of the profitability analysis are very encouraging. As the project has also a considerable impact on 
environment, the Life Cycle Assessment (LCA) is considered for the future work. 
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Abstract 

The work describes the analysis of electricity supply to a rather unusual facility - the Old Sobieski clean 
water reservoir located in Gdansk, in the direct neighborhood of Gdansk University of Technology, 
which was adapted for museum purposes. It is a very large-volume facility, entirely underground, so 
constant air treatment is required there to ensure the comfort of visitors and service, as well as the safety 
of exhibits what generates significant maintenance costs when powered from the municipal electricity 
network. The variant of building a wind farm with selling surplus energy to the grid was analysed. All 
analyses and calculations were carried out on the basis of precisely identified conditions of the model 
object, results of direct geological research and current meteorological data. The great value of this work 
is that Meteorological data are strictly local and allow for operational analysis both in the long and short 
term - in the scale of one year with an accuracy of one day. The formal and legal aspects related to the 
location of the wind farm within the urban space have been widely analysed. An interesting 
environmental aspect was also discussed, related to the location of the object on the migration route of 
bats and the occurrence of bat wintering grounds in the vicinity. 

1 Introduction 

The preservation of historical objects of technical infrastructure for future generations after they have 
been excluded from use in their nominal function is an important and often difficult task.  Firstly, 
because immovable monuments of technology remain in the shadow of "typical" architectural 
monuments in the public consciousness. Relatively few researchers deal with the strict history of 
technology in relation to researchers of universal history [8]. This is the wrong approach, because the 
development of technology, especially during the last 300 years and during the industrial revolution, has 
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shaped the way of life of mankind no less than politics and economic affairs. Secondly, because the 
adaptation of an industrial facility to an alternative function is much more difficult than in the case of a 
"typical" building, designed from the beginning for the permanent residence of people. Often, the only 
chance to save such a monument is to adapt it to a museum function or to make it available for visiting 
in organized groups. In many cases, it is difficult to obtain profitability of such an investment when it 
comes to large-size facilities, expensive to renovate and maintain, but having barriers limiting their 
capacity. In this case, solutions that reduce the maintain costs are strongly required. A model example 
of such a situation is the historic clear water reservoir adapted into the museum of Gdansk waterworks. 
It is a facility that is part of the Gdansk Water Supply Route. 

The cost of maintaining this facility is currently very high in relation to the revenues, limited by the 
sightseeing mode that can be implemented here. The costs result, among others, from a large volume 
and specific microclimate of the reservoir. In order to ensure acceptable living conditions for people and 
the safety of exhibits and installations, it is necessary to constantly lower the relative air humidity, which 
have to be carried out by electric dehumidifiers. As the process efficiency is currently insufficient, 
because it is limited by the power of the electrical connection, frequent failures of exposition elements 
occur. There is also no possibility - due to the limit of the ordered connection power - to further expand 
the exhibition or to introduce even a small additional heating of the interior, which would be desirable 
due to the comfort of visitors and service. In turn, revenues are limited due to the location and capacity 
of the facility (due to health, safety and fire protection requirements) and it is not possible to increase 
them significantly. The subject of this study is the concept of a wind farm that provides electricity for 
the reservoir. The case is atypical in many aspects, therefore it is worth an in-depth analysis. 

2 Case study 

2.1 Model object 

The reservoir is located in the vicinity of the Gdansk University of Technology, on the Gallows Hill. 
The plot has a rectangular outline and an area of 1.1 ha, half of which, 5,290 m2, have been adapted as 
part of the Gdansk Water Route. This part is built up with the historic Old Sobieski water reservoir from 
1911 (German: Wasserhochbehälter Galgenberg), which was adapted for tourism and exhibition 
purposes in 2016-2018. It serves as a museum of Gdansk waterworks and is open to visitors in organized 
groups. The proposed installation is designed to fully cover the object’s own needs for electrical power. 
The surplus of produced energy is to be sold to the grid. The undeveloped part of the plot may be used 
for the investment. 

    

Figure 1: Old Sobieski water reservoir - Entrance to facility and the interior of water chamber [4] 

The owner of plot 293 is GIWK Sp. z o.o. The possible implementation of the described project is in-
line with the strategy of the company, willingly participating in projects in the field of renewable energy 
and environmental education. GIWK operates, among others, a combined heat and power plant powered 
by post-fermentation biogas at the Gdansk-East sewage treatment plant. The construction of a 
photovoltaic farm, wind farm or hybrid system is being considered at the site of the sewage treatment 
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plant. The company also participates in the projects NonHazCity 1 and 2, FanpLESStic-sea, IWAMA, 
RUGGEDISED and conducts advanced groundwater monitoring [6]. 

 

Figure 2: Area development plan, plot 293; at the bottom the historical land reserve is visible [5] 

2.2 Terrain configuration and geology 

Plot No. 293 is located on the western slope of the Gallows Hill, and its eastern border runs slightly 
below the top part of the hill. Therefore, there is a significant slope of the terrain, from the ordinate of 
about 55 m above sea level to the ordinate of 36 m above sea level. at a length of 100 m. The flat area 
is located in the south-eastern corner (near the gable part) and covers about a quarter of the currently 
undeveloped area of the plot (53 x 25 m). As part of preparations for the renovation of the reservoir for 
the needs of the Gdansk Water Route, complex geotechnical tests around the reservoir were carried out 
[5]. Geotechnical drilling and soundings were made in three locations, in accordance with Fig. 3. 

 

 

Figure 3: Location of geotechnical boreholes and soundings [5] 
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The research showed mostly non-cohesive mineral soils (fine sands, medium sands and silty sands) in a 
loose to very compacted state. At the O1 and O2 test points, the sandy formations reached the lower 
limit of drilling (O1 - 15.0 m below the sea level, O2 - 6.0 m below the sea level). The remaining part 
of the subsoil was cohesive moraine formations represented by clay sands and sandy loams with an 
admixture of gravel in a semi-compact state. Locally, at the O3 test site, there is a small layer of sand 
dust in a hard plastic state. The groundwater level has not been drilled into. The conventional frost depth 
was assumed to be 1 m. The research did not cover the undeveloped part of the plot, but the described 
results should be extrapolated to this area. 

2.3 Windiness 

Very precise data on wind conditions in Gdansk is provided in the report "Meteorological conditions in 
the area of the Gdansk Agglomeration and Tczew in 2003" [7]. The report analyzes, qualitatively and 
quantitatively, meteorological data from 10 measuring stations of the ARMAAG Foundation. The AM-
8 station was located at Konrada Leczkowa street in Wrzeszcz, only 870 m in a straight line from the 
proposed project location. The data from this station can therefore be considered highly representative 
locally. 

   

Figure 4: Wind roses for the AM-8 measuring station in the year 2003, Gdansk, ul. Leczkowa [7] 

As shown in Figure 4, there is a significant proportion of winds coming from the west. Winds from this 
direction definitely dominate the summer season. Taking into account the location of the designed power 
plant on the western slope of the Gallows Hill and the natural orientation of the turbine rotor blades 
towards the west, this location can be considered favorable from the point of view of windiness. Long-
term meteorological data are available for the Gdansk-Rebiechowo airport observatory [11]. Those data 
are not as local as those coming from the above-mentioned measuring station at Leczkowa street, 
however, for the resolution of the order of thousands of km2 usually acceptable when the windiness is 
analyzed, it can be considered quite precise for the discussed case. Fig. 5 presents the wind speed 
distributions in a graphical form for the years 2010 - 2020 with the accuracy to months. 

 

 

Figure 5: Wind speed distributions, 2010 – 2020 

It can be seen that both the average annual wind speeds and the average speeds for the same periods of 
each year are in the range of 11.6 ÷ 16.1 km/h. The lowest (9.8 km/h, August 2013) and the highest 
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(23.3 km/h, February 2020) average monthly wind speeds do not go far beyond this range. Therefore, it 
can be concluded that the averaged long-term wind speed is quite even in Gdansk. Figure 6. shows the 
average percentage of westbound winds (treating westerly, north-westerly and south-westerly winds in 
total) in 2010-2020. 

 

 

Figure 6: Average percentage of westerly winds, 2010 – 2020 

It follows that the average percentage of westerly, north-westerly and south-westerly winds on a multi-
annual scale is almost always over 50% even up to 60%. This is confirmed, in the long term, by the 
conclusion drawn previously for the data from the measuring station at Leczkowa street - that the 
assumed location of the turbine on the slope of the Gallows Hill, with the blades set to the west, can be 
considered favorable from the point of view of windiness. 

2.4 Spatial development  

There is no local spatial development plan for the investment area (plan 849 - still being prepared). The 
residential buildings within 500 m in a straight line from the planned investment site are not planned in 
the near future. There are still buildings of this type in the area of the intersection of Traugutta and 
Sobieskiego streets, however, plots in this area are consistently taken over by the Gdansk University of 
Technology and will serve as the areas for the future expansion of the campus. Modern buildings will 
be erected there, but will not serve for residential needs. 

There is an overhead high-voltage line running through the area of plot 293, near its north-west corner, 
and a high-voltage pylon near the northern buttress of the reservoir.  

2.5 Protection of monuments and nature protection 

In October 2019, the Old Sobieski reservoir was entered into the Provincial Evidence of Monuments in 
the Province of Pomorskie under no. 5252. The boundaries of the protection were determined by the 
lower edge of the earth embankment of the reservoir, so the planned investment at the location specified 
above does not conflict with this area. 

In a short distance from the reservoir there are large and valuable bat wintering grounds and within the 
facility itself, matings and flights may take place. Therefore, it is necessary to perform a 
chiropterological expertise before the investment.  

Apart from one specimen of pedunculate oak growing near the northern buttress of the entrance wall of 
the reservoir (planted when the reservoir was put into operation), there are no valuable specimens of 
trees or protected plants in plot 293. 

2.6 Electrical connection  

The connection power is 12.5 kW, and the facility is included in the 5th connection group. The declared 
amount of electricity to be received is 5000 kWh per year. With the current use of the Old Sobieski 
reservoir, such parameters are highly insufficient and, regardless of the potential implementation of the 
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project, it is necessary to modernize it to a connection capacity of at least 30 kW and the declared amount 
of electricity received at least 90,000 kWh per year. The connection capacity is currently sufficient to 
supply the exhibition inside the object and the basic installations. The remaining small reserve of power 
does not allow for the expansion of the exhibition nor for ensuring an adequate microclimate inside the 
facility. Very high relative humidity (92 ÷ 100%, natural in this type of reservoirs) requires constant 
dehumidification of the air due to the comfort of visitors, durability of the installation and durability of 
the exhibition. Regardless of the periods of availability of the facility, it must be carried out constantly. 
As mentioned above, the currently insufficient electrical connection capacity does not allow this process 
to be carried out properly. Launching the exhibition leaves a small reserve of power, which allows the 
use of small air dryers. This avoids the condensation of moisture on the walls of the tank and fog, but it 
is still highly insufficient from the point of view of exposition protection, in particular its electrical and 
electronic equipment - due to the excess of moisture, it frequently fails. It is also not possible to present 
sensitive exhibits in the original (e.g. old prints). The list of electrical devices with their work cycle is 
shown in Table 1. 

Table 1: List of electricity receivers in a model object 

Receiver 
unit power 

[W] 
pcs/set 

total 
power 
[W] 

average 
daily 

working 
time [h] 

continuous 
work(C)/visiting 

time only(V) 

daily energy 
consumption 

[kWh] 

Exposition No. 1 
Laser emitter 15 8 120 8 V 0,96 
Computer 100 1 100 8 V 0,80 
Sound system (12 
directional speakers, 1 
subwoofer, playback 
system, amplifier, surround 
decoder) 

400 1 400 8 V 3,20 

LED lighting - lines 
illumination 

100 1 100 8 V 0,80 

LED lighting - neon blue 100 1 100 8 V 0,80 
Exposition No. 2 

22 "touch monitor with 
operating computer 

130 2 260 8 V 2,08 

Projector 240 10 2400 8 V 19,20 
LED lighting 10 12 120 8 V 0,96 
Water projector 20 10 200 8 V 1,60 

Exposition No. 3 
22 "touch monitor with 
operating computer 

130 1 130 8 V 1,04 

Audio player with speakers 50 3 150 8 V 1,20 
LED lighting - neon blue 100 1 100 8 V 0,80 
LED lighting - neon white 100 1 100 8 V 0,80 

Exposition No. 4 
43 "touch monitor with 
operating computer 

200 1 200 8 V 1,60 

LED lighting 10 6 60 8 V 0,48 
Exposition No. 5 

24 "monitor with host 
computer 

150 4 600 8 V 4,80 

Audio player with speakers 50 6 300 8 V 2,40 
Water projector 20 2 40 8 V 0,32 
LED lighting - neon blue 100 1 100 8 V 0,80 
LED lighting (back walls of 
showcases) 

10 3 30 8 V 0,24 

Object mockup 
22 "touch monitor with 
operating computer 

130 1 130 8 V 1,04 

Directional lighting 100 1 100 8 V 0,80 
Fountain 

Audio player with amplifier 
and directional speakers 

50 6 300 8 V 2,40 

Lamp 20 4 80 8 V 0,64 
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Fixed installations inside the reservoir 
Reconstructed historic 
lighting installation 

800 1 800 8 V 6,40 

New lighting installation 2000 1 2000 8 V 16,00 
Installation of emergency 
lighting 

100 1 100 24 C 2,40 

Air dehumidifier 1410 6 8460 24 C 203,04 
Alarm system, monitoring 
with video recording 

150 1 150 24 C 
3,60 

 
Fixed installations outside the reservoir 

Monitoring with video 
recording 

150 1 150 24 C 
3,60 

 
Lantern 200 6 1200 10 C 12,00 
Reflector for illuminating 
the front wall of the object 

200 2 400 10 C 4,00 

Toilet lighting 100 1 100 8 V 0,80 
Instantaneous water heater 3500 2 7000 1 V 7,00 

 

According to the current sightseeing schedule, the visiting days are: Tuesday, Wednesday, Friday, 
Saturday and Sunday from May to September (100 days a year). Nominally, sightseeing is in 6 rounds 
a day, at lasts 60 minutes per round. Taking into account the preparation and completion time, it has 
been assumed that all installations in the tank are running for 8 hours. Visitors use the toilets basically 
during the breaks between sightseeing tours, so it was assumed that the full power consumption of the 
water heaters lasts up to 1 hour in total. And so:  

Peak power - during the day, on visiting days: 24.83 kW 

It can be seen that it is twice as high as the ordered power of the connection. However, if you omit 
dehumidifiers and water heaters, it will close in about 9.37 kW. Despite the underestimated connection, 
it is now possible to use to run the facility, but the power reserve that remains does not allow for the 
installation of appropriate dehumidifiers or the introduction of any additional elements of the exposition. 
In the remaining period:  

Peak power - during the day, outside visiting days: 8.86 kW 

Peak power - at night: 10.46 kW 

These values will differ if lanterns are installed to illuminate the area around the reservoir and the 
illumination of the front elevation is introduced. The annual mean length of the night was assumed to 
be 10 hours.  

Daily energy consumption, on visiting days (100 days): 308.60 kWh 

Daily energy consumption, outside visiting days (265 days): 228.64 kWh 

As can be seen, despite the significantly fluctuating peak power between visiting days and non-
sightseeing days, the daily energy consumption differs by only 80 kWh. This is a favorable situation 
because a predictable, constant consumption can be assumed throughout the year:  

Daily energy consumption - year-round average: 250.54 kWh 

Total annual energy consumption: 91.449.60 kWh 

3 Selection of the turbine  

Knowing the demand for electricity and the average predictable wind speed at the turbine installation 
height, the minimum required rotor diameter was determined using the formula 1. The summary of the 
results is presented in Table 2. 

𝑑 = 2 ∙
∙

∙ ∙ ∙ ∙
           (1) 

where: 

𝑑   rotor diameter [𝑚] 
𝑍  annual electricity demand of the facility. 91,45 MWh per year was assumed 
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𝜂   total wind farm efficiency (within 23,7-47,4%). 35% was assumed for the calculations 
𝑡 wind farm operating time. 98% availability during the year was assumed, i.e. 8424 h 

Table 2: Minimum required rotor diameter for a given wind speed per month 

 
jan feb mar apr may jun jul aug sept oct nov dec 

v         9,67 9,29 9,67 9,35 8,54 8,36 8,29 7,23 7,98 8,48 8,48 10,04 

d  [m] 8,27 8,81 8,33 8,82 10,15 10,58 10,79 13,25 11,29 10,22 10,18 7,81 

 

The worst month in terms of wind conditions is August. The calculated rotor diameter is more than 13m. 
Due to this, after identifying the wind turbines available on the market, a design assumption was made 
that the rotor diameter would be 18 m.  

The results of calculations of the power contained in the air stream Ew and the maximum power of the 
wind farm are presented in Table 3: 

Table 3: Wind energy potential and maximum turbine power 

 
jan feb mar apr may jun jul aug sept oct nov dec 

𝑣         9,67 9,29 9,67 9,35 8,54 8,36 8,29 7,23 7,98 8,48 8,48 10,04 

𝐸  [𝑘𝑊] 147,05 129,61 144,76 129,11 97,58 89,82 86,37 57,31 78,93 96,23 97,01 164,80 

𝑃   [𝑘𝑊] 47,50 41,86 46,76 41,70 31,52 29,01 27,90 18,51 25,50 31,08 31,33 53,23 

 

Based on these data, a wind turbine model with a nominal power of 50kW was assumed for further 
analysis. The calculations show that the blade diameter of 18m and the installation height of 24m are 
appropriate in the case of assuming the sale of surplus energy to the grid. This results in the need to 
modernize the connection up to 50 kW. A 50kW Aeolos-H wind turbine was selected as the finished 
component. Its technical specification is presented in the table 4. 

Table 4: Wind energy potential and maximum turbine power 

No. Parameter Size 

1 Rated power 50kW 

2 Maximum power achieved 54kW 

3 Generator Permanent magnet generator with direct drive 

4 Number of blades 3 fiberglass shovels 

5 Rotor diameter 18,0m 

6 Initial wind speed 3,0 m/s 

7 Rated wind speed 10,0 m/s 

8 
Maximum wind speed of the 
service life of the structure 

59,5 m/s 

9 Regulator PLC with touch screen 

10 Security system Pitch Control, electric and hydraulic brake 

11 Turbine weight 6120 kg 

12 Noise level 
58,5 db 

(for the wind speed 7m/s) 
12 Working temperature -20°C ÷ +50°C 

13 Service life 20 years 
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4 The foundation of the turbine  

As the location of the investment, the above described land reserve area is selected. More precisely -  its 
highest, flat elevation in the south-eastern corner of plot 293, which is illustrated in Figure 7. The 
drawing also shows the distances from the high-voltage line and the pylon. As can be seen, the conditions 
for keeping the distance 3d and 5d are met with a large margin. Therefore, it is not necessary to 
reconstruct the pylon's lightning conductor in terms of anti-vibration protection [1][9]. 
There are no restrictions due to the spatial development plan, limited use zones or other local regulations 
in the project. The power plant, although with a capacity of <50 kW, from the perspective of the 
construction law, will be permanently connected with the ground and will reach a height of more than 3 
meters therefore a building permit and zoning conditions must be obtained prior to implementation. 
 
 

 

Figure 7: Preferred location of the turbine on plot no. 293, indicating the distance from critical power 
infrastructure facilities - the route of the HV line and the pylon; the sketch of the turbine and the 

foundation including the proportions [10] 

5 Seasonal analysis of the system operation 

The subject of the following analysis is the most precise estimation of the characteristics of energy 
production by the turbine and comparing it with the characteristics of the load from the model object. 
The is to determine: 

 the possibility of supplying the facility with the necessary amount of energy by the proposed 
wind turbine, 

 payback time, 

 excess energy that can be sold to the grid and the resulting profit after the payback period.  

The time of one year was assumed for the analysis, however, to refer to the most up-to-date data, this 
contractual year covers the period from April 1, 2020 to March 31, 2021. It is important that this period 
includes the full season of the facility's availability for visiting (May - September), when the energy 
demand and peak powers are greater and the reliability of the power supply is also important. Average 
wind speeds with daily resolution were compiled on the basis of data from the measurement station in 
Gdansk Rebiechowo [11].  
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Figure 8: Wind speed distribution in the contractual year; the position of the trend line corresponds to 
the mean value 

The total annual amount of energy produced by the turbine in the contractual year is 191 512.6 kWh. 
As described above, the facility's own demand is 92,249.2 kWh, or 48.2% of production. 

 

 

Figure 9: Distribution of surpluses and shortages of energy production for the contractual year 

 

As shown in Fig. 9, the daily surplus of energy production in relation to the daily demand occurs for 
most part of the year, and its maximum values are much higher than the greatest shortages. In 
quantitative terms, the shortage occurs for 102 days, which is 27.9% of the contractual year, what gives 
13,503.6 kWh. The annual sum of the surplus amounts to 112,767.1 kWh.  

6 Economic analysis  

The list of investment costs is presented in table 5. 
 

Table 5: Investment costs 

Lp Component Estimated market price [PLN] 
1 Wind turbine 50kW with cables 117 165,00 
2 Network controller (hydraulic brake with a load box) 27 355,80 
3 Grid inverter MPPT 36 195,00 
4 Wind tower with a ladder and a platform 66 103,50 
5 Foundation 25 000,00 
6 Transport and assembly service 35 149,50 
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In table 6 the initial state is compared with the estimated effects of the investment implementation.  

Table 6: Comparison of the annual electricity billing 

  
Initial state 

State with wind micro-
installation 

 
gross 
price 

value gross cost value gross cost 

Active energy [kWh] 0,356 91449,6 32556,06 0 0 
Excise 0,0062 91449,6 566,99 0 0 
Subscription 0,7134 12 months 8,56 12 months 8,56 
Network fee - fixed 9,213 12 months 110,56 12 months 110,56 
Network fee - variable 0,2927 91449,6 26767,30 0 0 
Transitional fee rate 0,4059 12 months 4,87 12 months 4,87 
Quality fee rate 0,0164 91449,6 1499,77 0 0 
RES fee 0 12 months 0,00 12 months 0 
Cogeneration fee 0,0017 91449,6 155,46 0 0 

TOTAL 61669,57 123,99 
 

As can be seen in the perspective of one year, the financial profit on energy bills amounts to PLN 61,545, 
which is a significant difference. There are practically only negligible fixed fees left. After comparing 
with the sum of investment costs (Table 3), in the amount of approximately PLN 307 thousand, the 
payback period will be exactly 5 years. 

In order to maintain high availability, a wind farm requires regular operational and service works. It is 
also one of the requirements set by insurers. Periodic inspection of the technical condition can be 
performed every 2 years, unless the manufacturer recommends otherwise.  Within the framework of 
periodic maintenance, the following works should be carried out: 

• measurements of supply line voltage, 

• checking the tightness of fastening screws and intersegment connections, 

• adjustment of the turret friction brakes (lining replacement if necessary), 

• visual inspection of the rotor blades, checking the paint coating, delamination and cracking, 

• testing of the lightning protection system, 

• measurement of rotor balance. 

For one full inspection, it is estimated that the turbine will be turned off for a maximum of 24 hours. 

7 Conclusions 

1. A thorough analysis of all conditions, supported by design calculations and operational 
simulation, shows that the implementation of the proposed concept is possible and economically 
justified.  

2. The sum of the investment costs, according to Table 3, amounts to approximately PLN 307 
thousand. According to Table 4, the implementation of the investment will allow for annual 
savings of PLN 61,545. This means that the payback period will be exactly 5 years, which is a 
very good result. 

3. Since, the expected lifetime of the turbine is 20 years, the time it takes for the investment to 
"profit" in reducing the operating costs of the model facility is also a very encouraging indicator. 
If it is necessary to replace the worn-out turbine after this period, future investment costs will 
be correspondingly lower, as they will not include the remaining elements: the tower, 
foundation, parts of electrical equipment. 

4. The implementation of the project will also bring other benefits: it will provide a buffer for the 
future expansion of the exposition in the Old Sobieski reservoir, improve safety in its 
surroundings (lighting, monitoring) and will increase the comfort of people inside the facility 
(effective air drying and additional heating). 
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5. Improving the microclimatic conditions will reduce the number of failures of the exhibition and 
installation elements in the facility, and thus - will contribute to additional savings in the form 
of reducing the costs of repairs (currently - significant). 

6. The implementation of renewable energy investments in the proposed location will positively 
fit the following conditions:  

a) the current trend in the field of distributed cogeneration and the inclusion of small 
generators in the PPS [3],  

b) fulfillment by Poland of its treaty obligations in the field of phasing out primary fuels 
and developing renewable energy sources [2],  

c) the pro-ecological strategy of GIWK, the owner of the facility,  

d) the profile of activity of the Gdansk University of Technology, adjacent to the facility, 
conducting research and teaching in the field of ecology and renewable energy.  

7. It is possible to cooperate with the Gdansk University of Technology in the field of ecological 
education - after metering, the installation could serve educational purposes as part of laboratory 
exercises in the fields of Power Engineering.  

8. Despite the location practically in the city center, the investment will be characterized by a 
relatively small nuisance, while maintaining an appropriate distance from the existing 
residential buildings. Due to the planned use of the surrounding areas, there is little risk of 
conflict with possible residential buildings in the future. 
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Abstract 

Exergy analysis is one of the modern analysis tools that can be used for developing, evaluating, 
understanding, and improving energy conversion systems. Conventional exergy analysis identifies the 
sources, magnitude and location of thermodynamic inefficiencies of a system, which can give the 
appropriate information for improving the overall efficiency of the system. However, conventional 
analysis cannot reveal interactions among the components of the plant or estimate the real potential for 
system development and further improvement. Advanced exergy analysis can significantly reduce the 
most important limitations of conventional analysis. This study focuses on the evaluation of an ORC 
for waste heat recovery. Conventional and advanced exergy analyses were applied. The ORC system 
model was built in MATLAB and validated against reported system operation data. The results 
obtained from the conventional and advanced exergy analysis show different priorities for improving 
the overall system. Advanced exergy analysis also reveals that the interactions among the ORC system 
components are not significant. This conclusion is very helpful in developing the optimization 
strategies. 

1 Introduction 

Today, industrial sectors play an important role in the economy; they are a key source of government 
revenue. However, industrial sectors contribute enormously to various environmental problems; they 
have played a significant role in air pollutant emissions. 

Different technologies have been developed to reduce the rate of air pollution and greenhouse gases, 
waste heat recovery systems are a good example of those technologies. The cement industries were 
among the first to adopt this technology [1-5]. 

Organic Rankine cycle is one of the most efficient waste heat recovery systems that has known an 
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increasing interest during recent years as it can achieve significant gains in terms of energy, cost, and 
environment. Several studies have been conducted to investigate the performance of ORC systems 
using such approaches as exergy analysis which is one of the modern analysis tools can be utilized for 
evaluating energy conversion systems. Karellas et al [6] compared the energetic and exergetic 
performance of water steam cycle and ORC for waste heat recovery in cement plant. The results of 
exergy analysis indicated that the major exergy destruction associates with the heat exchangers for 
both WHR systems. Wang et al [7] conducted a comparative study of an ORC and other cogeneration 
systems in cement industry based on the exergy analysis. The results showed that the exergy 
destruction in turbine, condenser, and heat recovery vapour generator are significant. Energy and 
exergy analysis of an ORC for waste heat recovery in a cement factory were also investigated by 
Ustaoglu et al [8]; the exergy destruction in the heat exchanger and evaporator presents 80% of the 
total exergy destruction. Fergani et al [9-11] performed exergy, exergoeconomic and 
exergoenvironmental optimization of the ORC cycle with different working fluids, including the 
mixtures. The turbine and heat exchangers are the components that required attention regardless the 
used working fluid. 

Conventional exergy analysis can define the exergy destruction and exergetic efficiency of system 
components, and based on this information the improvement potential is defined. However, 
conventional exergy analysis cannot reveal either interactions among the system components of the 
plant or estimate the real potential for system improvement [12, 13]. 

An advanced exergy analysis has been developed in recent years to overcome these limitations. In this 
type of analysis, the exergy destruction within each component can be divided into avoidable part and 
unavoidable part to offer information for improving the efficiency of each component. The exergy 
destruction is also splitting into endogenous and exogenous part; this splitting provides information on 
the interaction between system components. Recently, advanced exergy analyses have been 
successfully applied to various energy conversion systems. 

The Lengfurt cement plant of Heidelberg (Germany) was among the first to install the ORC for waste 
heat recovery in 1999. The initial results available from this plant indicate that 1.1 MW electrical 
power can be generated by ORC system [1]. However, until now this system has not been analyzed 
and evaluated using exergy-based method. 

The aim of the present study is to develop a numerical model based on the real operating conditions of 
the ORC (Lengfurt cement plant). This study also aims to evaluate this system using both conventional 
and advanced exergy analysis to obtain conclusions that can be useful for designers and practical 
engineers. 

2 System description and modeling 

The waste heat recovery system consists essentially of two sub-systems (Figure 1): 

●  6-7-8 is thermal oil circuit used to recover the waste heat from the clinker cooler exhaust air flow, 
and 

●  1- …. -5a is the ORC system. Pentane is the working fluid [1]. The ORC system consists of the 
evaporator and preheater, the turbine, the recuperator, the condenser, and the pump. The heat transfer 
oil transfers the heat flow of the clinker exhaust air first to a pentane evaporator and then to a pentane 
preheater. The liquid pentane with an input temperature of 57°C is heated and evaporated to 162 °C. 
The pentane vapour at 162°C and 19.4 bar pass to the turbine. The expanded pentane leaves the 
turbine at a temperature of 93°C and a pressure of 1.03 bar to the recuperator where it cooled from 
93°C to 60°C. The cold side of the recuperator is then cooled in an air condenser from 60°C to 29°C. 
Finally, the condensed working fluid is back to the evaporator via the pressurizing pump. 

A thermodynamic model of the ORC using the Matlab software is developed based on the mass and 
energy balances of each component. The thermodynamic properties of working fluid used in this study 
are obtained from REFPROP [14]. In addition, a set of assumptions was made: the system operates 
under steady-state conditions, the pressure drops and heat losses in heat exchangers and pipelines are 
neglected, and the isentropic efficiencies of the turbine and pump are constant (regardless of the 
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pressure ratio in these components). 

 

 

 

Figure 1: Schematic diagram of ORC system 

 

The energy balances for the ORC system components are: 

Pump 

�̇� = �̇� (ℎ − ℎ )        (1) 

Turbine 

�̇� = �̇� (ℎ − ℎ )        (2) 

Evaporator 

�̇� = �̇� (ℎ − ℎ ) = �̇� 𝑐𝑝 (𝑇 − 𝑇 )        (3) 

Preheater 

�̇� = �̇� (ℎ − ℎ ) = �̇� 𝑐𝑝 (𝑇 − 𝑇 )      (4) 

Condenser 

�̇� = �̇� (ℎ − ℎ ) = �̇� 𝑐𝑝 (𝑇 − 𝑇 )      (5) 

Recuperator 

(ℎ − ℎ ) = (ℎ − ℎ )    (6) 

The developed model is validated by using the design data reported in [1]. As can be seen (Table 1), 
the present results are in very close agreement. 
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Table 1: Model validation 

 Ref (data of original paper) Present study 

Recovered heat flow (MW) 8.2 7.9 

Thermal oil mass flow rate (kg/s) 23.5 23.5 

Thermal oil inlet temperature (°C) 230 230 

Thermal oil outlet temperature (°C) 85 85.05 

Working fluid mass flow rate (kg/s) 16.67 15.90 

Turbine inlet temperature (°C) 162 161.63 

Turbine outlet temperature (°C) 93 92.21 

Turbine inlet pressure (bar) 19.4 19.4 

Turbine outlet pressure (bar) 1.03 1.03 

Preheater inlet temperature (°C) 57 58.31 

Condenser outlet temperature (°C) 29 29 

Pump outlet temperature (°C) 33 32.61 

Cooling air mass flow rate (kg/s) 472.23 471.55 

Gross power generation (kW) 1155 1167 

3 Exergy analysis 

3.1 Conventional analysis 

The purpose of the conventional exergy analysis is to assess the performance of the system and 
measure the exergy destruction in system equipments with the possibilities of thermodynamic 
improvement. The exergy balance for the kth component is [15]: 

�̇� , = �̇� , + �̇� ,  (7) 

�̇� , �̇�  and �̇� represent the exergy rate of the fuel, the product and the destruction, respectively. The 
exergetic efficiency for the k-th component is 

𝜀 =
�̇� ,

�̇� ,

 
(8) 

The exergy balances for components of the evaluated ORC system are given in Table 2. 

Table 2: Exergy balances within ORC system components 

Component �̇�𝑭 �̇�𝑷 

Turbine �̇� − �̇�  �̇�  

Preheater �̇� − �̇�  �̇� − �̇�  

Evaporator �̇� − �̇�  �̇� − �̇�  

Condenser �̇� − �̇�  �̇� − �̇�  

Recuperator �̇� − �̇�  �̇� − �̇�  

Pump �̇�  �̇� − �̇�  
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3.2 Advanced  analysis 

The calculation procedure applied to the conventional and advanced exergy analysis is shown in 
Figure 2. 

The total exergy destruction within the k-th component is split into unavoidable and avoidable parts. 
This splitting provides the real potential for improvement in the thermodynamic efficiency of a 
component [12, 13]. 

�̇� , = �̇� , + �̇� ,  (9) 

The unavoidable exergy destruction (�̇� , ) is the part of the exergy destruction within the kth 
component that cannot be reduced due to technological limitations. In contrast, avoidable exergy 
destruction (�̇� , ) can be reduced during the improvement procedure. 

Splitting the exergy destruction into endogenous and exogenous parts provides information on the 
interactions among system components, this information can be used to decide whether engineers 
should focus on the component being considered or on the remaining system components [12, 13]. 

�̇� , = �̇� , + �̇� ,  (10) 

The endogenous exergy destruction (�̇� , ) represents the irreversibility within the kth component that 
operates under its real conditions, and all other components operate in an ideal way. The exogenous 
part is the exergy destruction (�̇� , ) in the k-th component caused by the irreversibilities that occur in 
the remaining components. 

The values of �̇� ,
, , �̇� ,

,  , �̇� ,
,  and �̇� ,

, denote the unavoidable endogenous exergy 
destruction, unavoidable exogenous exergy destruction, avoidable endogenous exergy destruction, and 
avoidable exogenous exergy destruction, respectively. Where �̇� ,

,  is calculated as [12, 13] 

�̇� ,
, = �̇� ,

�̇� ,

�̇� ,

 
(11) 

4 Results and discussions 

After having developed the thermodynamic model of the ORC examined in this study, conventional 
and advanced exergy analysis are performed. The main assumptions for real, unavoidable and ideal 
conditions are listed in Table 3. In this paper, a thermodynamic method for conducting an advanced 
exergy analysis is applied [12]. For the advanced exergy analysis, an ideal cycle is defined with the 
same component arrangement as the real cycle, but with a zero minimum temperature difference at the 
heat exchangers and with isentropic pump and turbine. An unavoidable cycle is also defined with 
minor but finite irreversibilities at each system component. 

Table 3: The main assumptions under real, ideal and unavoidable conditions 

Component Parameter Real Unavoidable Ideal 

Turbine  ƞ (%) 75 90 100 

Evaporator ∆T (K) 10 5 0 

Condenser  ∆T (K) 5 2 0 

Recuperator ∆T (K) 29 25 0 

Pump ƞ (%) 30 85 100 
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Figure 2: The calculation procedure 

4.1 Conventional exergy analysis 

Results obtained from the conventional exergy analysis when the ORC system operates under real 
conditions are given in Table 4. The turbine has the largest exergy destruction rate. The overall ORC 
system can be thermodynamically improved using the following priorities for the components: the 
component that should be improved first is the turbine, the second priority have the condenser and the 
evaporator simultaneously, the pump has the third priority of improvement, and the improvement of 
the recuperator is, from the thermodynamic viewpoint, less important than the improvement of the 
above-mentioned components. 

Table 4: Results of conventional exergy analysis under real conditions 

 �̇�𝑭 (kW) �̇�𝑷 (kW) �̇�𝑫 (kW) 𝜺𝒌 (%) 

Turbine 1716.6 1167.6 549.0 68.0 

Evaporator 2616.7 2305.6 311.1 88.1 

Condenser 569.9 158.3 411.6 27.8 

Recuperator 183.5 111.7 71.8 60.9 

Pump 158.0 52.7 105.3 33.4 

Overall system 2616.3 1009.6 1448.7 38.6 
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4.2 Advanced exergy analysis 

The results of the advanced exergy analysis are presented in Table 5 and Figure 3. The unavoidable 
exergy destruction rates in turbine, evaporator and condenser are higher than the avoidable rate. The 
only components with a higher avoidable than unavoidable exergy destruction are the recuperator and 
pump, this means that technical modifications of these components can improve their efficiencies. 
58% and 89% of the exergy destruction in the recuperator and pump could be avoided. Furthermore, it 
may be noted that the total unavoidable exergy destruction (65%) is almost twice as much than the 
avoidable part. 

The splitting of exergy destruction into endogenous /exogenous parts shows that for all components, 
the value of the endogenous exergy destruction is higher than the exogenous exergy destruction. This 
means that the interactions among the components are not strong. Therefore, to improve the system 
performance, the designer should focus only on the internal irreversibilities within each system 
component. Negative values indicate the effect of the mass flow rate. For splitting exergy destruction 
into endogenous /exogenous parts, the fuel of the overall system is kept constant. 

Table 5: Results of advanced exergy analysis 

 𝑬𝑫
𝑼𝑵 (KW) 𝑬𝑫

𝑨𝑽 (KW) 𝑬𝑫
𝑬𝑵 (KW) 𝑬𝑫

𝑬𝑿 (KW) 

Turbine 311.2 237.8 660.7 -111.5 

Evaporator 223.7 87.4 298.6 12.5 

Condenser 342.6 68.9 343.8 67.7 

Recuperator 30.4 41.4 39.6 32.2 

Pump 11.3 93.9 116.9 -11.6 

 

Figure 3 presents the results of splitting the exergy destruction into avoidable endogenous and 
avoidable exogenous parts; these results provide important information for the designer in developing 
a better understanding of the inefficiencies and their interdependencies for improving the overall 
system. Turbine has the largest endogenous avoidable exergy destruction, followed by pump, 
evaporator, condenser and recupertor. 

As indicates the results, turbine has the first improvement potential in both conventional and advanced 
analysis. Pump was located in the fourth position after condenser and evaporator for the conventional 
analysis. However, the pump was given the second priority in the advanced exergy analysis; designers 
should focus on the pump more than condenser and evaporator due to higher avoidable exergy 
destruction rates. 
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Figure 3: Results of splitting the exergy destruction rate for the ORC system components 

5 Conclusion 

This paper discusses a conventional and advanced exergy analysis applied to ORC waste heat recovery 
in cement plant. Some key results are the following: 

 Based on the conventional exergy analysis, the turbine, condenser and evaporator were 
identified the most significant component from thermodynamic viewpoint. 

 Advanced exergy analysis can provide more valuable and comprehensive information 
compared to the conventional analysis. The conventional analysis indicated that the pump is of 
low importance for improvement, while advanced analysis identified the pump as a relevant 
component. 

 The interactions among components of the ORC are not strong. This leads the designer to 
focus only on the internal irreversibilities within each component to improve and optimize the 
system performance. 

Nomenclature 

𝑐𝑝                 heat capacity, kJ/kg K, 
𝐸                  Exergy rate, kW, 
ℎ                  specific enthalpy, kJ / kg, 
�̇�                 mass flow rate, kg / s, 
�̇�                  heat flow rate, kW, 
𝑇                  temperature, K 
�̇�                power, kW, 
∆                 difference, 
Ƞ                 isentropic efficiency, %, 
ε                  exergy efficiency, %. 
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Abstract 

Global consumption of fruits and vegetables is continuously increasing. Poland belongs to the most 
meaningful producers of fresh food products in the European Union. For example, it can be illustrated 
by the fact that it is among the top suppliers of apples, cherries, carrots, as well as different varieties of 
currants. A significant part of those products are subjected to further processing, which results in the 
generation of an abundant amount of wet residues, such as pomace or sludges. Therefore, it is of 
paramount importance to seek reasonable technologies/ways of further processing of such troublesome 
waste (due to the high content of moisture and the resultant low stability of the biochemical matrix) is 
of paramount importance. In the present paper, the possibility of co-processing of different industrial 
residues in the form of fruit pomaces through thermochemical liquefaction was investigated. More 
specifically, industrial wastes received from commercial juice production, i.e. blackcurrant, apple and 
cherry pomaces were converted under subcritical conditions of the water-isopropanol solvent system 
(1:1 wt. basis). Liquefaction tests were carried out in a batch autoclave under fixed conditions, i.e., 
processing temperature (275 °C), residence time (30 min) and biomass to solvent ratio (1:9 wt. ratio). 
We particularly focused our research on testing binary feedstock systems as well as ternary feedstock 
mixtures and the possibility to predict the biocrude yield based on the linear model. We also tested the 
influence of feedstock blending in terms of the elemental composition of the final products. The 
composition of the resultant bioproducts was analyzed by means of infrared spectroscopy and elemental 
analysis. The yield of biocrude as the desired group of products varied from ca. 45% to 54% by weight 
and exhibited high energy density (ca. 30-32 MJ/kg). The postulated approach aims to increase the 
flexibility and profitability of future technology of processing useless waste toward the generation of 
value-added bioproducts for the chemical and energy sectors. 
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1 Introduction 

Global consumption of fruits and vegetables is continuously increasing. Among others, it is a result of 
the increase in the global population and increased public awareness toward a healthy lifestyle. Poland 
belongs to the most meaningful producers of fresh food products in the European Union. More 
specifically, the production of vegetables and fruits in relation to the total production in the European 
Union accounted for eight and twelve percentage in 2020, respectively. For example, it can be illustrated 
by the fact that it is among the top suppliers of apples, cherries, and different varieties of currants. Poland 
is also the biggest producer of garden beets, cabbages, and carrots in the EU. A significant part of those 
products are subjected to further processing, which results in the generation of an abundant amount of 
wet residues, such as pomace or sludges. According to data from the European Commission [1], it is 
estimated that approximately a third of food produced in Europe is not consumed as a result of losses 
occurring in all stages of production and processing. Thus, seeking reasonable technologies/ways of 
further processing such troublesome waste (due to the high moisture content and the resultant low 
stability of the biochemical matrix) is of paramount importance [2]. The development of new sustainable 
approaches toward wet residue conversion could positively affect the increase in the effectiveness of the 
utilization of troublesome wastes and the reduction of the cost of collection and preprocessing of the 
raw matter prior to transformation. Today, the competitiveness and economics of new technologies 
introduced to the market are particularly important and ultimately affect the feasibility of the developed 
solution. One of the ways of such optimization could be based on the utilization of concentrated 
feedstock type, i.e., generated in a small area or within one processing plant (e.g. wastes generated 
during the food processing stage like fruit and vegetable pomace). As a consequence, such an approach 
could noticeably affect the reduction of the costs of collecting and transporting raw materials and 
potentially increase the profitability of technology. 

The utilization of generated waste could be a key to increasing the sustainability of the food processing 
sector. Currently, great effort is devoted to the development of new technologies for the production of 
value-added bioproducts and alternative high-energy fuels originating from biomass [3]. In terms of 
energy and fuel production, hydrothermal liquefaction (HTL) to produce liquid biocrude seems to be 
more justified compared to conventional thermochemical methods (torrefaction, pyrolysis, gasification) 
due to the possibility of directly subjecting wet biomass to processing. Hydrothermal liquefaction is a 
conversion process conducted in near-critical water as reaction media under elevated temperature (250-
374°C) and pressure (5-22.1 MPa) [4]. The technology can be applied to various raw materials, i.e. 
organic waste, agricultural biomass, or algae [5]. It is also worth noting here, that also reports on the 
application of organic solvent addition to water can also been found recently. For instance, the effect of 
the addition of ethanol in the HTL of low-lipid microalgae was reported by Ji et al. [6] and for the 
conversion of lignocellulose biomass by Feng et al. [7]. He et al. [8] tested the effect of the addition of 
n-heptane, toluene, and anisole in the HTL of lignocellulosic biomass. Such an approach is often defined 
as thermochemical liquefaction (THL). The application of the binary solvent system allowed mostly the 
increase in the yield of a liquid biocrude and the attainment of it under less severe conditions. Regardless 
of the type of feedstock, the resultant biocrude is in the majority highly viscous liquid that exhibits a 
high HHV, for example, 31-35 MJ/kg for processing microalgae [9], 30-34 MJ/kg for cherry pomace 
[10] and 24-28 MJ/kg for pine wood [11]. The quality of the resultant biocrude is not high enough to be 
used directly as a transportation fuel, but can serve as renewable feed for further upgrading or directly 
as a high-energy density fuel to generate heat and power. 

Most of the HTL&THL research conducted so far was done on a non-commercial scale. It is also 
important to highlight here that the availability of most of the different kinds of biomass resources, i.e. 
agricultural, forestry as well as food processing is qualitatively and quantitatively fluctuating over time. 
Thus the development of thermochemical or hydrothermal liquefaction technologies requires increasing 
the flexibility and the possibility of co-process different streams of raw materials. Therefore, achieving 
a perspective and viable technology which could allow for partial replacement of fossil fuel resources, 
requires working on the possibility of co-processing of various biomass&waste streams. In the literature, 
many studies can be found regarding the co-processing of different biomass streams. For instance, co-
liquefaction of wood, algae, and sugar beet pulp was demonstrated by Brilman et al. [12], sewage sludge 
and rice straw/wood sawdust by Huang et al. [13], microalgae and sewage sludge bu Xu et al. [14] or 
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seaweeds with lignocellulosic biomass by Yuan et al. [15].  However, to the best of our knowledge, 
there is a lack of any research on which fruit pomace from the same commercial food processing plant 
was transformed. Moreover, there is a lack of reports on coprocessing various biomass streams in a 
binary solvent system. In the present paper, the possibility of co-processing of different industrial 
residues in the form of fruit pomaces through thermochemical liquefaction was investigated. More 
specifically, industrial wastes received from commercial juice production, i.e. blackcurrant, apple and 
cherry pomaces were converted under subcritical conditions of the water-isopropanol solvent system 
(1:1 wt. basis). Liquefaction tests were carried out in a batch autoclave under fixed conditions, i.e., 
processing temperature (275 °C), residence time (30 min), and biomass to solvent ratio (1:9 wt. ratio). 
We particularly focused our research on testing binary feedstock systems and ternary feedstock mixtures 
and the possibility of predicting the biocrude yield based on the linear model. We also tested the 
influence of feedstock blending in terms of the elemental composition of the final products. The 
composition of the resultant bioproducts was analyzed by means of infrared spectroscopy and elemental 
analysis. The yield of biocrude as the desired group of products varied from ca. 45% up to 54% wt.% 
and exhibited high energy density (ca. 30-32 MJ/kg). The postulated approach aims to increase the 
flexibility and profitability of future technology to process useless waste toward the generation of value-
added bioproducts for the chemical and energy sectors. 

2 Materials and Methods 

2.1 Raw Material 

The present study was carried out using industrially derived leftovers in the form of blackcurrant 
pomace, cherry pomace, and apple pomace. The mentioned feedstock was obtained as a residual material 
generated during the production of juice by the Tymbark MWS company (Poland). The obtained raw 
material was a highly heterogeneous mixture of residual seeds, leaves, stalks, and peels. Thus, before 
subjecting each of the as-received raw materials to analysis, it was homogenized by drying and 
grounding to a fraction below 2 mm. The results of the composition of the raw fruit pomace are presented 
in Table 1. 

Table 1: Characteristics of raw materials 

Compound Blackcurrant pomace [wt.%] Cherry pomace [wt.%] Apple pomace [wt.%] 
Moisture 68.83 79.19 71.69 

Ash content 2.46 2.21 0.68 
C 50.78 49.53 45.86 
H 6.77 5.92 6.59 
N 2.29 2.02 1.01 
O 37.70 40.34 45.86 

Fruit pomaces seem to be a very perspective raw material for conversion via hydrothermal processing 
in near-critical conditions of the water. All tested residues are characterized by a very high moisture 
content that is in the range of 68.8 wt.% (for blackcurrant pomace) up to 79.2 wt.% (for cherry pomace) 
which allows its direct subjecting to the process. It is worth pointing out that the possibility of convert 
the studied raw material without the need for prior drying saves a noticeable amount of energy and 
makes the technology more feasible. Furthermore, it is also worth mentioning that compared to other 
alternative raw materials (e.g. algae or sewage sludges) [9] the mineral matter content in fruit pomace 
is very low (0.7-2.3 wt.%), which could positively affect the reduction of potential clogging problems 
during processing in the subcritical region. Moreover, almost all of the transformed biomass can be 
converted towards alternative products, which as a consequence increases the effectiveness of 
conversion.  

2.2 Hydrothermal processing procedure 

Hydrothermal conversion of blackcurrant pomace towards bioproducts was carried out in a batch 
autoclave from Parr Instruments Company (USA) model 4575A with an operational volume 500 cm3. 
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The reactor was equipped with dedicated software that allowed the registration of operational parameters 
(temperature, pressure, and stirring speed) during the tests. As mentioned in the introduction, in the 
present contribution, we have done a comparative investigation of the co-processing of different origin 
raw materials in binary and ternary mixtures to study the flexibility of the hydrothermal processing 
technology. The other processing parameters were kept constant. Accordingly, all tests were carried out 
at moderate temperatures (275°C) and the reaction time, defined as the holding time between reaching 
the set temperature and starting to cool, was equal to 30 minutes. In each run, an amount of 
approximately 100 g of fruit pomace slurry was used, keeping constant dry biomass to the solvent ratio 
(1:9) in the slurry. The proper concentration of the slurry was adjusted by adding the appropriate amount 
of isopropyl alcohol and distilled water to the previous dried feedstock. After placing the slurry in the 
reactor, it was charged with nitrogen to set the initial pressure around 5 bars. In the present investigation, 
we performed hydrothermal liquefaction in a binary solvent system, that is, a mixture of isopropyl 
alcohol and water (1:1 m/m) was used as a reaction medium.  

Separation and recovery of the obtained groups of products were performed on the basis of solvent 
extraction with dichloromethane, filtration under reduced pressure, and solvent evaporation. The yield 
of gas products was calculated according to the ideal gas law on the basis of the temperature and pressure 
changes measured inside the reactor. Details of the separation procedure were previously reported in 
one of our works [9]. Finally, we were able to isolate four groups of products: solid hydrochar, liquid 
biocrude, aqueous phase with soluble organics, and non-condensable gas fraction. Each phase was 
recovered quantitatively and analyzed separately to estimate the yield and determine the properties and 
chemical composition of each fraction experimentally. All experiments were performed in duplo, and 
the results presented in this contribution are mean values.  

Additionally, we also have tried to compare the experimental data observed for the binary and ternary 
mixtures with the estimated product yield of the resultant bioproducts calculated as an additive value 
based on the linear model. In Eq. (1), we present the formula used to calculate the estimated yield of the 
products. 

 𝑌 _ , = ∑ 𝑚 , × 𝑌 ,    (1) 

where: 
YP_mix, LM   estimated product yield for the binary and/or ternary mixture, with P = gas, aqueous phase 

organics, biocrude, or biochars  
mfeed,i  the mass fraction of the fruit pomace type in the prepared mixture.  
Yp,i   product yield (for p = gas/biocrude/AP/biochar) noted for tests performed using only 

separate feedstock types (apple pomace, blackcurrant pomace, cherry pomace)  

2.3 Biocrude characterization 

2.3.1 Elemental Analysis 

The carbon (C), hydrogen (H) and nitrogen (N) content in the raw fruit pomace and the resultant 
biocrudes were determined using the EuroVector EA3100 CHNS elemental analyzer. The sulfur content 
in the raw materials and the obtained bioproducts was below the detection level (0.5 wt.%) and was not 
presented with other results. The oxygen (O) content was calculated by the difference as 100%-(%C + 
%H + %N + %A). Samples before elemental analysis were dried at 105 ° C to a constant mass, so the 
presented data correspond to the dry state. Moisture (M) and ash (A) contents were determined according 
to the standard procedure. The molar ratios (H/C) and (O/C) were also determined and presented on a 
Van Krevelen diagram. The higher heating value (HHV) of the obtained biocrudes was estimated on the 
basis of the elemental composition according to the Boie formula.  

2.3.2 Mid-infrared spectroscopy 

The composition of the obtained biocrudes via hydrothermal liquefaction obtained in single, binary, and 
ternary mixtures was investigated by means of mid-infrared Fourier transform spectroscopy within the 
wavenumber range 4000-400 cm-1 with a resolution of 4 cm-1. Spectra were collected on a Nicolet iS5 
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spectrometer (Thermo Scientific) equipped with a DLaTGS detector and an ATR unit with diamond 
crystal. Each of the presented spectra is the average of 32 scans.  

3 Results & Discussion 

3.1 Products yield distribution of thermochemical liquefaction of various fruit pomaces 
and its co-processing in binary and ternary mixtures 

For each of the selected fruit pomace, separate tests were performed prior to carrying out the tests with 
the mixture of biomass. The yield distribution of bioproducts obtained through thermochemical 
liquefaction of individual apple pomace, blackcurrant pomace, and cherry pomace in binary solvent 
systems (water-isopropanol) is shown in Figure 1. Generally, it can be emphasised that the conversion 
of various fruit pomaces into the subcritical region of water has not resulted in a significant disparity in 
the yield of the bioproducts obtained. However, some slight changes in the yield of the obtained 
bioproducts can be noticed. For all studied raw materials, the dominant group fraction was biocrude, 
with its yield ranging between 45.8 and 54.5 wt.%. The highest yield of biocrude was noted for the 
processing of cherry pomace, while the lowest was for apple pomace. On the other hand, hydrothermal 
processing of apple pomace caused the formation of the highest yield of solid biochar as the second 
group of bioproducts. The yield of biochar in the case of processing blackcurrant and cherry pomace 
resulted in almost twice the higher yield of solid residue (19.0-19.7 wt.%). In this case, the higher yield 
of a solid product can suggest some differences in biochemical composition among the tested fruit 
residue and the higher content of more resistant constituents such as lignin and/or not fully decomposed 
cellulose in apple pomace and blackcurrant pomace compared to cherry pomace. The share of aqueous 
phase organics and non-condensable products (the gas phase) accounted for ca. 10 wt%. Generally, the 
conversion ratio of the studied raw materials was relatively high compared to reports in the literature 
and reached 80-89%. To conclude, it is worth noting that the selected conditions of thermochemical 
liquefaction in the binary solvent system (isopropyl alcohol-water) allow for effective conversion of 
different origin fruit pomaces.   

 

Figure 1: Distribution of bioproduct yields obtained through thermochemical liquefaction of various 
fruit pomace 

To evaluate possible interactions during hydrothermal liquefaction, binary mixtures (50/50 wt%/wt%) 
and ternary (33.3/33.3/33.3 wt%) mixtures of different combinations of the three mentioned fruit 
pomace feeds were prepared and processed under the same conditions of thermochemical liquefaction. 
The results are presented in Figure 2 together with the weight-averaged yields based on the result of the 
separate feeds, calculated according to Equation 1. Importantly, the thermochemical liquefaction of 
mixed fruit pomace streams resulted in similar product yield distribution as the conversion of separate 
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raw materials. Similarly, as for separate feeds, biocrude constituted the main group of products. It 
accounted from 45.1 to 52.8 wt% for binary mixtures and was equal to 48.4 wt% for the ternary mixture. 
The biochar yield varied between 16.0 and 20.8wt%. It is interesting that the yield obtained 
experimentally varied only slightly compared to the values calculated on the basis of the linear model. 
Thus, it was found that the proposed linear model is an easy and reasonable way to estimate/predict the 
yield of obtained groups of products. To summarise, it is worth pointing out that there is a possibility to 
transform various fruit pomace streams to obtain high potential biocrude as an alternative fuel, which 
noticeably improves the flexibility of the proposed approach. 

 

Figure 2: Thermochemical liquefaction product yield for binary mixtures (50/50 by mass) and ternary 
mixture (33.3/33.3/33.3 by mass) vs. estimation by linear averaging. 

3.2 Biocrude composition 

3.2.1 Elemental analysis 

The resultant biocrudes were dark brown liquids that exhibited very high viscosity at ambient 
temperature. Generally, products obtained after processing under the same conditions as separate 
feedstocks, as well as their binary and ternary mixtures, did not differ and showed similarity in 
appearance. In Table 2, the comparison of the results of the elemental composition of the liquids 
obtained from different fruits and pomace is presented. It is worth pointing out that the elemental 
composition of the derived products also confirmed its qualitative similarity. The carbon content in the 
analyzed biocrude varied only slightly and was found in a narrow range between 68.0 %wt and 69.5 
%wt. It is also worth noting that, for all cases, this value increased by around 50% compared to the basic 
contents determined in the feedstock. It can be the result of a deep decomposition of organic matter that 
occurs under the near-critical conditions of the mixture of water and isopropyl alcohol. The hydrogen 
content ranged from 7.4 wt.% to 8.7%. The different hydrogen content in biocrudes obtained from 
different raw material content can be linked with variation in the presence of saturated and unsaturated 
building blocks in the original organic matter, e.g. the lipid profile located inside the seeds. Nitrogen 
content in biocrudes is between 0.9 and 2.4 wt.%. It is worth noting that oxygen content in all products 
is equal to around 20wt.%. This level is around two times lower compared to feedstock, so it can be 
underlined that an intensive deoxygenation reaction occurs during thermochemical liquefaction for all 
tested raw materials. This value is much higher than the oxygen content specified in conventional liquid 
fuels, but noticeably lower than the values found for pyrolytic bio-oils. The heating values of biocrudes 
were between 30.2-32.4 MJ/kg thus all of them represent perspective alternative fuels for generating 
heat and energy. The mentioned HHV values are in line with the data reported in the literature for other 
products obtained by hydrothermal liquefaction. To summarise, it is worth noting that the presented 
result shows that thermochemical liquefaction could be successfully applied to the co-processing of 
various origin raw materials. As a result, a similar quality alternative liquid bioproduct is obtained when 
separate, and mixtures are transformed. 
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Table 2: Composition of biocrudes obtained via hydrothermal processing under various conditions 

Parameter Units A Ch Bc A-Ch A-Bc Bc-Ch A-Bc-Ch 

C wt.% 68.3 68.8 69.2 68.4 68.5 68.0 69.5 
H wt.% 7.5 7.9 8.7 8.3 7.4 7.4 7.7 
N wt.% 0.9 1.3 2.4 2.0 2.1 2.0 2.1 
O wt.% 23.3 22.0 19.7 21.2 21.9 22.7 20.7 

HHV MJ/kg 30.2 31.1 32.4 31.5 30.4 30.1 31.2 
A- Apple pomace; Ch-Cherry pomace; Bc-blackcurrant pomace 

Van Krevelen diagram (Figure 3) shows the effect of the application of different feedstock and its 
mixtures on the change of O/C and H/C molar ratios of the biocrudes produced through their 
thermochemical liquefaction. As can be seen, some differences can be noted especially for studied raw 
materials. The apple pomace is characterized by the highest O/C and H/C ratio. In this case, it might 
prove the higher content of rich oxygen-containing structures like carbohydrates. The lower values for 
cherry and blackcurrant pomace can be linked with higher contents of lipids. In contrast, the molar ratios 
of obtained biocrudes are very similar. In comparison to raw fruit pomaces, the significantly lower molar 
ratios of O/C and H/C of all liquid products can be seen. Generally, the O/C molar ratio for feedstock 
drops from 0.55-0.8 for feedstock to around 0.22-0.24, and this value is rather very close to each other, 
both for separate feedstock and its mixtures. The lower O/C ratio proves the occurrence of intensive 
deoxygenation reactions during processing in the subcritical water region. More pronounced differences 
can be noted for H/C molar ratios. In this case, the values range from 1.3 to 1.5. The highest H/C molar 
ratio was noted for biocrude from blackcurrant which can be linked with the mentioned highest content 
of lipids derivatives (fatty acids, esters) which could completely be transferred to biocrude fraction from 
feedstock. The highest diminishment of H/C ratio was noted for apple pomace which could again be 
linked with the high content of carbohydrates and its intensive dehydration reaction under applied 
thermochemical liquefaction conditions. Importantly, it was found that biocrudes produced from binary 
and ternary mixtures are located between values noted for separate feedstock. Thus, there is the 
possibility to predict the quality of the resultant liquid product. In summary, it seems that the 
decomposition reactions of various origin fruit pomace biomass occur via similar pathways which are 
mainly driven by deoxygenation via dehydration and decarboxylation/decarbonylation. 

 

Figure 3: Van Krevelen diagram  
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3.2.2 FTIR 

The DRIFT spectra collected for the studied biocrudes produced by converting separate and mixed fruit 
pomace are presented in Figure 4, where additionally some important wavenumbers are marked with 
lines. On one hand, the presence at a glance of the same bands in the spectra of different biocrudes 
proves its qualitative similarity. On the other hand, the small differences in the intensities between bands 
may demonstrate some quantitative variation in composition. Firstly, some intensive aliphatic structures 
might be seen which is proved by the complex of four overlapping bands at 3000-2800 cm-1. In 
particular, CH3 asymmetric stretching vibrations  (2975-2950 cm-1) and CH2 absorption (2930 cm-1), as 
well as the symmetric CH3 vibration (2885-2865 cm-1) and CH2 absorption (2870-2840 cm-1) can be 
noted for all samples. The presence of aliphatic moieties in the liquid products can also be confirmed by 
the medium deformation band at around 1485-1445 cm-1. Furthermore, for all studied samples the 
stretching band at 3500–3100 cm-1 was also noted. It could be assigned to –OH vibrations suggesting 
the presence of various molecules with hydroxyl groups, e.g. alcohols, phenol and its derivatives and 
carboxylic acids. Generally, it can also be seen that the mentioned OH band is very broad and even 
slightly decreases to 2500 cm-1, which can confirm the presence of carboxylic acids. Phenols could be 
the product of the decomposition of lignin structures. When looking into the analyzed spectra its 
presence could also be confirmed by the -OH medium deformation band (1390-1330 cm-1) as well as 
strong stretching bands ascribed to C-O absorption bonding (1260-1200 cm-1). The bands at 1600 cm-1 
and 1440 cm-1 could also correspond to the vibrations of the aromatic ring and could suggest products 
of further decomposition of the lignin structures. The presence of a strong stretching band at around 
1100 cm-1 and 1050 cm-1 is typical for C-O absorption and suggests that among alcohols, especially 
primary and secondary are present. Its presence is also confirmed by the medium-weak deformation 
band of -OH at 1480-1410 cm-1. The presence of tertiary alcohols seems to be rather minor. Moreover, 
for all samples also very intensive band at 1700 cm-1 can be noted. It can be attributed to the stretching 
vibrations of the carbonyl band (C=O) in aryl ketones or conjugated acids. It is particularly pronounced 
for biocrudes obtained from apple pomace and mixtures containing apple pomace. It could be the result 
of the conversion of dehydration of abundantly present carbohydrates (reduced sugars, pectins, and 
polysaccharides) in the raw material. In the case of products of blackcurrant pomace as well as its 
mixtures more intensive are bands at 1700-1620 cm-1. This band can be ascribed to strong stretching 
C=O absorption typical for primary amides. Alternatively, it can also be attributed to the medium 
stretching C=N connections present in imines and oximes (1690-1640 cm-1). It is also in line with the 
higher nitrogen content of blackcurrant pomace compared to two other raw materials. Additionally, for 
blackcurrant pomace conversion products, the most visible are the medium and weak C=C stretching 
bands (1670-1620 cm-1) which could be ascribed to the presence of some structures of unsaturated fatty 
acids, as well as its corresponding esters. However, the low-intensity bands around 3010 cm-1 (the 
C = CH- vibration) suggest that unsaturated structures are rather not highly concentrated in the resultant 
biocrudes. 
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Figure 4: DRIFT spectra of obtained thermochemical liquefaction biocrudes 

4 Conclusions 

The global consumption of fruits and vegetables is constantly increasing. A significant part of those 
products are subjected to further processing, which results in the generation of an abundant amount of 
wet residues like pomace or sludges. Herein, the possibility of co-processing of different industrial 
residues in the form of fruit pomaces through thermochemical liquefaction was investigated. More 
specifically, industrial wastes received from commercial juice production, i.e. blackcurrant pomace, 
apple pomace, and cherry pomaces were converted under subcritical conditions of the water-isopropanol 
solvent system. The particular focus was put on investigating the possibility of co-processing selected 
fruit pomaces. It should be noted that the selected conditions of thermochemical liquefaction ( i.e. 
T=275°C; t=30 min; 1: 9 ratio of dry biomass to solvents ratio; binary solvent system: isopropanol-
water) allow for the effective conversion of different pomaces of origin with a conversion ratio greater 
than 80%.  For all separately studied raw materials, the dominant group fraction was biocrude, with its 
yield ranging between 45.8 and 54.5 wt.%. The highest yield of biocrude was noted for the processing 
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of cherry pomace, while the lowest was for apple pomace. Importantly, the thermochemical liquefaction 
of mixed fruit pomace streams resulted in similar product yield distribution as the conversion of separate 
raw materials. In the case of binary and ternary mixtures, biocrude yield varied between 45.1 and 52.8 
wt%. It is also worth emphasizing that the yield obtained experimentally varied only slightly compared 
to the values calculated based on the linear model. Thus, the proposed linear model is an easy and 
reasonable way to estimate/predict the yield of obtained groups of products. The resultant biocrudes as 
a desired group of products were dark-brown liquids exhibiting very high viscosity at ambient 
temperature. The heating values of biocrudes were between 30.2-32.4 MJ/kg thus all of them represent 
perspective alternative fuels for generating heat and energy. The obtained biocrudes exhibited 
similarities in terms of qualitative composition, but some minor quantitative differences could be 
observed. The resultant biocrudes can be considered as a heterogeneous mixture composed of structures 
with some aliphatic structures (alkanes), aliphatic- and aromatic-derived oxygenates (carboxylic acids, 
alcohols, ketones, phenol and its derivatives), or some nitrogen compounds (amides and oximes). 
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Abstract 
Current requirements concerning the clean combustion technology both in automotive sector and energy 
industry force to search technology without greenhouse pollution such as hydrogen combustion. The 
paper presents investigation results of direct injection of gaseous hydrogen into a chamber with constant 
volume 200 cm3 during 65 ms with initial air pressure 0.9 MPa. Combustion process of the mixture was 
initiated by the spark plug located near the injector at 3 different ignition time: 30, 40 and 65 ms after 
start of hydrogen injection. The work shows CFD simulation results of the mixture formation and 
combustion process in a function of time including combustion products, temperature and pressure in 
the chamber for three cases of ignition. Computational process includes mathematical model of 
hydrogen injection, ignition and extended combustion chemistry based on Chemkin database. The work 
contains also experimental results done in a cylindrical chamber with the same geometry as in simulation 
process. Measurement of pressure by piezoelectric gauge enabled determination of temperature inside 
the chamber. The paper compares simulation and experimental results of pressure course for 3 ignition 
cases and explains differences in pressure values. Earlier ignition of the air-hydrogen mixture during 
injection process enables achieving smoother pressure course with lower pressure which prevents 
irregular combustion process. The paper presents also heat transfer loses based on pressure course 
obtained in experimental tests. Discussion of simulation and experimental results are widely described 
and some recommendation in energy industry and automotive sector are proposed. 

1 Introduction & background 

Recently the main problem of avoiding emission of solid particles, sulphur compounds, reduction of 
NOx emission and better use of fuel in the combustion process, particularly in internal combustion 
engines, turbines and burners is applying hydrogen as a clean fuel. Hydrogen can be produced by 
different ways from a wide spectrum of raw materials. One way to produce hydrogen is gasification of 
solid fuels and biomass. Obtaining of pure hydrogen for combustion engines, fuel cells and thermal 

489



devices is the main goal of many chemical processes. Increasingly stringent regulations to reduce 
greenhouse gas emissions and other toxic exhaust components force the use of environmentally friendly 
fuels in transport and energy. The only fuel that does not produce carbon dioxide in the combustion 
process is diatomic hydrogen. The combustion of this fuel only produces water vapor, which is also a 
greenhouse gas. Sometimes, when hydrogen is burned and high temperature is reached, nitrogen oxide 
compounds are also formed. For this reason, it is important to control the combustion process so as not 
to lead to a large increase in temperature above 1500 K. 

Hydrogen combustion was considered as an ecologic fuel for many years, but its sourcing is 
technologically difficult and expensive. Until now, liquid fuels obtained from crude oil were much 
cheaper and more convenient to operate most energy devices and all kinds of communication. The 
intensification of new hydrogen combustion technologies occurs as a result of increasing ecological 
requirements, especially in the automotive, aviation, maritime and energy industries. The greatest 
development of new generations of fuels takes place in internal combustion engines, both reciprocating 
and turbine engines. Reducing exhaust emissions is especially important for densely populated 
developing countries such as India, Bangladesh and China. Hydrogen has the potential to be a clean 
alternative to fossil fuels, particularly if it is produced using renewable resources. The Indian researchers 
Gursahib Singh et al [4] discusses the use of existing pipelines and mapping for transportation, and the 
transition to cryogenic tanks and embrittlement resistant materials in the near future. India has a 
favourable geographical location and vast reserves for renewable energy which makes it a suitable 
candidate to emerge as a green hydrogen exporter by 2030. The use of the existing technology for the 
production of internal combustion engines and energy devices adapted to the supply and combustion of 
hydrogen will eliminate carbon dioxide emissions and reduce the costs of transforming energy 
generation. A lot of research works concerns applying of hydrogen in piston engines, which also applies 
to Wankel engines. Hydrogen is known as a fuel causing knocking combustion due to low ignition 
temperature. Investigation of the knock in Wankel engines from different aspects was considered by 
Chinese researchers [3]. They tested influence of ignition timing, spark plug number, spark plug 
location, excess air ratio and engine speed, to provide relevant information for the design of the Wankel 
engine fuelled with hydrogen. Process of direct hydrogen injection and combustion process in Wankel 
engine and their influence on thermodynamic parameters was also investigated by using 1D simulation 
model [10]. Other Chinese scientists Jianbing Gao et al [6] also investigated the effect of the 
compression ratio on the performance of a opposed rotary piston engine fuelled with hydrogen for hybrid 
electric vehicle. The value of maximum pressure was increased with increasing of compression ratio 
achieving the total efficiency 39%. The scientists from Australia [7] made a review of hydrogen direct 
injection in internal combustion engines (ICE). This review provides an overview of the current 
development of hydrogen use in spark ignition ICE under various engine operation modes and strategies. 
Many works emphasize the important role of hydrogen in the world energy economy. Such an example 
is the work of an international team [14] describing the role of hydrogen in the long-term energy 
economy of Japan. A large part of the propulsion of airplanes are turbojets and turbo-propeller engines, 
which also consider hydrogen fuelling systems. Many works concern the numerical calculations of the 
combustion process of gas turbines in aviation [1] and the conditions for the combustion process, 
especially of hydrogen [16]. Combustion process of hydrogen in industrial turbines is considered by 
producers such as General Electric Company [13]. Combustion of hydrogen in stationary conditions for 
example in gas turbines, is more economical than in car engines operating under variable loads. A 
particularly important problem of the hydrogen combustion process is the control of the intake 
processes, injection time, fuel dose and ignition of the hydrogen-air mixture. Zhang and Liu [15] 
presented the paper concerning numerical simulation of the hydrogen mixture combustion by using a 
global reaction model. They validated this model with the experiment in stationary chamber. They found 
increasing of burning velocity with volume concentration of hydrogen and highest laminar burning 
velocity 3.5 m/s occurs at 40% volume concentration of hydrogen. The mechanism of hydrogen-oxygen 
reaction in ICE was presented by Das [2] where he described certain implications in hydrogen 
combustion such as knock, fluctuation of pressure forming of radicals. Besides of reduction of pollutants 
in energetic devices very important problem is obtaining high thermal efficiency during combustion 
process of hydrogen. Applying of direct hydrogen injection in ICE enables higher compression ratio and 
decreasing of a rapid increment of pressure and avoiding knocking. Direct injection of hydrogen in the 
turbine combustion chamber takes place at lower pressure than in ICE and in a constant volume. Lower 
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compression ratio in ICE that are fuelling with hydrogen due to lower ignition temperature can decrease 
thermal efficiency. 

2 Materials and methods 

Direct injection of gaseous hydrogen into the combustion chamber is rarely used in technology today. 
Combustion process of hydrogen also requires additional investigations due to still constantly new and 
changing exhaust gas emission requirements. This can be done through numerical research by using 
computational fluid dynamics (CFD) technique and experimental research on real objects and stationary 
models. This work considers the problem of direct hydrogen injection into chamber with constant 
volume which is filled initially with air under higher pressure. Such case is like to direct fuel injection 
into turbine combustion chamber. In spark ignition ICE the direct fuel injection timing influences on 
burning of the fuel mixture, where the ignition point varies in a narrow limits of the crank angle degrees 
BTDC. In the turbine engines the mixture is ignited continuously. In most cases controlling of the 
ignition point at direct fuel injection has influence on the heat release process which shapes the course 
of pressure and temperature. Both numerical calculations carried out by CFD program and experimental 
tests on stationary laboratory stand considers to the cylindrical chamber (200 cm3) with the following 
dimensions: diameter D=80 mm and height H=40 mm. Gaseous hydrogen injection into chamber lasted 
65 ms for all considered cases. Because the chamber had so high volume the injection time had to be so 
long and also due to using an automotive injector intended for liquid fuel. There are now any gaseous 
injectors working at high pressure with small injection time. 

The work considers three cases: 

1. Ignition point at 30 ms after start of injection (ASOI), 

2. Ignition point at 40 ms ASOI, 

3. Ignition point at 65 ms ASOI. 

Fuel injection took place by one injector and ignition by one spark plug. The aim of the study was: 

1. Assumption of chemical model based on Arrhenius kinetic reactions, 

2. Observation of the fuel stream spreading inside the chamber, 

3. Definition of hydrogen mass ratio in the charge, 

4. Determination of heat release rate, flame speed and mass ratio of chemical radicals 

5. Comparison of pressure and temperature increment in the chamber, 

6. Determination of heat transfer losses to the walls and NO emission, 

7. Comparison of calculation and experimental results.  

3 Hydrogen combustion model 

The numerical models of thermodynamic processes taking place in the combustion chamber are based 
on balance of mass conservation, energy conservation and momentum conservation [11] which have 
been implemented in the computer program also for calculation diffusion coefficient of chemical species 
in the air being the main carrier. Initially in the chamber the hydrogen-air mixture is in steady state 
conditions and for such reason the chemical reaction rates were calculated for laminar flow by using the 
laminar finite-rate model with detailed Arrhenius chemical kinetics. The chemical reactions of species 
i for reaction r in the system are usually presented in the form: 

i
i

ri
i

iri xbxa   ,,      (1) 

where ix  represents one mole of species i and ria ,  and rib ,  are integral stoichiometric coefficients for 

reaction r. This has not increased so much the computation time but gives a view of the flame 
propagation. In calculations the backward reactions can be neglected and the molar rate of creation or 
destruction of chemical species i in reaction r in (1) is given by: 
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where: 

 Cj,r - molar concentration of species i in reaction r [kmol/m3], 

 '
,rjn  - rate exponent for reactant species j in reaction r, 

 "
,rjn  - rate exponent for product species j in reaction r 

 kf,r - Arrhenius forward rate constant for reaction r. 

The   represents the net effect of third bodies but the reactions have not included it and for the case 
0.1 . The net source of each chemical species with molecular weight Mw,i  was calculated from all 

N reactions as follows: 
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The following Arrhenius chemical reactions were applied for calculation of chemical species in the 
program Kiva3v; one oxidation reaction and three Zeldovich reactions of NO formation: 

1. H2+0.5O2H2O 
2. N+O2NO+O 
3. O+N2NO+N 
4. N+OHNO+H 

Additionally, six reversible dissociation reactions were considered for formation of: H2O, OH, O, H, 
NO and N taking place in the hydrogen combustion. The mole ratios of these species are calculated by 
determination of the equilibrium constant which are the function of pressure and temperature. The 
exponent coefficients in the Arrhenius chemical reactions (reactions 14) are shown in Table 1, where 
Afi and Ari denote forward and reverse constant in the kinetic reaction, nf and nr denote temperature 
exponent and EfA and ErA are activation energies for forward and reverse reaction, respectively. 

Table 1: Exponent coefficients in chemical reactions for hydrogen-air mixture combustion [8] 

React. 
No 

Kinetic reaction Afi Ari nf nr EfA ErA 
mole/(cm3 s) mole/(cm3 s) - - cal/mole cal/mole 

1 H2+O2H2O 6.51013 0 0 0 15780 0 
2 N+O2NO+O 1.561014 7.51012 1 1 67627 0 
3 O+N2NO+N 2.651010 1.6109 0 0 59418 19678 
4 N+OHNO+H 2.121014 0 0 0 57020 0 

4 Preparation of calculation model 

Direct gaseous hydrogen injection was realized by location of fuel injector on one of the side walls of 
the cylindrical chamber (D=80 mm, H=40 mm) at a half of the cylinder height. The calculation model 
corresponds to the real chamber used in experimental tests. Simulation of direct hydrogen injection and 
combustion process was done in the opensource 64-bit CFD program Kiva3v [8] written in the Fortran 
language. The object mesh used in calculation was prepared by the pre-processor and contains 20691 
hexagonal cells (33x33x19) and is shown in Fig. 1. The other meshes with lower and higher densities 
was also tested, but the obtained results have not differed for the same boundary and initial conditions.  
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Figure 1: Mesh of computational model 

Locations of the fuel injector and spark plug in the model are given in Table 2. Values of these locations 
are the same as in the experimental tests. Boundary and initial conditions of the calculation model for 
all cases are included in Table 3. 

Table 2: Geometrical data of location of fuel injector and spark plug 

Device X [mm] Y [mm] Z [mm] Direction 
Fuel injector 38 -5 20 (-1, 0, 0) 
Spark plug 38 10 20 - 

Table 3: Boundary and initial conditions 

Parameter Value 
Initial pressure 0.88 MPa 
Initial temperature 298 K 
Initial gas composition Air (0.233 O2 and 0.767 N2 mass ratio) 
Wall temperature 298 K 
Hydrogen injection pressure 5 MPa 
Temperature of injected fuel 293 K 
Injection area 0.09 mm2 
Total mass of injected fuel 0.018 g 
Time of injection 65 ms 
Ignition time 1 ms 

The program Kiva3v required modification of the injection procedure because the original injection 
procedure was made only for liquid fuel. Compilation of whole program written in Fortran language and 
linking with additional C-libraries in the operational system enabled obtaining the binary program for 
simulation of gaseous fuel injection and combustion process. 

5 Simulation results 

Simulation of hydrogen direct injection and combustion process was carried out in CFD program Kiva3v 
developed by National Laboratory in Los Alamos [8], which enables the analysis of thermodynamic 
processes taking place in gaseous media of varying volume with the possibility of analysing liquid 
injection processes. The above 64-bit program only works in Unix or similar environment and only on 
meshes with cubic cells for high accuracy. Calculations for three cases were carried out in the operational 
system Ubuntu 20.04 and graphical presentation of results has been made by a set of additional programs 
GMV Linux binaries. The calculations were carried out with a variable time step meeting the Courant 
condition [17] with the possibility of saving text data of thermodynamic parameters and graphic files 
for given time step intervals. The simulation of physical processes took into account the turbulent motion 
with the classic - model. The paper includes only chosen results of calculations. Injection process of 
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hydrogen in gaseous form depends on gas motion inside the combustion chamber. The analysis has 
considered the cases where in initial state the gas inside the chamber was not making any movement 
and total time of hydrogen injection was 65 ms. However, hydrogen was flowing out from the injector 
with high velocity and was causing the movement of whole charge with certain swirl in the chamber. 
This is due to the location of the injector not on the centre line of the cylindrical chamber. Propagation 
of the gaseous hydrogen in the chamber is shown in Fig. 2 for the 2nd case (ignition point 40 ms ASOI). 

 
a)     b     c) 

 
d)     e)     f) 

Figure 2: Distribution of hydrogen mass ratio after start of injection process: a) 5.5 ms, b) 13 ms, c) 
24 ms, d) 39 ms, e) 55 ms, f) 63 ms 

Propagation of the fuel stream after ignition is reduced due to the increase in pressure and temperature 
in the chamber. This phenomenon also occurs in the 1st case (30 ms ASOI). In initial stage of the ignition 
the charge is non-homogeneous. Near the spark plug should be enough hydrogen enabling the beginning 
of combustion process. Because hydrogen has wide range of air excess ratio (0.159 ) and small 
ignition energy (0.018 J) [16]  ignition of the hydrogen-air mixture occurs very fast even for very lean 
mixtures. After short ignition time burning of the charge follows the motion of the hydrogen itself in a 
vortex manner. Variation of temperature for three times (41, 47 and 63 ms ASOI) also for 2nd case (40ms 
ASOI) is presented in Fig. 3. Maximum of temperature occurs near the injector nozzle and reaches value 
2500 K.  

 
a)                                           b)    c) 

Figure 3: Temperature distribution after start of injection process: a) 41 ms, b) 47 ms and c) 63 ms 

The combustion of fuel near the walls of the chamber takes place in the final phase of the combustion 
process due to high heat dissipation. Ignition process of the hydrogen-air mixture is initiated by radicals, 
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such as OH, H, O, HO2 as a result of dissociation processes eg. OH1/2H2+1/2O2. These chemical 
reactions cause breakdown of the fuel into more reactive fractions. Formation of OH radical (mass 
fraction) is shown in Fig. 4 for three times (41, 47 and 55 ms ASOI) for the second case. Simulation 
tests showed for all 3 cases the formation of OH radicals near the fuel outlet from the injector. 
Information was also obtained on the mass fraction of other radicals such as O, H and HO2. 

   

a)                                 b)                c) 
Figure 4: Distribution of radical OH after start of fuel injection: a) 41 ms, b) 47 ms and c) 55 ms 

The tests of the combustion process were carried out for the same dose of injected hydrogen of 0.019 g. 
In the simulation process, a constant mass flow rate of hydrogen was assumed during the entire injection 
process lasting 65 ms. Variation of hydrogen mass in the chamber is shown in Fig. 5 for three cases. 
After ignition the mass of hydrogen rapidly decreases and in the chamber is only fuel which is delivered 
by the injector. The rate of decay increases with the ignition delay. For the 3rd case (65 ms ASOI) all 
mas of fuel is completely burned and combustion rate is very high. 

 

Figure 5: Variation of H2 mass in the chamber for 3 tested configurations 

The rate of fuel combustion also affects the process of pressure and temperature increase. For earlier 
ignition point the pressure increase is less than for the case when ignition point follows when injection 
of the fuel ends (65 ms ASOI). Variation of the chamber pressure for all 3 cases is shown in Fig. 6. 
Despite the same dose of fuel maximum pressure for the 1st and 2nd case is much lower than for the 3rd 
case because of heat transfer to the walls during the final stage of the combustion process. However, at 
the case with injection point 65 ms ASOI much higher heat transfer to the walls occurs causing very fast 
decrease of the pressure caused by higher temperature difference between hot gases and walls. The 
temperature of the gases is similar to the pressure resulting from the ideal gas law at a constant mass of 
gas and a constant volume of the combustion chamber. The courses of average temperature for three 
cases are shown in Fig. 7. For the cases of ignition point at 30 and 40 ms ASOI the mean temperature 
was almost the same and 1400 K, but for the case of ignition point 65 ms ASOI was almost 1800 K and 
rapidly decreased to 1300 K after 35 ms due to higher heat transfer to the walls.  
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Figure 6: Variation of pressure in the chamber for 3 tested configurations 

 
Figure 7: Variation of average temperature in the chamber for 3 tested configurations 

Any combustion process that shows a high temperature in the presence of air leads to the formation of 
nitrogen oxides. Combustion of a lean hydrogen-air mixture leads to a lower temperature, not exceeding 
1500 K, and hence a lower amount of nitrogen oxides. Simulation tests carried out for the three cases 
have shown small mass ratio of NO in the exhaust gases not exceeding 80 ppm (Fig. 8). The smallest 
values occur for earlier ignition, when the maximum temperature of the charge is not high and there is 
a slow increase in temperature and pressure. Simulation tests were carried out for very lean mixture 
(=2.8) and for this reason NO mass fraction is low. For richer mixture amount of NO in exhaust gases 
will increase. 

 
Figure 8: Variation of NO mass ratio in the chamber for 3 tested configurations 

Only the most significant variations in thermodynamic parameters of the charge in a constant-volume 
chamber, such as the combustion chamber of a gas turbine or a boiler operating additionally at a constant 
pressure, are presented above. However, it gives information about influence of ignition point on the 
charge thermodynamic parameters during direct hydrogen injection in gaseous form. 

496



6 Experimental tests 

An experimental setup was made for validation results of simulation analysis by CFD modelling. In 
order to maintain the same operating conditions, the test combustion chamber had the same geometrical 
dimensions as the chamber in the computational model (D=80 mm and H=40 mm). The location of the 
fuel injector and spark plug was the same (Table 2). The scheme of the test stand is shown in the Fig. 9 
with cross section of the chamber. The chamber was made from steel and the side walls were as quartz 
lateral windows enabling observation of the charge motion and the stream of injected hydrogen. 
Additional valves enabled filling the chamber with the air and emptying the chamber of exhaust gases. 
The pressure sensor located centrally measured pressure change in the chamber during injection and 
combustion periods. Automotive fuel injector VW FSI originally intended for liquid fuel injection was 
applied for the injection of gaseous hydrogen. The chamber was emptying of the rest gases and next 
filling with air from the bottle under pressure 0.88 MPa at ambient temperature 25C. Hydrogen was 
delivered from the bottle under high pressure to the regulator which decrease the pressure to 5 MPa due 
to maximal value which has been specified for this injector. Visualization of the hydrogen injection 
process was possible by using the speed camera Phantom v1611 with photo time resolution 1 s. 
Observation of the fuel injection and combustion through quartz windows was made directly without 
the use of mirrors and additional lighting from an additional light source. 

Whole process of fuel injection and ignition was controlled by PC computer and Labview software. The 
controlled signals are shown in Fig. 9 with directions of transmitted data. Pressure values and pictures 
from the speed camera was sent to PC computer. The main aim of the research was to measure the 
pressure change for 3 ignition cases: 30, 40 and 65 ms ASOI. The pressure measuring system was 
calibrated for one pressure value of 1 MPa at ambient temperature. Generally, the Optrand manufacturer 
of the optomagnetic pressure sensor ensures linearity of the voltage curve generated by the sensor as a 
function of pressure with accuracy 2%. Temperature could also affect the measurement results. 

 

Figure 9: Diagram of experimental stand 

Conversion of electrical charge to voltage occurs in the included transducer and the voltage signal was 
sent to PC computer. Next voltage values are transformed by worksheet software into real pressure 
value. The pressure courses for three cases were presented on the collective plot as a function of time 
(Fig. 10). The obtained pressure courses are similar to those obtained as a result of calculations in the 
CFD program. The maximum values are similar about 4 MPa for the first two cases: 30 and 40 ms ASOI 
and for the third case 5.5 MPa. The actual rate of the combustion process, however, is higher than that 
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assumed in the numerical simulation process. For this reason, the values of the constants in the Arrhenius 
reactions should be corrected. 

 

Figure 10: Measured pressure courses for 3 ignition points ASOI 

It is difficult to measure the rapid change in temperature with modern research methods. Hence, on the 
basis of the dependencies resulting from the ideal gas law for a constant volume and the assumption that 
the entire load contains only air, its temperature can be determined. The temperature at the given 
measured pressure values was thus calculated. The average temperature course for the three cases is 
shown in the collective diagram (Fig. 11). The maximum values of the average temperature occur at the 
end of fuel injection. 

 

Figure 11: Calculated temperature from measured pressure courses 

The work does not contain images of fuel injection and combustion process obtained from a high-speed 
camera and will be presented in another work. 

7 Discussion of test results 

From the analysis of the pressure course for the third case (65 ms ASOI), where the combustion time of 
the mixture was 2.5 ms (Fig. 10), the speed of flame propagation in the chamber was determined to be 
almost 40 m/s. Such high burning speed is caused by the turbulence and corresponds also to homogenous 
hydrogen-air mixtures. Calculations of the cooling heat were made for the ignition case at the end of 
fuel injection from the diagrams of the combustion process in the test chamber. The rate of cooling heat 
dissipation was determined from the diagram after the combustion process is completed, assuming that 
the cooling rate is the same at the moment of combustion and just after its completion. Since the volume 
of the combustion chamber is constant, the theoretical cooling heat can be determined from the pressure 
drop as a result of the temperature drop of the charge in the chamber. It is assumed that the entire charge 
contains only the mass of air and for  = 1.9 the ratio of the mass of air to hydrogen is 65.2. Omitting 
hydrogen mass in the approximate calculations will not affect the results of the calculations. From the 
experimental tests for the third case (ignition 65 ms ASOI, the two measuring points were selected: 1) 
p1=5,25 MPa for t=0,0685 s and 2) p2=4.5 MPa for t=0,08 s. At the injection beginning, the pressure 
was p0 = 0.88 MPa in the chamber with the volume of V=200 cm3, and the charge had a temperature 
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of 300 K. The fuel combustion time in the chamber was equal to 10t =0,0025 s. Knowing initial 
thermodynamic parameters the initial mass of the air was calculated from general law of the perfect gas 
with value 2.008 g and temperature in point 1 and 2 with values T1 = 1751 K and T2 = 1512 K. The 
calculated temperature difference is T=239 K. The variable volume specific heat of air is determined 
from NASA formula (temperature function) for ideal gases [12]. The cooling rate after combustion 
process is calculated from the change in the internal energy of the charge as a result of heat dissipation: 
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The approximate rate of heat transfer to the walls at the time difference t = 0.0315 s amounted 47.4 
kW. Both simulation tests and experimental tests show very high pressure decrease after combustion 
process due to heat transfer to the walls. The increased pressure causes that the mass rate of injected fuel 
decreases. Hence it is difficult to measure the total mass of injected fuel for one test. It can be determined 
by calculations from pressure courses. It is assumed that the calculated rate of heat transfer to the walls 
also occurs in the process of hydrogen combustion. The injected fuel dose mp is calculated from the 
dependence: 
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where: 

R - individual gas constant (for air R=286 J/(kg K)), 

Wp - lower caloric value of fuel (for hydrogen 120 MJ/kg), 

cv0 - volume specific heat at initial state 0 (cv0=717 J/(kg K)), 

cv1 - volume specific heat of the charge at final point of combustion process 1, 

t0-1  - combustion time. 

Substituting the measured and calculated values of thermal parameters, the mass of hydrogen injected 
into the chamber is obtained. The fuel dose calculated from the dependence (5) is 0.022 g and the air to 
fuel ratio amounts m0/mp=94.54. The stoichiometric ratio of air mass to hydrogen mass in the combustion 
process is A/F=34.33. Hence the excess air coefficient =94.54/34,33=2.75. Based on the heat balance 
of the hydrogen combustion process in the isochoric chamber, the rate of heat transfer to the walls and 
the mass of a single dose of injected hydrogen were determined. There is no work performed by the 
system because the volume of the chamber is constant (p dv = 0). The cooling losses in relation to the 
supplied energy were determined with value 24.1%.  

8 Conclusions 

The work presents only chosen results of the tests carried out by simulation and experiments. However, 
based on these studies, a number of observations can be made.  

1. Direct injection of gaseous hydrogen enables very fast propagation of the fuel stream inside the 
chamber. At initial stage the injection forms a narrow stream and then the stream rotates, which 
is caused by the walls and over a long period of time the mixture is almost homogeneous. 

2. At the same fuel dose earlier ignition time causes smaller value of pressure maximum because 
of higher total transfer heat to the walls during injection period. The highest pressure and 
temperature occur when the ignition point is at the end of hydrogen injection. 

3. Experimental tests show that the burning speed of hydrogen-air mixture is about 40 m/s and the 
heat release rate is the same for three cases just after ignition point.  

4. Later ignition point causes higher thermal load of the chamber. The maximum of average 
temperature for 3rd case is 1800 K and is almost 450 K higher than at two other cases. 

5. Chemical radicals (OH, H, NO) are forming near the outflow of the injector nozzle. 
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6. Combustion process of lean hydrogen-air mixtures formed by the direct injection of hydrogen 
produces small mass ratio of NO especially for earlier ignition point. 
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Abstract 

Carbon dioxide is considered one of the main factors leading to global warming. Considering the 
significant impacts of CO2 on climate change, various technologies have been developed in recent 
decades to control carbon emission, such as for example CO2 capture and storage. The developed cycle 
of a negative CO2 emission power plant includes some devices, out of which, separator plays an 
indispensable role. To this end, T-junction separator is widely used as a phase separation component to 
separate two-phase flow because of its simple structure and low cost. Previous studies suggest that an 
increase in the number of T-junction branches is conducive to raise phase separation efficiency. In this 
paper, the numerical simulation in a single T-junction separator is compared with the predicted values 
generated by experimental models based on air-water. Then, air has been replaced with CO2 and such 
separation process in a double T-junction separator has been scrutinized. In addition, the pressure 
distribution and phase separation performance of two-phase flow of CO2-water in a horizontal double 
T-junctions is studied. 

1 Introduction 

As a phase separator and component separator, T-junction is widely used in petroleum [1], refrigeration 
systems [2], nuclear reactors [3] and other engineering applications because of its simple structure, small 
volume and low cost. Śliwicki and Mikielewicz [4] analyzed gas-liquid two-phase flow in a T-junction 
with a horizontal side tube assuming an annular mist flow pattern at the inlet to the T-junction. Xu et 
al.[5] proposed a novel construction method of thermodynamic cycle using the T-junction as component 
separators, which can improve the cycle efficiency of available energy by 22% [6] compared with the 
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traditional thermodynamic cycle. There are many factors that affect the phase separation of T-junction. 
Yang et al. [7] summarized these influencing factors as direct factors and basic factors. Direct factors 
include geometric factors and working conditions, whereas the basic factors are surface tension, inertia 
force, centrifugal force and gravity. The basic factors are the dominant factors that affect the phase 
separation and are affected by direct factors. Noor et al. [8] studied the phase separation under five 
diameter ratios of T-junction with vertical upward branch at different inlet air velocities and liquid 
velocities through experiments. Results showed that the T-junction with the minimum diameter ratio 
has the best separation performance under the stratified-wavy flow, but the diameter ratio corresponding 
to the optimal separation performance is different for different inlet flow pattern. 

The phase separation efficiency of a single T-junction, especially the horizontal branching T-junction, 
is limited. Some literature [7, 9] suggests that the high phase separation efficiency can be achieved by 
increasing the number of branches. Mohamed et al. [10] carried out a series of experimental studies on 
the complete phase separation with air-water of a single impacting T-junction at different outlet 
inclinations, and the results indicated that complete phase separation could not be achieved for a single 
T-junction at high inlet flow rate, and it might be achieved by introducing multiple T-junctions. Noor 
and Soliman [8] split the air-water annular flow into two vertical impacting T-junctions and the inlet 
velocity of two phases was studied when full phase separation could be achieved. When the inlet air 
velocity is fixed, the liquid phase velocity range of two T-junctions for complete phase separation is 
almost twice that of a single T-junction. The influence of diameter ratio, separation distance of two 
branches and inlet velocity on phase separation in branching T-junction with horizontal inlet and 
vertically upward-downward branches was studied by Wren and Azzopardi [11]. The results showed 
that when the inlet velocity is low, the separation distance of double regular T-junctions will affect the 
phase separation, and when the distance decreases, the gas-phase fraction in the downward branch will 
increase. The phase distribution in horizontal multi-parallel micro-channels was studied by Liu et al. 
[12]. The effects of five combinations of the orientations of the header and branches on the two-phase 
flow distribution were compared, and Liu et al. [13] found that the direction of the branches has a great 
influence on the phase distribution. For annular flow, when the branches are vertically downward, the 
multiple T-junctions have the highest phase separation efficiency. At present, most of the researches on 
multiple T-junctions are micro-scale, which is the channel with diameter less than 0.82 mm [14]. 
However, the factors affecting the phase separation in micro-scale and macro-scale are quite different 
[7], so it is necessary to increase research investment in macro-scale multiple T-junctions. 

Many scholars have studied the phase separation in T-junction, but most of these studies use air-water 
or steam-water, only a few studies focus on the separation of CO2-water which could be useful for 
implementation in the considered by authors negative CO2 emission gas power plant [15-16] 

In this paper separation performance of horizontal T-junction separator has been investigated. Firstly, 
effect of inlet quality and mass flow rate on distribution of pressure distribution is investigated. Then, 
the impact of parameters including different inlet mass flow rate and inlet quality on phase of two 
branches is considered. Finally, separation performance comparison between a single T-junction and 
double T-junction is presented. 

2 Modeling 

The 3D single and double T-junction geometry are shown in Figs. 1 and 2, respectively. The length of 
each leg is 0.5 m. In addition, the distance between two branches is 1 m in double T-junction separator. 
The diameter is 3.81 cm. The parameters are consistent with the parameters set out in Saba et al. [17]. 
CO2-water are the working fluids. Boundary conditions include velocity inlet and outflow outlet. The 
exit boundary conditions of the outlet and branch pipe are expressed as follows: 

𝑑𝑢

𝑑𝑠
= 0 

𝑑𝑝

𝑑𝑠
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(1) 
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where u is velocity along the flow direction, s is parallel to the direction of u and p is a static pressure. 
The outflow boundary conditions for the exits of outlet and branch pipe imply a zero diffusion flux for 
all flow variables and an overall mass balance correction. The zero diffusion flux condition applied at 
outflow cells means that the conditions of the outflow plane are extrapolated from within the domain 
and have no impact on the upstream flow. The extrapolation procedure updates the outflow velocity and 
pressure in a manner that is consistent with a fully-developed flow assumption. All solid boundary walls 
are smooth and adiabatic and are assumed to possess a no-slip boundary condition. The gravity 
acceleration 9.81 m·s−2 is considered in the converse direction of y.  

 

Figure 1: Single T-junction geometry, m: mass flow rate (g/s) and  x: inlet flow quality 

 

Figure 2: Double T-junction geometry, m: mass flow rate (g/s) and  x: inlet flow quality 

2.1 Governing equations and boundary conditions 

An Eulerian-Eulerian model is used, which considers the two phases as continuum and phase coupling. 
There is no mass transfer and heat exchange between the two phases. The wall is smooth and adiabatic. 
The non-equilibrium equation is used to calculate the near wall flow. 

The continuity equations are expressed by: 
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∇. α ρ 𝐕 = 0 (2) 

The gas is set as the primary phase, the liquid is the secondary phase, and the relationship between two 
phases can be written by: 

𝛼 = 1 (3) 

𝛼   is the void fraction, and ph denote gas or liquid. Momentum conservation equations are written 

as: 

∇. α ρ 𝐕 𝐕 = −𝛼 ∇𝑝 + ∇. 𝛕 + 𝛼 𝜌 𝐠 + 𝐟 + 𝐒 

𝛕 = 𝛼 𝜇 + 𝜇
,

∇𝐕 + ∇𝐕 + 𝛼 𝜆 −
2

3
𝜇 + 𝜇

,
∇. 𝐕 𝐈 

(4) 

P  is the static pressure, g is the gravitational acceleration, S is the surface tension, f is the drag force 
coefficient which can be calculated by: 

𝑓 =
𝐶 𝑅𝑒

24
 

𝐶 =
24(1 + 0.15𝑅𝑒 . )/𝑅𝑒    𝑅𝑒 ≤ 1000
0.44                                          𝑅𝑒 ≥ 1000

 

𝑅𝑒 = 𝜌 |𝜐 −𝜐 |𝑑 /𝜇  

(5) 

The droplet diameter 𝑑  is 10-5. Boundary conditions include velocity inlet and outflow outlet. The inlet 
velocity can be calculated by: 

𝜐 = 𝑚 𝑥 /𝜌 𝛼  

𝜐 = 𝑚 (1 − 𝑥 )/𝜌 𝛼  
(6) 

The standard k-ε turbulence model is used to simulate the flow. 

∇. (𝜌 𝐕 𝐤) = ∇. 𝜇 +
𝜇 ,

𝜎
∇𝑘 + 𝐺 , − 𝜌 𝜀 

∇. (𝜌 𝐕 ε) = ∇. 𝜇 +
𝜇 ,

𝜎
∇𝜀 +

𝜀

𝑘
𝐶 𝐺 , − 𝐶 𝜌 𝜀 − 𝑅  

(7) 

𝜎 , 𝜎 , 𝐶 and 𝐶  are 1, 1.3, 1.44 and 1.92, respectively. 𝜌  is the density of the mixture, 𝜇 ,  is the 
turbulent viscosity of the mixture and 𝐕  is the mixture velocity. They are defined as: 

𝜌 = α ρ  

𝜇 = α μ  

𝐕 = α ρ 𝐕 / α ρ  

𝜇 , = 𝜌 𝐶 𝑘 /𝜀 

(8) 

In eq. (8) 𝐶  = 0.0845 and N includes 1 (gas) and 2 (liquid). 𝐺 ,  represents turbulent kinetic energy 
due to average gradient, and can be expressed by: 

𝐺 , = 𝜇 , [∇𝐕 + ∇𝐕 ]/∇𝐕  (9) 
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A steady pressure-based solver is used to solve the conservation equations. First order upwind method 
is applied to spatially disperse the momentum, turbulent kinetic energy, turbulent dissipation rate and 
volume fraction. The criterion of convergence is that the residual is reduced to 10−5 and the mass flow 
rate at each outlet is stable. 

3 Numerical calculations 

3.1 Grid independence 

Grid-independence leads to calculational results change along with a denser or looser grid that the 
truncation error can be ignored in numerical simulation. It should be noted that the grid independence 
should be investigated in areas where the purpose of the simulation is to study them or they have a 
significant effect on the results. The geometry of single and double T-junction separator has been 
simulated in GAMBIT in 3D. Figure 3 and 4 shows the geometry and its mesh. To ensure that the 
solution is independent of the mesh resolution, a mesh sensitivity analysis is carried out for single T-
junction separator. Four meshes shown in Table 1 are investigated. It can be observed that the pressure 
drop does not change for mesh 3 and mesh 4. Therefore, Mesh3 is chosen as the calculation mesh.  

Table 1: Mesh independency 

Grids Mesh1 Mesh2 Mesh3 Mesh4 

Nodes 500,000 750,000 1,000,000 1,250,000 

(∆𝑝 )  3300  3450 3510 3510 

 

Figure 3: Simulation of single T-junction in GAMBIT 

3.2 Model validation 

In this part, T-junction separator has been simulated and the obtained results were validated with 
experimental work (Saba et all, 1984). The experimental paper claimed that the analysis of light water 
nuclear reactor (LWR) loss-of-coolant accidents (LOCAs) requires that one be able to accurately 
calculate the two-phase flow splits in complex, branching conduits. The tee test section was designed 
and constructed from Plexiglas, to allow for observation of the phenomena. It was installed 
(horizontally) in a large air/water loop at Rensselaer Polytechnic Institute (RPI). The data consisted of 
the various air and water inlet and outlet flows, the pressure gradients and the inlet pressure. Using the 
measured pressure gradients, the differential pressure at the tee junction was obtained by extrapolation.  
In all cases, side 1 is the entrance, side 2 is the run, and side 3 refers to the branch. There are 45 different 
runs in experimental work. Two of them simulated by FLUENT to validate our numerical modelling 
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with experimental conditions. For this purpose, run 1 and 10 (Table2) have been chosen. It can be seen 
that flow regime in Run1 is single phase, so it means that liquid phase (water) is simulated. 

Table 2:  Phase separation data in a horizontal Tee (Experimental Work-Saba et all, 1984) 

(∆𝑝 )  (𝑘𝑃𝑎) 𝑝 (𝑘𝑃𝑎) 𝑤

𝑤
 𝑥 (%) 𝑥 (%) 𝑥 (%) 𝐺 × 10  Run 

0.89 41.37 0.3 0 0 0 4.88 1 

3.51 48.26 0.3 0.695 0.0130 0.5 4.88 10 

Diagram of static pressure along inlet and run section for runs 1 and 10 is indicated in Fig 4, respectively. 
It can be seen that in accordance with table 1, ∆𝑃  is 890 and 3510 Pascal respectively and Fig. 4 
show very acceptable results. 

a) 
b) 

Figure 4: Distribution of static pressure of a) Run1 and b) Run10 in numerical simulation 

4 Results and discussion 

4.1 Effect of inlet quality and mass flow rate 

Figure 5 presents distribution of pressure for different inlet quality when m1 is equal to 15 (g/s) of CO2 
and water. It can be seen that rising inlet flow quality leads to increasing the local pressure drop in both 
branches, so that the first branch has been faced with faster decreasing of pressure in comparison to the 
second one. Figure 6 shows the effect of inlet mass flow rate on distribution of pressure when inlet flow 
quality is 0.3. It can be considered that the trend the inlet mass flow rate also exhibits the same trend as 
the inlet quality. Increasing of inlet mass flow rate and quality results in rising the velocity of two phases, 
which, in turn, is prone to generate more kinetic energy loss due to violent collision. So, the greater the 
inlet mass flow rate causes the larger the local pressure drop at the intersection. 
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Figure 5: Distribution of pressure for different inlet quality at m1=15 g/s 

 

Figure 6: Distribution of pressure for different inlet mass flow rate at x1=0.3 

4.2 Effects of parameters on phase of two branches 

To evaluate the phase separation performance of each outlet, the mass flow rate ratio of gas (FG), the 
mass flow rate ratio of liquid (FL) and the total mass flow rate ratio including gas and liquid (Fi) are 
defined by: 

                                             𝐹 = ,  𝐹 = , 𝐹 =                                                           (10) 

Figure 7 indicates the effect of inlet quality on phase separation performance for both branches at m1=15 
(g/s). As it is shown, although with increasing inlet flow quality the phase separation of the first branch 
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is less affected, the increase of inlet quality enhances the gas phase separation of first branch. On the 
other hand, increase of x1 leads to decreasing of the gas phase separation parameters of second branch.         
  

 

Figure 7: Phase separation performance for different inlet quality 

Figure 8 shows the effect of inlet mass flow rate on phase separation performance at x1=0.3. It can be 
observed the change of inlet mass flow rate has little influence on the phase separation parameters of 
the first branch, whilst the gas-phase separation of the second branch rises obviously with the decrease 
of m1. 

 

Figure 8: Phase separation performance for different inlet mass flow rate at x1=0.3 

m1=15 g/s 
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4.3 Comparison of separation performance between single T-junction and double T-
junction 

In order to present the performance of phase separation more directly, the concept of phase separation 
efficiency has been introduced, which is the absolute value of the difference between FG and FL, as 
expressed as follows: 

        𝜂 = |𝐹 −𝐹 |                                           (11) 

T3 and T5 branches are considered as a whole part T35 in the study of separation performance of double 
T-junction and single T-junction. In this part, m4 is set at a constant value, i.e. the sum of m3 and m5 is 
fixed. The numerical results are depicted in Fig. 9. It can be seen that double T-junction can effectively 

boosts the phase separation efficiency in the low mass split ratio , while double T-junction has no 

promoting impact in high mass split ratio. In some cases, at high mass split ratio, only single T-junction 
can achieve the highest separation performance limit and there is no need to use another branch to 
promote the separation performance, so the separation efficiency of double T-junction is even worse 
than that of single T-junction. 

 

Figure 9: Comparison of phase separation performance between double T-junction and single T-
junction at x1=0.3 and m1=15 (g/s) 

5 Conclusion 

In this paper, the pressure distribution of the two-phase flow of CO2-water in the double T-junctions are 
studied. Furthermore, effects of inlet quality and mass flow rate on both branches as well as comparison 
of separation performance of single and double T-junction separator investigated. The conclusions are 
shown as follows. 

 Increasing of x1 and m1 leads to rise the local pressure at the intersections. 
 The phase separation of the first branch is less affected with increasing inlet flow quality. 
 Increase of inlet flow quality results in decreasing of the gas phase separation parameters of 

second branch. 
 The gas-phase separation of the second branch rises obviously with the decrease of m1. 
 Double T-junction can effectively boost the phase separation efficiency in the low mass split 

ratio, while double T-junction has no promoting impact in high mass split ratio 
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Abstract 

Oxy-fuel combustion is one of the existing alternatives towards CO2 capture in power plants and heat-
intensive industries. Oxy-fuel combustion of coal has been extensively studied so far, from a lot of lab-
scale facilities to some demo-scale plants. Nevertheless, oxy-fuel combustion of biomass has not 
received much attention and could widen the development of the technology. The combination of a CO2-
neutral biofuel along with a capture and storage system, the so-called “Bio-CCS” concept, would lead 
to negative CO2 emissions technologies. In this paper, an experimental investigation concerning oxy-
fuel combustion of torrefied biomass is presented and discussed. Two types of torrefied biomass are 
selected, one from forestry residues (pine wood) and the other from agricultural wastes (blend of 
vineyard and corn stover residues). Experiments are conducted in a lab-scale entrained flow reactor, 
designed to fire pulverized solid fuels under O2/CO2 and O2/CO2/H2O atmospheres. The objective is to 
analyze the influence of replacing a fossil fuel (coal) by biofuels (torrefied biomass), paying attention 
to the burnout rate, the combustion efficiency and the NOx formation rates. Besides the effect of the 
biomass type, other operating variables are also accounted for: O2 and H2O concentrations in the firing 
atmosphere. Recently, CO2 replacement by H2O has been highlighted as an improved oxy-combustion 
approach, so four different steam contents are here investigated: 0%, 10%, 25% and 40%. From the 
experimental results, the best O2/CO2/H2O combination leading to the maximum fuel conversion and 
the minimum NOx formation is obtained and justified.    

1 Introduction 

Aiming at urgently reducing CO2 emissions, biomass can contribute to replace the use of fossil fuels in 
power generation units. Co-firing of coal and biomass has been successfully tested at large-scale utility 
boilers, despite the operative problems that can arise mainly due to the alkaline and chlorine in the 
mineral matter of the biomass: slagging, fouling and corrosion [1, 2]. Some of these constrains can be 
partially solved using torrefied biomass, that also presents more suitable characteristics as regards the 
transport and manageability [3].  
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Oxy-fuel combustion is one of the existing alternatives to proceed with CO2 capture in power plants and 
some heat-intensive industries [4]. Recently, oxy-steam combustion has been suggested as a last 
generation oxy-fuel technology [5, 6]. CO2 recycling for temperature moderation is avoided, but 
condensed H2O from flue gases is pumped and re-evaporated before re-entering the boiler. Then, 
combustion would be carried out under O2/H2O mixtures instead of O2/CO2 ones. By this, air in-leakages 
are reduced and operation is simplified, which are two of the most important shortcomings related to 
oxy-fuel combustion with CO2 recycling.   

While coal oxy-combustion has been widely researched in the last 15-20 years, reaching a demo-scale 
status, the use of biomass has been scarcely reported. As regards oxy-steam combustion, coal has also 
received most of the attention in lab-scale approaches [7-12].  

One of the open research lines is focused on the effect of the fuel type and the steam content on the 
ignition and conversion. Gil et al. [13], Lei et al. [14] and Rabaçal et al. [15] studied the effect of adding 
H2O to the atmospheres, when oxy-firing different types of biomasses. As a common outcome, for the 
ranges analysed (10-30% H2O) the addition of steam contributed to increase fuel reactivity and decrease 
the burnout times.    

NOx emissions can be also modified when biomass replaces coal in oxy-combustion systems, and 
particularly if steam is added at significant rates. In general, biomass oxy-combustion results in lower 
NO levels, due to different factors: lower nitrogen contents, higher volatile matter and predominance of 
NH3 as intermediate precursor for NOx [16]. Riaza et al. [17] and Skeen at al. [18] characterized co-
firing of coal and biomass under several O2/CO2 atmospheres, reporting NOx reductions in a different 
extent. As regards the effect of H2O during oxy-combustion of biomass, Moron et al. [19] and Jurado et 
al. [20] obtained NO reductions for the ranges of 10-25% H2O.    

So far, there is a lack of experiences addressing the behaviour of torrefied biomass in oxy-firing systems. 
In this paper, an experimental investigation is presented for two types of torrefied biomasses. The 
objective is to determine the influence of the biomass type and share, as well as the O2 and H2O 
concentrations, on the fuel conversion and the NOx formation.  

2 Experiments 

2.1 Fuels 

One coal and two different biomasses were selected to conduct the investigation. The coal is a South 
African hard coal, classified as a medium-volatile bituminous coal according to the ASTM D388-97 
standard. As for the biomasses, the first one comes from forestry residues (pine wood), the second one 
from agricultural wastes (blend of vineyard and corn stover). Table 1 summarizes the proximate and 
ultimate analysis of the coal and the raw and torrefied biomasses. Torrefaction was carried out feeding 
N2 at a maximum temperature of 275ºC.  

The ash content of the torrefied agro-biomass is much higher, which also influences its lower VM/FC 
ratio: 1.45 (torrefied agro-biomass) vs. 2.41 (torrefied pine). The nitrogen content of the torrefied pine 
is very low, in comparison to that of the torrefied agro-biomass and the coal.     

The coal and the torrefied biomasses were milled and sieved: coal size between 75 µm ─150 µm and 
torrefied biomass between 100 µm ─200 µm. Since the biomass density is lower, a larger size is required 
to get similar velocity conditions in the reactor. The same mean residence time was selected (3 s) for all 
the fuels and operating conditions. The coal and the torrefied biomasses were fired alone, and also two 
blends of 50/50% coal/torrefied biomass were co-fired. 
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Table 1: Proximate and ultimate analysis of the fuels. 
 Bituminous 

coal (C) 
Pine 

wood (P) 
Agricultural 
residues (A) 

Torrefied pine 
wood (TP) 

Torrefied agricultural 
residues (TA) 

Proximate analysis (% wt.) 
Moisture 3.6 7.5 8.3 2.5 2.4 

Ash 13.1 0.2 7.3 0.4 11.7 
Volatile matter 25.9 76.8 69.4 68.6 50.8 
Fixed carbon 57.4 15.5 15.0 28.5 35.1 

Ultimate analysis (% wt., dry ash free) 
Carbon 82.2 52.1 51.5 60.4 67.0 

Hydrogen 4.2 5.8 5.7 5.7 5.5 
Nitrogen 2.0 0.1 0.7 0.2 1.1 
Sulphur 0.5 < 0.1 < 0.1 0.2 0.2 

2.2 Oxy-combustion facility 

The experiments were carried out in a lab-scale entrained flow reactor (EFR), see Figure 1. The reactor 
is electrically preheated, up to 1150ºC, by means of four independent furnaces. The internal diameter is  
38 mm and the height can be varied between 0.8 m and 1.6 m. A primary gas stream conveys the 
pulverized fuels into the top injector, the secondary gas stream flows through four risers inside the 
furnaces. O2, CO2 and N2 are taken from bottles, and flow rates are provided by four independent mass 
flow controllers. Water is supplied by a Coriolis flowmeter, evaporated at 195ºC and mixed with the 
secondary gases. Flying solids in flue gases are retained in a cyclone and a filter, and H2O is condensed 
before the continuous emission monitoring system (NO, CO, CO2, O2). More details about the facility 
can be found elsewhere [10,11]. 

 

Figure 1: Diagram of the lab-scale EFR 
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2.3 Experimental tests 

Oxy-combustion tests were executed for two O2/CO2 concentrations: 21/79% O2/CO2 and 35/65%.  
H2O was used as CO2 replacement in three concentrations: 10, 25 and 40 %. In total, 8 tests were carried 
out for each 50% coal + 50% torrefied biomass blend, and each 100% torrefied biomass, all of them 
with oxygen excess of 1.25. The reaction height was 1.5 m. Tables 2 and 3 summarize the mass flow 
rates used during the tests. 

Table 2: Mass flow rates during the combustion tests of the 50% coal + 50% torrefied biomass blends 

Atmosphere 
(% vol.) 

Fuel flow             
rate (g/min) 

O2 flow                    
rate (g/min) 

CO2 flow                  
rate (g/min) 

H2O flow            
rate (g/min) 

C+TP C+TA C+TP C+TA C+TP C+TA C+TP C+TA 
21/79                    
O2/CO2 

0.59 0.60 1.37 1.38 7.07 7.13 0 0 

21/69/10 
O2/CO2H2O 

0.59 0.60 1.37 1.38 6.18 6.22 0.37 0.37 

21/54/25 
O2/CO2H2O 

0.59 0.60 1.37 1.38 4.84 4.87 0.92 0.93 

21/39/40 
O2/CO2/H2O 

0.59 0.60 1.37 1.38 3.49 3.52 1.47 1.48 

35/65                    
O2/CO2 

0.95 0.96 2.20 2.22 5.62 5.68 0 0 

35/55/10 
O2/CO2/H2O 

0.95 0.96 2.20 2.22 4.75 4.81 0.35 0.36 

35/40/25 
O2/CO2/H2O 

0.95 0.96 2.20 2.22 3.46 3.50 0.88 0.89 

35/25/40 
O2/CO2/H2O 

0.95 0.96 2.20 2.22 2.16 2.19 1.41 1.43 

Table 3: Mass flow rates during the combustion tests of the 100% torrefied biomasses 

Atmosphere 
(% vol.) 

Fuel flow              
rate (g/min) 

O2 flow                    
rate (g/min) 

CO2 flow                  
rate (g/min) 

H2O flow                 
rate (g/min) 

TP TA TP TA TP TA TP TA 
21/79                    
O2/CO2 

0.64 0.65 1.34 1.36 6.92 7.03 0 0 

21/69/10 
O2/CO2H2O 

0.64 0.65 1.34 1.36 6.05 6.14 0.36 0.36 

21/54/25 
O2/CO2H2O 

0.64 0.65 1.34 1.36 4.73 4.80 0.90 0.91 

21/39/40 
O2/CO2/H2O 

0.64 0.65 1.34 1.36 3.42 3.47 1.43 1.46 

35/65                    
O2/CO2 

1.01 1.03 2.12 2.17 5.42 5.55 0 0 

35/55/10 
O2/CO2/H2O 

1.01 1.03 2.12 2.17 4.59 4.70 0.34 0.35 

35/40/25 
O2/CO2/H2O 

1.01 1.03 2.12 2.17 3.34 3.42 0.85 0.87 

35/25/40 
O2/CO2/H2O 

1.01 1.03 2.12 2.17 2.09 2.14 1.37 1.40 
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3 Results and discussion 

3.1 Burnout 

Figure 2 shows the effect of partial (50%) of full (100%) coal replacement by torrefied biomass on the 
burnout degree. The figure includes all the firing conditions: 21% O2 (left side) and 35% O2 (right side), 
as well as the four H2O concentrations. The results of the 100% coal tests were already published and 
discussed in Escudero et al [11].  

 

Figure 2: Burnout degrees under O2/CO2 and O2/CO2/H2O atmospheres 

Burnout represents the degree of solid conversion to the gas phase, and it is determined from the 
unburned content in the solids retained in the cyclone. According to the results shown in Figure 2, it is 
clear that burnout degree increases when coal is replaced. Since the residence time is the same for all 
the tests, the main reason relies on the higher volatile content of the torrefied biomass in comparison to 
coal. Nevertheless, other factors also influence this observation, like the higher char porosity and the 
catalytic effect of some alkaline compounds [16].  

When 50% coal is replaced by 50% torrefied pine, burnout increases 5.1−14.8 percentage points. These 
values are increased when 100% torrefied pine is oxy-fired: 7.1−19.5 percentage points. The conversion 
of the torrefied agro-biomass is slightly lower, in relation to coal the increases are: 4.4−13.4 percentage 
points (50 C + 50 TA) and 6.8−18.4 percentage points (100 TA). The burnout differences of the two 
types of torrefied biomasses diminishes when the atmosphere is O2-enriched: this points to the potential 
that oxy-combustion offers for mid-to-low rank fuels.     

As regards the effect of CO2 replacement by H2O on the burnout degree, two opposite trends are 
overlapped. On the one hand, the flame temperature and the O2 diffusivity are higher when H2O is used 
instead of CO2. Both effects contribute to an increase of the solid conversion. But on the other hand, 
char specific surfaces are lowered when converted in H2O-enriched atmospheres if compared to CO2. In 
our tests, when 10% H2O is added, burnout degrees are always increased in comparison to the 0% H2O 
cases (see Figure 2). If the H2O concentration is raised to 25%, the burnout degree again increases, but 
dimly and not proportionally to the steam content. Indeed, for most of the cases, the trend is overturned 
when feeding 40% H2O and the burnout rates slightly decrease (in relation to the 25% H2O cases). From 
the results in Figure 2, it can be concluded that wet atmospheres always result in better conversion that 
the dry ones (regardless the H2O concentration and fuel type) and maximum conversions are obtained 
for 25% H2O in most of cases.                 
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3.2 C-fuel to CO conversion 

Burnout represents the mass fraction of the solid fuel that has been converted to gas, but additional 
information is required to assess the overall combustion efficiency, i.e. the homogeneous conversion to 
final products. The concentration of CO in flue gases provides additional information about the carbon 
conversion during the tests. Figure 3 shows the effect of CO2 replacement by H2O on the C-fuel 
conversion to CO for the two coal + torrefied biomasses blends, and the two torrefied biomasses alone, 
for 21% O2 (left side) and 35% O2 (right side).   

 

Figure 3: C-fuel to CO conversions under O2/CO2 and O2/CO2/H2O atmospheres 

According to the results shown in Figure 3, the use of torrefied pine slightly increases the CO conversion 
levels in comparison to the use of torrefied agro-biomass, both at 50% and 100% share and regardless 
the H2O content. This is consistent with the larger reactivity of the torrefied pine, as also shown in the 
section 3.1. The effect of O2 enrichment from 21% to 35% can be well seen in the Figure 3: C-fuel to 
CO conversions are significantly reduced: below 0.4% for the blends and below 0.8% for the torrefied 
biomasses.    

As concerns the effect of H2O, a slight diminution is observed when steam is added at low rates for the 
21% O2 cases, but a significant increase is detected when H2O concentration is 40%. Indeed, they are 
higher than those obtained for the 0% H2O tests. Steam contributes to a significant intensification of 
char gasification, then releasing CO along the reactor height that cannot be oxidized before the reaction 
is quenched at the reactor exit. The effect of steam is significantly smoothed when the O2 concentration 
is increased up to 35% O2. Gasification rates are reduced when O2 concentration raises [21], and then 
steam barely affects the CO detected, particularly in the case of the blends.                   

3.3 N-fuel to NO conversion 

Fuel-NOx is the mechanism of N-fuel oxidation from oxy-combustion of solid fuels, and nitric oxide 
(NO) is the main oxide formed. Nitrogen can be oxidized in the gas-phase, being HCN and NH3 
−released during devolatilization− the main precursors. N-char can be also oxidized, directly to NO or 
by intermediate compounds. O2 concentration is the most influential parameter on the fuel-NOx 
pathways. Both for conventional combustion and oxy-combustion, steam is involved in reducing  
NO formation either by homogenous or heterogeneous reactions. On the one hand, HCN can react with 
H2O over 900ºC releasing NH3 [22], that can be reduced to N2 [23, 24]:  

 

HCN + H2O → NH3 + CO (R.1) 
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NH3 + NO + 
ଵ

ସ
  O2 → N2 +  

ଷ

ଶ
 H2O (R.2) 

On the other hand, large concentrations of OH and H radicals van contribute to deplete HCN, then 
preventing its oxidation [25]: 

HCN + H ↔ H2 + CN (R.3) 

HCN + OH ↔ H2O + CN (R.4) 

Steam intensifies char gasification, releasing CO and producing active carbon sites on the char surface, 
that can heterogeneously reduce NO [26]:  

Cs + NO → 
ଵ

ଶ
  N2 + CO (R.5) 

Moreover, steam can also increase the formation of NH3 from N-char, then competing with oxidation 
and reducing the final NO.  

Figure 4 shows the N-fuel conversion to NO, for the two blends of coal and torrefied biomass and for 
the two biomasses alone. The effect caused by coal replacement with torrefied biomass (partially and 
fully) is a reduction of NO formation: in comparison to 100% coal oxy-combustion, maximum 
reductions are 28.1% and 40.3 % when oxy-firing 100% torrefied agro-biomass and 100% torrefied pine 
respectively. The larger volatile content in the biomass, as well as the larger NH3-to-HCN ratios in low 
rank fuels [27], explain this observation. The O2 enrichment from 21% to 35% increases N-fuel 
oxidations in all cases, in a similar extent for all the blends and the torrefied biomasses.          

 

 
Figure 4: N-fuel to NO conversions under O2/CO2 and O2/CO2/H2O atmospheres 

The effect of CO2 replacement by H2O can be also seen in Figure 4. Addition of 10% H2O always 
reduces the N-fuel conversion to NO, for all the fuels and regardless the O2 content. When H2O content 
is raised to 25%, there is an additional NO decrement, but attenuated in comparison to the 10% H2O 
reduction. The decreasing trend is nevertheless reversed when 40% H2O is used as CO2 replacement, 
both for 50% coal + 50% torrefied biomasses blends and for 100% torrefied biomasses. This points to 
an intensification of nitrogen oxidation due to the larger flame temperature and O2 diffusivity in  
H2O. This effect counters the reducing participative role of steam, seeming that an optimum H2O 
concentration can be found.       

The extent of the influence of steam on N-fuel to NO formation depends on the fuel rank. According to 
Figure 4, the lower the fuel rank (i.e. the larger the volatile content in relation to fixed carbon), the lower 
the NO reduction caused by the steam. Even, for the tests with 100% torrefied pine, it is observed that: 
1) the addition of 40% H2O produces comparable NO levels than the obtained for the dry atmospheres, 
2) NO levels obtained for the 10% H2O cases are very similar to those with 25% H2O.  
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4 Conclusions 

Four experimental campaigns (32 tests) have been conducted in an entrained flow reactor to characterize 
the conversions and NO formations of two torrefied biomasses, when oxy-fired alone or co-fired with 
coal. Two oxygen contents have been used (21%, 35%), and three steam contents has been added as 
CO2 replacement (10%, 25%, 40%).  

The effect of partial or full replacement of coal by torrefied biomass has resulted in an improvement of 
both burnout and NO levels. The behaviour of the torrefied pine is slightly better than the torrefied agro-
biomass, but the latter can also present very good results due to the flexibility in O2 concentration for 
oxy-fired systems. A trade-off then appears, between fuel conversion and NO formation rates.  

As concerns the role of H2O used as CO2 replacement, clear benefits are observed both for burnout and 
NO formation when added in 10% and 25% volume fractions (for all the blends and torrefied biomasses 
tested). Nevertheless, the addition of 40% H2O does not result in improvements for most of the cases. 
All the wet atmospheres have produced lower N-fuel to NO formation in comparison to the dry ones, 
except in the case of the 100% torrefied pine tests, which points to the influence of the fuel rank on the 
observed results.  

Nomenclature 

C  Coal 

EFR  Entrained flow reactor 

FC  Fixed carbon 

TA  Torrefied agro-biomass 

TP   Torrefied pine 

VM  Volatile matter 
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Abstract 

In the European Union context of decarbonizing economic sectors to achieve climate neutrality by 2050 
under the Green Deal package, many technologies have been developed to reduce the risk of not 
satisfying COP26 targets. Thus, the main aim of this study was to critically evaluate the performance of 
a 330 MW thermal power plant equipped with post-combustion CO2 capture using membrane 
technology. The main limitation of this technology is the behavior of polymeric materials in the presence 
of acid gases or relatively high temperatures, so their lifetime does not exceed five years. The polymer 
membranes (Spiral Wound in counter-current) used are characterized by a high permeability to CO2: 
300 and 1 000 GPU. The use of only one compressor upstream of the membrane to increase the driving 
force of CO2 separation or the simultaneous use of a compressor and a vacuum pump located 
downstream of the membrane system was considered. The analysis of the energy integration of the 
configurations presented in the coal-fired power plant was studied using different mathematical models 
developed within the Faculty of Energetics (Polytechnic University of Bucharest) and the CHEMCAD 
program. By increasing the compression pressure from 1 to 10 bar, the CO2 capture efficiency increases 
from 1.7 to 99% which was observed for 200 000 m2. The increase in membrane surface area contributes 
to the increase in efficiency regardless of the compression pressure, but this is more evident the higher 
the compression pressure. Relatively similar performance can be achieved by integrating a vacuum 
pump after the membrane system leading to a reduction in the specific surface area of the polymer 
membrane. By reducing the vacuum pressure from 0.5 to 0.05 bar, the specific surface area can be 
reduced from 5 00 000 to 150 000 m2 at a power consumption of about 138MWh. By integrating the 
CO2 capture process using membrane capture technology, the levelised cost of electricity (LCOE) of 
power generation has increased from 0.0756 to 0.2015 €/kWh. 
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1 Introduction 

The mitigation of greenhouse gas emissions is one of the main challenges related to climate change and 
global warming, essentially CO2 emissions. the intensive study has been concentrated on the decrease 
of CO2 emissions from its large sources like fossil fuel power plants and other industries (such as cement, 
steel and iron production, natural gas, and refinery plants) [1, 2]. According to IEA, coal-fired power 
plants have the major cause of CO2 emissions, which presently provide 37% of CO2 emissions, and by 
2040 could reach 22% fully [3, 4, 5]. As supposed, coal will continue to be a fundamental source of 
producing electricity in the coming years, therefore, instant expansion and development of CCS 
technologies are highly required especially after the new limitations are forced (see GREEN DEAL 
package defined by European Union). Currently, different CO2 capture processes have been improved 
relied on either removing CO2 from flue gas (post-combustion), from syngas (pre-combustion), or 
replacing air with O2 (oxy-fuel combustion) which produces a high CO2 flow [6-9]. 

Due to the high electricity cost of chemical absorption technology and the chance of environmental 
impacts regarding solvent emission and degradation, a different more efficient solution and 
environmentally friendly to remove CO2 in post-combustion processes such as membranes [10-14]. So 
far, various membranes have been improved that are distinguished by high permeability and selectivity 
for high performance in CO2 capture. Several kinds of membrane materials like common polymers, 
carbon molecular sieve membranes, inorganic membranes, mixed matrix membranes, fixed site-carrier 
(FSC) membranes, and carbon molecular sieve membranes have been used for the CO2 separation 
process [15].  

The essential trouble of utilizing membrane is the comparatively low CO2 portion in the flue gas stream 
(~15%). Compressors or vacuum pumps are recommended to be utilized in the inlet and outlet streams 
of the membrane to defeat low CO2 fractions in the flue gas flow and to increase the efficiency of the 
CO2 capture process [16]. Another factor can also affect the capture process which is the surface area of 
the membrane, where the efficiency differs relying on different surface areas. Like any other technology, 
the membrane process has drawbacks of high energy consumption in addition to the required energy to 
compress CO2 for the storage process [17].  

This paper achieved a techno-economic analysis of many combinations of the 1-single stage membrane 
process and different configurations with the usage of the auxiliary parts (compressor, vacuum pump). 
The configurations suggested were analyzed for a 330 MW thermal power plant utilizing lignite coal as 
fuel, trying to examine if the 1- single stage of the membrane is sufficient to obtain low energy 
consumption, a CO2 capture efficiency of 90%, fully and at least 95% of CO2 purity for the potential of 
transport and storage in EOR reservoirs. Consequently, several configurations were studied in this 
research with two permeability of CO2 (300, 1 000 GPU) and different parameters of compressor 
pressures, vacuum pump pressures, and surface areas of the membrane.  

2 Materials and methods  

Only 1-single stage of membrane technology for CO2 capture is considered in this paper. Different 
parameters of a compressor and vacuum pump (if utilized) are analyzed with two configurations of the 
membrane process.  

2.1 Membrane technology 

As shown in Figure (1) below, the membrane process demands extreme separation of the acid gases and 
impurities that are usually involved in the flue gas stream to avoid damage issues and expand its lifetime. 

The main challenge for the post-combustion capture process is the low volumetric fraction of CO2 
compared with a high volume of the flue gas stream to be treated, which leads to a low driving force of 
CO2 permeation. The compensation of the low motive force in membrane method integrated into post-
combustion CO2 capture technology can be accomplished by utilization of either compressor before the 
membrane module or vacuum pump in the permeate flow side for the outlet, or both concurrently [18]. 
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As a consequence, the flue gas flow needs to be dried before entering the compression station to prevent 
water droplets’ troubles. 
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Figure 1: Principle diagram of membrane integration in CFPP 

2.2 Membrane system for CO2 capture  

To develop the CO2 capture systems, some standards must be taken into consideration such as high 
capture rate and low operating costs. In addition, the resilience of the membrane system takes an 
essential part to select the best configuration for the CO2 capture process. Currently, several procedures 
are used with different parameter values to achieve optimize the CO2 capture technology [19].  

In this research, two different schemes with plenty of parameters have been presented, either by utilizing 
a compression unit before the membrane or a vacuum pump existing on the permeate side to extract the 
flow. Consequently, boosting the driving force of the flue gas with minimum power consumption. The 
convenient configuration for high capture efficiency, the surface area of the membrane to provide purity 
of 98 mole% CO2, and the gas flow rate are the main elements that impact the investment and operating 
costs. 

The efficiency of the process depends fundamentally on the compression ratio of the flowing gas, 
membrane surface area, and membrane permeability, while the purity of the CO2 stream relies on capture 
efficiency, membrane selectivity, and CO2 content in the combustion gases. 

By taking the consideration that flue gas composition is constant in the cases examined, the pressure 
difference, membrane surface area, and membrane selectivity play a crucial role in influencing CO2 
capture efficiency and CO2 purity as well. Usually, for a particular CO2 capture efficiency, the operation 
at a high-pressure difference indicates more power consumption, a smaller membrane surface area, and 
high CO2 purity. Furthermore, the performance at a lower pressure difference implies lower energy 
consumption, larger membrane surface area, and lower CO2 purity. 

In our research project (CO2 Hybrid with the number 13/2020 developed in the University Politehnica 
of Bucharest) a currently developed procedure was used to embed CA enzyme into polyacrylamide 
polymer (PSF 50 K) [18]. The permeability and selectivity for different gases are mentioned in Table 1.  

This article aims to assess the performance of a 1-single stage membrane module integrated into a 
conventional (lignite) power plant. The flue gas temperature and pressure treated in this analysis are 50 
°C-1.015 bar, respectively. Also, the CO2 content is around 13 mole% (Table 1). Two configurations of 
1-single stage membrane have been analyzed: 

A. 1-single membrane with a compression station before the membrane inlet, see Figure (2) 

B. 1-single membrane with a compression station before the membrane and a vacuum pump on the 
permeate flow side, see Figure (3). 
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Figure 2: Case A- 1-single stage scheme of the membrane with only a compressor 
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Figure 3: Case B- 1-single stage scheme of the membrane with a compressor and a vacuum pump 

After the compressors, when the stream is totally vapored, the stream is injected into the low-pressure 
steam turbine for mechanical work generation. Due to the low vapor stream flow compared to the steam 
flow of the steam turbine, the mechanical work generated is increased by only 1-2%. Otherwise, when 
the stream is liquid flow or less than 82% of vapor fraction, the stream is used for covering different 
requirements of the power plant (e.g. personal cleaning).  
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Table 1: The main parameters of CFPP and membrane 

Parameters Main data 
Fuel characteristics  [20] 72.30% C, 4.11% H, 1.69% N, 7.45% O,  

0.56% S, 13.89% ash; Moisture: 8%;  
Lower heating value: 28141 kJ/kg  

CFPP parameter 
Steam temperature/pressure, [°C/bar]  
Efficiency in high/medium/low-pressure 
steam turbine, [%] 
Condensing pressure, [bar] 
Heating water in the condenser, [°C] 
Coal combustion efficiency in the steam 
generator, [%] 
Steam flow rate, [t/h] 
Net power plant efficiency, [%] 

 

 
585/290 
84.9/91.6/87.8 
 
0.05 
9.5 
91 
 
914.5 
45.87 

Flue gas Parameters  
Temperature/pressure [°C/bar] 
Flue gas flow, [kmol/h] 
Flue gas content, [mole%] 
CO2  

N2 
O2 

SO2 

 
50/1.013 
40320 
 
13.12332 
80.80344 
6.033717 
0.03952402 

Membrane parameter [11] 
Membrane material characteristics 
CO2 permeance [GPU] 
N2 permeance[GPU] 
CO2/N2 selectivity 

 
Spiral wound in counter current  
1 000 
20 
50 

 

Because of the moisture content in the CO2 stream, a drying system including TEG as a solvent should 
be applied. Moreover, a 70-bar compressor must be used in 4-stages with intercooling to accomplish all 
the requirements for CO2 transport.  

3 Technical and economical parameter definition 

The carbon dioxide capture process was simulated by utilization of ChemCAD software based on data 
gained from process modeling of the power plant (flue gas flow, flue gas composition, overall efficiency, 
specific consumptions, etc.) 

The paper analyzed different parameters of the surface area of the membrane, compressor pressure, 
vacuum pump pressure (if uses), and CO2 permeability in several cases to estimate the techno-economic 
influence of the analyzed CO2 capture solutions. In Table 2 the variation of each parameter is presented.  

Table 2: The variation of the different parameters used 

Compressor pressure bar  (1.5 - 10) 
Membrane SA m2 (100 000 - 1 000 000) 
Vacuum pump pressure bar (0.05 – 0.5) 
CO2 permeability GPU (300, 1 000) 

  
To estimate the techno-economic impact of the analyzed CO2 capture solutions, the following indicators 
have been proposed [22]: 

 𝑆𝑃𝐸𝐶𝐶𝐴 – specific primary energy consumption for avoiding CO2 emissions; 
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                                                     𝑆𝑃𝐸𝐶𝐶𝐴 =
∙

                              (1) 

 
η            the overall efficiency of energy solutions without CCS technology, 
η             the overall efficiency of energy solutions with CCS technology, 
𝑃             the CO2 pollutant generated by the CFPP without CCS technology, kg/kWh, 
𝑃              the CO2 pollutant generated by the CFPP with CCS technology, kg/kWh. 

 𝑆𝑃𝐸𝐶𝐶𝐴 , – takes into account the energy penalty (η  −  η  ) of the energy solution due to 
the extra heat consumption required in the chemical absorption process (𝑆𝑃𝐸𝐶𝐶𝐴  – eq. 2), and the 
electricity consumption demanded by the capture process using membranes (𝑆𝑃𝐸𝐶𝐶𝐴  – eq. 3):  

 

                                                    𝑆𝑃𝐸𝐶𝐶𝐴 =
∙( )

∙ ∙
                            (2) 

 

                                                     𝑆𝑃𝐸𝐶𝐶𝐴 =
∙ , ,

, ∙ , ∙
   (3) 

 

𝑊 ,             the net power generated for the energy solution without CCS, 
𝑊 ,               the net power generated for the energy solution with CCS. 

 𝐿𝐶𝑂𝐸- Levelised cost of electricity was calculated utilizing eq. 4 considering the annualized 
𝐶𝐴𝑃𝐸𝑋 and 𝑂𝑃𝐸𝑋 costs, where 6 570 is 75% of annual capacity of hours: 

 

                                                      𝐿𝐶𝑂𝐸 =
∙ ∙

                                          (4) 

 
𝜑                      specified CO2 recovery, 
𝐶𝑂                  CO2 recovery flow. 

 𝐶𝑂  - CO2 recovery cost was determined by eq. 5 
 

                                                      𝐶𝑂 =
  

 
                              (5) 

 
𝐿𝐶𝑂𝐸                levelised cost of electricity without CCS, 
𝐿𝐶𝑂𝐸                  levelised cost of electricity with CCS. 

 𝐶𝑂  - CO2 avoided cost  

                                                      𝐶𝑂 =
  

                              (6) 

                  
𝐶𝑂                 CO2 emissions without CCS, 
𝐶𝑂                   CO2 emissions with CCS. 

To determine the economic indicators, several data on the unit costs of the components are shown in 
Table 3. The presented costs are calibrated to the year 2022 based on the index demonstrated on the 
chemengoonline site [23]. 
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Table 3: Main assumptions concerning the economic indicators 

Indicators Main data 
Availability factor, % 85 
Electricity price, €/MWh 160 
CO2 tax, €/t [24] 82 
Annual hours, h/year 7446 (85/100·8760) 
Membrane capture unit  
Membrane specific cost, €/m2 50 
Membrane lifetime, years 5 
Flue gas, and inter-stage compressor, €/kW 850 
Vacuum pump, €/kW 1 300 
CO2 pump, €/kW 1 350 
CO2 compressor, €/kW  1 800 
Membrane replacement cost 20% of the membrane cost 
Labor cost, €/h 15 
CO2 stream compression  
CO2 compressor, M€ 11.7 
Compressor inter-stage coolers and separators, 
M€ 

0.87 

To be able to decide whether an investment project, in this case, the CFPP with and without carbon 
dioxide capture, is economically feasible, an economic and financial analysis is needed that considers 
all cash flows in and out of the established meter. The economic and financial indicators determined in 
this analysis are as follows: 

 Net present value (𝑁𝑃𝑉) calculated with eq. 7: 
  

                                                        𝑁𝑃𝑉 = ∑
( )

− ∑ 𝐼 ∙ (1 + 𝑟) , €     (7) 

 

 𝐼𝑁                the realized revenues for a year 𝑖, €/year,, 
 𝐶               the operating and maintenance expenses for the year 𝑖, with taxes and duties but without 

depreciation, €/year, 
𝐴                  the annuity for the year 𝑖, if a loan was taken, €/year, 
 𝐼                  the realized equity investment for the year 𝑖, €/year, 
 𝑟                  the discount rate, for the energy sector is 8%. 

 Internal Rate of Return (𝐼𝑅𝑅) was calculated using eq. 8. 𝐼𝑅𝑅 for an investment project is equal 
to the discount rate for which 𝑁𝑃𝑉 is 0. 
 

                                                            𝑁𝑃𝑉 = ∑
( )

= 0                              (8) 

 

 Discounted payback period (𝐷𝑃𝑃) was calculated by eq. 9.  
 

                                                                  𝑁𝑃𝑉 = ∑
( )

, €                              (9) 

 

𝐷𝑃𝑃              the period of time after which the initial investment is recovered. 

 The profitability index (𝐼𝑃) was determined using equation 10.  

 

                                                            𝐼𝑃 =                                (10) 
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𝐼𝐴                the discounted investment. An investment project is economically efficient if 𝐼𝑃≥1, for 
𝐼𝑃<1, the project is economically inefficient.   

4 Results and Discussion 

The following figures demonstrate the evaluation of the solutions analyzed depending on the different 
parameters shown above.  

In case A, after using different compressor pressures (1.5 – 10 bar) where all other parameters are fixed, 
CO2 capture efficiency increases obviously with the rise of compressor pressure (CP), and the power 
consumption raises as well. The moment when CP is fixed and membrane surface area (SA) differs from 
100 000 to 1 000 000 m2, CO2 capture efficiency and power consumption increase enormously according 
to the raising CO2 captured. The permeability of CO2 influences the capture operation and energy 
consumption too, while they both expand by the permeance increase. The efficiency required for the 
process (90%) was achieved at 8.5 bar CP, 300 000 SA, and 1 000 GPU.  On the other hand, the power 
consumed in this case is around 153 MW which is almost half the total output of energy 330 MW. The 
purity, in this case, is very low (49 mole%) in all the different cases as the purity needs a lower surface 
area to reach high values. 

In case B, after applying different vacuum pump pressures (0.5 – 0.05 bar) while the other parameters 
are constant, the results have demonstrated an apparent increase in CO2 capture efficiency when vacuum 
pump pressure (VP) decreases due to the high-pressure difference around the membrane unit. The power 
consumption raises with the decrease of VP pressure. As mentioned before, the purity requires a very 
low SA of the membrane, also the utilization of VP at different pressures at high CPs have been showed 
the purity decrease in high-pressure difference around the membrane. The efficiency required for the 
process (90%) was obtained at 5.5 bar CP, 200 000 m2 membrane SA, 0.15 bar VP pressure, and 1 000 
GPU CO2 permeability. Moreover, the energy consumption in these parameters is 145 MW. In addition, 
the purity is 68 mole%. 

In figure (4), the impact of VP and compressor pressure on CO2 capture efficiency 1 000 GPU 
permeability of CO2 and 100 000 m2 membrane SA was analyzed. In the (No vacuum) case, the capture 
efficiency is completely low even at high CP compared to when VP pressure is proposed. While in 0.05 
bar VP, the efficiency is much more than other efficiencies reaching 95% at 10 bar CP. It is also clearly 
obvious the effect of decreasing VP pressure on the process efficiency. On the other hand, it is noticeable 
how the efficiency increases as CP increases successively attained 95%. 

 

Figure 4: CO2 capture efficiency regarding different compressor pressures and different vacuum 
pressure cases at 100 000 m2 membrane surface 
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Figure (5) shows the influence of the vacuum and compressor pressure difference on CO2 purity with 
100 000 m2 membrane surface area and 1 000 GPU CO2 permeability. It is visibly that the necessity of 
using a vacuum pump to increase CO2 purity, where the maximum amount of the purity presented is 65 
mole% where is no vacuum utilized. This value is poor compared with the purity during vacuum pump 
different pressures used in the process. 

 

Figure 5: CO2 purity regarding vacuum pump at different compressor pressures at 100 000 m2 
membrane surface  

Figure (6) below, represents the increase of VP pressure effect with different compressor pressures, 1 
000 GPU, and 100 000 m2 membrane SA. As demonstrated, the efficiency lines go down decreasingly 
in different compressor pressures due to the reduction of pressure difference. The salient point is the CP 
effect, where (10, 0.5 bar) CP and vacuum pressure respectively is more than (5.5, 0.05 bar) CP and 
vacuum pressure, which can be explained by the high-pressure difference around the membrane which 
increases CO2 capture efficiency. 

 

Figure 6: The pressure difference impact on CO2 capture efficiency 
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requires low compressor pressures and high VP pressure to prevent N2 molecules and other components 
from passing via the membrane and decreasing CO2 purity. In general, the purity in all the cases has 
gained small values because of the elevated membrane SA used in the operation. The figure’s other data 
are 100 000 m2 membrane SA and 1 000 GPU CO2 permeability.  

 

Figure 7: CO2 purity regarding different vacuum pump and compressor pressures 

In Figure (8), the capture efficiency increases immediately as the membrane SA raises in different CPs 
until 700 000 m2 and 5 bar, then becomes steady because all the flow is almost captured and being 
passed via the membrane. The figure shows as well the unnecessary usage of CP of more than 5 bar and 
400 000 m2 membrane SA, where the required efficiency is obtained. At 10 bar CP, it’s distinguishable 
the steady case of the efficiency over different membrane surface areas. The other parameters used here 
are 1 000 GPU CO2 permeability and 0.25 bar vacuum pump pressure.   

 

Figure 8: Membrane surfaces area and compressor pressures effect on CO2 capture efficiency 
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power consumption will raise permanently. The other parameters used here are 1 000 GPU CO2 
permeability and 0.25 bar vacuum pump pressure.   

 

Figure 9: Membrane surfaces area and compressor pressures effect on power consumption 

In figure (10), the effect of membrane SA with different CP on CO2 purity has been analyzed, where the 
purity is decreasing slightly at 1.5 bar, while at 5 bar the purity level is the optimum in 100 000 m2 
membrane SA, almost 76 mole%, and as I mentioned before when the membrane SA increases the purity 
decreases continually. The remarkable note is when CP is 10 bar, the CO2 purity column is smaller 
compared with what is in CP 5 bar because of N2 and other components that pass with CO2 at high 
compressor pressures. As a consequence, CO2 purity decreases at high CPs. The other parameters used 
here are 1 000 GPU CO2 permeability and 0.25 bar VP pressure. 

 

Figure 10: The effect of membrane surfaces area with different compressor pressures on CO2 purity 
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excelling of 1 000 GPU CO2 permeability. Due to the high CO2 capture efficiency which increases power 
requirements. CO2 purity at 1 000 GPU is much more than 300 GPU permeability, check Figure (13), 
and we can notice as well the two lines sliding down after 5 bar CP due to components passing with 
CO2 molecule via the membrane as explained before. 

 

Figure 11: Comparison of CO2 capture efficiency through two different CO2 permeabilities 

 

Figure 12: Comparison of power consumption through two different CO2 permeabilities 
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Figure 13: Comparison of CO2 purity through two different CO2 permeabilities 

Table 3 shows the evaluation with the analyzed solutions considering the indicators demonstrated above. 
By integrating membrane CO2 capture technology, the net power plant efficiency decreases by 30% … 
34%, depending on membrane SA and pressure values used. Increasing the CP or decreasing VP 
pressure leads to an increase in the power plant efficiency loss. As explained in the paper, electrical 
consumption of membrane raises extremely by the increase of CP and VP pressure in addition to 
membrane SA influence. The LCOE increased at different membrane SA by 58%, 51.2%, and 55.45% 
(respectively in 100 000, 200 000, and 300 000 m2), CP and VP pressures mainly influence LCOE as 
well. However, 200 000 m2 membrane SA is the best option from an LCOE point of view. Considering 
SPECCA indicator (whether thermal or electrical), the 200 000 m2 SA in the paper is the optimal choice 
compared with other surface areas.  

In terms of CO2 avoided cost, the cost is observable higher in 100 000 m2 SA than the two surfaces, 
91.07 compared to 57.83 and 58.04 €/t (for 200 000 and 300 000 m2) by 57% and 59.9% respectively.  
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Table 4: Evaluation of CFPP systems 

Parameters CFPPalone 
CFPPSA 100, CP 

5, VP 0.05 
CFPPSA 200, CP 5, 

VP 0.05 
CFPPSA 300, CP 5, 

VP 0.05 
Fuel feedstock, (t/h) 92.22 125.39 125.39 125.39 
Global efficiency, (% 
LHV) 

45.78 44.83 44.83 44.83 

Net power generated, 
(kW) 

330 000 330 000 330 000 330 000 

Net power plant 
efficiency, (%) 

45.78 32.04 30.74 29.84 

Capital costs per net 
electrical capacity, 
(€/kWh) 

2 753.79 3 140.88 3 283.98 3 410.44 

CO2 emission factor, 
(kg/MWh) 

741.15 255.14 71.97 19.39 

CO2 captured, 
(kg/MWh) 

- 727.68 970.12 1 067.32 

Power consumption 
of membrane plant, 
(kWe) 

- 97 050.21 110 298.61 119 321.01 

Membrane power 
consumption, 
(kWh/tCO2) 

- 572.53 517.50 530.64 

LCOE_tax, (€/kWh) 0.0756 0.1199 0.1143 0.1175 
SPECCAm, (MJth/kg) - 6.94 5.75 5.82 
SEPCCAs, (MJel/kg) - 1.92 1.71 1.72 
CO2 avoided cost 
(€/t) 

- 91.07 57.83 58.04 

CO2 captured cost 
(€/t) 

- 60.82 39.89 39.25 

 

Table 4 summarizes the economic assessment for different parameters analyzed, assuming the CO2 tax 
is 82 €/ton and retail electricity cost is 160 €/MWh by the consideration that all carbon certificates are 
sold. As shown in table 4, the net present value increases at membrane SA 200 000 m2, 5 bar CP by 
30.7% then decreases slightly at 300 000 m2 and the same CP. On the other hand, the DDP range reduces 
whenever membrane SA increases at 5 bar CP as an optimal value for all surfaces area. Same as DPP, 
200 000 m2, and 5 bar (membrane SA, CP respectively) is the most profitable parameter among the 
different parameters utilized. 

Table 5: The economical assessment of CFPP systems 

SA m2 1·105 1·105 1·105 2·105 2·105 2·105 3·105 3·105 3·105 
CP bar 1.5 5 10 1.5 5 10 1.5 5 10 
VP bar 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
NPV M€ 521.34 901.52 730.95 857.94 1178.39 592.02 1097.91 1176.87 361.32 
IRR % 0.139 0.171 0.151 0.171 0.191 0.136 0.190 0.188 0.114 
DPP years 11.82 9.45 10.79 9.49 8.43 12.17 8.51 8.60 15.07 
PI - 1.54 1.87 1.66 1.86 2.09 1.51 2.07 2.05 1.30 

5 Conclusion 

The purpose of the paper is to assess and evaluate if a membrane 1-single stage, with and without the 
usage of a vacuum pump in different configurations and parameters, from a technical point of a view, is 
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appropriate for integration with a 330 MW CFPP to achieve high capture efficiency and purity with the 
minimum energy consumption. 

The application of a 1-single stage of the membrane without a vacuum pump is particularly undesirable 
due to the low CO2 capture efficiency. The highest reliable CO2 efficiency (90%) was achieved at 8.5 
bar CP and 300 000 m2 SA. As a result, the energy consumption will go up reaching a high cost of the 
investment. Otherwise, the utilization of a vacuum pump can improve membrane performance by 
increasing CO2 capture efficiency and purity. A 90% CO2 capture efficiency can be achieved at 4.5 bar 
CP and 200 000 m2 SA. At this point, the power consumption is 10% less than no vacuum case at 90% 
capture efficiency. The main drawback that has been demonstrated, is the poor value of CO2 purity at 
any parameters utilized (84 mole% max). As a result, a second-stage membrane is extremely 
recommended for future research to increase CO2 purity. The results showed the importance of CO2 
permeability and its impact on CO2 capture efficiency, where membrane efficiency increased by more 
than 100%, from 27.5% to 58% when the CO2 permeability increased from 300 GPU to 1 000 GPU 
respectively.  

Membrane surface area plays a major role on the economical side, where electrical energy demands 
raise and go up whenever membrane SA increases due to the CO2 content captured. The circumstances 
where membrane SA, CP, and VP (200 000 m2, 5, 0.05 bar respectively) are highly reliable regarding 
LCOE, CO2 avoided, DPP and PI. In addition to that, CP and VP pressure have a considerable part in 
impacting the economical section, where the high-pressure difference can increase the investment cost.  

Nomenclature 

CFPP    Coal-fired power plant 
CP    Compressor pressure, bar 
VP    Vacuum pump 
VPs    Vacuum pump pressures 
SA    Surface area, m2 

CCS    Carbon Capture System 
𝐿𝐻𝑉    Lower heating value 
𝐿𝐶𝑂𝐸    Levelised cost of electricity 
𝑁𝑃𝑉    Net present value 
𝐼𝑅𝑅    Internal rate of return 
𝐷𝑃𝑃    Discounted payback period 
𝑃𝐼    Profitability index 
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Abstract 

Currently, great effort is being devoted to the development of new technologies for the production of 
high-energy alternative fuels originating from biomass. It is particularly important because of the 
diversification of energy sources brings obvious benefits to energy security and to the evolution of local 
areas. Most of the raw materials generated by the agricultural and food production sectors that can be 
used for the production of alternative fuels are characterized by a huge moisture content that disallows 
the possibility of direct conversion via conventional thermochemical routes (torrefaction, pyrolysis, and 
gasification). Herein, the feasibility of the two-stage conversion of blackcurrant pomace as a real 
industrial waste with a special focus on solid hydrochar valorization was studied. Firstly, the pomace 
was processed in a batch autoclave to produce value-added bioproducts at low and moderate processing 
temperatures (namely, 225 and 275 °C, respectively). In the present contribution, the effect of the 
application of a single solvent (i.e. water) versus a binary solvent system (water mixed with isopropanol) 
was investigated. More specifically, the focus was put on the change in the yield distribution of the 
products and, in particular, the composition and properties of the resultant products. The characteristic 
of the final solid products was done among others by means of ultimate and proximate analyses, as well 
as mid-infrared spectroscopy. In the subsequent step, the possibility of the upgrading of resultant 
hydrochar via fast pyrolysis by using microscale techniques coupled pyrolysis-gas chromatography-
mass spectrometry and thermogravimetric analysis was also done. Hydrochars were pyrolyzed in a 
sequence stepwise at 300, 400, 500, and 600 °C with rapid heating and short residence time. The studies 
proved that the proposed approach allowed to obtain alternative products exhibiting high energy density 
that could be useful for power and heat generation. Furthermore, through two-stage processing, it is 
possible to obtain value-added chemicals, such as hydrocarbons, with the potential to serve as advanced 
biocomponents or reagents for the chemical industry. 
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1 Introduction 

Food, as well as water, is considered an essential human need. The increase in the global population 
leads to a perpetual demand for the amount of food produced worldwide. Today, especially less 
processed food is very popular. Thus, the production of grains, vegetables and fruits is expected to 
increase continuously in the future. However, the food production sector generates different types of 
waste during all stages of the supply chain, i.e., production, processing, distribution by retail and 
wholesale, food services, and finally households. According to data from the European Commission [1], 
it is estimated that approximately a third of the food produced in Europe is not consumed as a result of 
losses occurring in all stages. The European Commission estimates that 90 million tonnes of food (or 
180 kg per person) are wasted in the EU alone. However, it is difficult to reliably quantify the real 
volume of this type of waste, and in practice these numbers could even be higher than mentioned.  

The majority of food processing waste can be recognized as wet-type feedstock with moisture content 
higher than a few dozen percentage points. It is troublesome when considering its further utilization due 
to its low biochemical stability and the low energy density that increases potential transport costs [2]. It 
seems that the most reasonable approach is to focus on the utilization of concentrated feedstock type, 
e.g. wastes generated during the food processing stage such as fruit and vegetable pomace. This 
approach will significantly reduce the costs of collecting and transporting raw materials.  

One of the most perspective-based methods for the conversion of wet-type feedstock is conversion in 
near-critical water conditions, called hydrothermal processing. In this technology, organic matter 
undergoes a set of decomposition reactions in the presence of water as reaction media under elevated 
temperature and pressure. Two regions could be distinguished, i.e. hydrothermal carbonization (HTC) 
and hydrothermal liquefaction (HTL), conducted at different temperature ranges, i.e. ca. 180-275°C and 
ca. 275-374°C respectively [3–5]. It is important to note that reports on the application of organic solvent 
addition to water can also be found recently [6–8]. The application of the binary solvent system was 
mostly used to increase the yield of a liquid biocrude. However, research on the effect of the addition of 
co-solvent on the properties of the resultant hydrochar and its subsequent upgrading is rather scarce. 
The distribution of product yields strongly varies depending on processing conditions, but a solid 
bioproduct called hydrochar is one of the main bioproducts. The higher the temperature, the more 
decomposition reactions occur, resulting in a lower hydrochar yield and conversion leading to 
maximization of the yield of another group of products (biocrude, non-condensable gases) [9]. However, 
also in the hydrothermal liquefaction region, the hydrochar yield could still be very high, often reaching 
even a few dozen percentages of mass [10]. In the last two decades, numerous researchers have 
intensively investigated hydrothermal processing as a conversion technology for the transformation of 
various raw materials, e.g. sewage sludge and lignocellulosic biomass [11], beet pulp [12,13], straw 
[14], algae [15] or sea lettuce [16]. On one hand, the hydrochars are alternative bioproducts which 
exhibit a high application potential, characterized by a high carbon content and energetic value without 
predrying. On the other hand, it exhibits some drawbacks that reduce its application potential. For 
example, according to [17] possible presence of PAH, phenolic structures or furan compounds affects 
the phytotoxicity of hydrochar, limiting its use. Taking this into account, hydrochars could be considered 
rather as a semi-finished product. Further processing of hydrochar could be a way to open new ways of 
application and produce desired compounds (aliphatic and monoaromatic hydrocarbons, phenol 
derivatives, etc.). According to this, some multistage biomass conversion approaches could be found in 
the literature [18–20]. However, to the best of our knowledge, there is a lack of research on the utilization 
of fruit pomace through hydrothermal processing in a binary solvent system and subsequent hydrochar 
fast pyrolysis.  

Taking into account the considerations mentioned above, we tested the possibility of conversion of 
industrial waste in the form of blackcurrant pomace through a two-stage processing route consisting of 
the initial hydrothermal processing to produce high-quality biochar and subsequent its fast pyrolysis to 
produce value-added compounds. In particular, the determination the effect of the application of a single 
solvent (i.e. water) and a binary solvent system (water mixed with isopropanol) as reaction media during 
hydrothermal processing on the hydrochar yield and further pyrolytic upgrading was the main goal of 
this study. This effect was tested at low and moderate temperatures, namely 225 and 275°C. The 
composition of the obtained hydrochars was investigated by means of ultimate and proximate analysis 
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and mid-infrared spectroscopy. The pyrolytic studies of hydrochars obtained under various conditions 
were done using coupled pyrolysis-gas chromatography-mass spectrometry microscale techniques and 
thermogravimetric analysis. The effect of various processing temperatures on the intensities of releasing 
different groups of compounds was also studied. Research has shown that the change in the processing 
parameters affects the composition and structure of the resultant hydrochars. It was also confirmed that 
the proposed approach allowed to obtain high-energy-density solid fuel, which, through subsequent 
upgrading, could be used to produce value-added chemicals that could serve as advanced biocomponents 
or reagents for chemical processes. 

2 Materials and Methods 

2.1 Raw Material 

The present study was carried out using industrial-derived leftovers in the form of blackcurrant pomace 
(Ribes nigrum) pomace. The raw material was obtained as residual material generated during juice 
production by the Tymbark MWS company (Poland). The samples were taken during summer 2021. 
The obtained raw material was a highly heterogeneous mixture of residual seeds, leaves, stalks, and 
peels. Therefore, before subjecting the material to analysis / characterization, it was homogenized by 
drying and grounding to a fraction below 2 mm. Additionally, ultimate and proximate analyses were 
performed. The results of the composition of the raw material are presented in Table 1. 

Table 1: Raw material characteristics 

Compound Value [wt.%] 
Moisture 68.83 ±1.62 

Ash content 2.46 ±0.31 
C 50.78 ±0.41 
H 6.77 ±0.12 
N 2.29 ±0.24 
O 37.94 ±0.79 

The tested material could be considered as a perspective raw material for hydrothermal processing due 
to the noticeable moisture content (68.8 wt.%), and rather low mineral matter content (2.5 wt.%). This 
will potentially reduce the clogging problems during processing in the subcritical region as a result of 
the reduced mineral matter solubilization and increase the effectiveness of conversion. It is worth noting 
that carbon and hydrogen contents of this raw material are rather higher compared to other types of 
biomass reported in the literature, i.e. wood [21] or microalgae [22].  

2.2 Hydrothermal processing procedure 

Hydrothermal conversion of blackcurrant pomace towards bioproducts was carried out in a batch 
autoclave from Parr Instruments Company (USA) model 4575A with an operational volume 500 cm3. 
The reactor was equipped with dedicated software that allowed the registration of operational parameters 
(temperature, pressure, and stirring speed) during the tests. In each run, an amount of approximately 100 
g of blackcurrant pomace slurry was used, keeping a constant dry biomass to solvent ratio (1:9) in the 
slurry. In this contribution, a comparative investigation of the effect of the application of a purely 
hydrothermal process (i.e. single solvent - water) with the binary solvent system (water mixed with 
isopropyl alcohol in the ratio of 1:1 m/m) was done. For all tests, the original/wet feedstock was 
subjected to tests, so the proper concentration was adjusted by dilution of the as-received slurry with 
distilled water and alcohol (taking into account also the part of the water included in the raw material). 
Furthermore, the effect of processing temperature, i.e. tests were carried out at low (225°C) and 
moderate temperatures (275°C) was also investigated. After placing the slurry in the reactor, it was 
charged with nitrogen to set the initial pressure at around 5 bars. The reaction time defined as the holding 
time between reaching the set temperature and starting to cool, for all tests, was constant and equal to 
30 minutes.  
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Separation and recovery of the obtained groups of products were performed on the basis of solvent 
extraction with dichloromethane, filtration under reduced pressure, and solvent evaporation. The yield 
of gas products was calculated according to the ideal gas law on the basis of the temperature and pressure 
changes measured inside the reactor. The details of the separation procedure were previously reported 
in one of our works [22]. Finally, the isolation of four groups of products was possible: solid hydrochar, 
liquid biocrude, aqueous phase with soluble organics, and non-condensable gas fraction. Each phase 
was recovered quantitatively and analyzed separately to estimate the yield and determine the properties 
and chemical composition of each fraction experimentally. 

2.3 Bioproducts characterization / Analytical instrumentation techniques 

2.3.1 Ultimate and proximate analysis 

Carbon (C), hydrogen (H) and nitrogen (N) content in the raw blackcurrant pomace and hydrochars 
obtained were determined using the EuroVector EA3100 CHNS elemental analyzer. During analysis, 
the sulfur content in the raw material and obtained chars was below the detection level (0.5 wt.%). The 
oxygen (O) content was determined individually using another EuroVector EA3100 analyzer configured 
for O analysis. Moisture (M), ash (A), and volatile matter (VM) were determined according to the 
standard procedure. Fixed carbon (FC) was calculated by the difference as 100%-(%M + %A + %VM). 
The molar ratios (H/C) and (O/C) were also determined and presented on a Van Krevelen diagram. The 
higher heating value (HHV) was estimated according to the Dulong formula.  

2.3.2 Mid-infrared spectroscopy 

The composition of the raw blackcurrant pomace and obtained hydrochars was investigated by means 
of mid-infrared Fourier transform spectroscopy within the wavenumber range 4000-400 cm-1 with a 
resolution of 4 cm-1. Spectra were collected on a Nicolet iS5 spectrometer (Thermo Scientific) equipped 
with a DLaTGS detector. All samples were prepared as 1 wt. % mixture with KBr and analyzed using 
DRIFT EasiDiff™ unit (Pike Technologies). Each of the presented spectra is an average of 32 scans.  

2.3.3 TGA 

The pyrolytic studies of the produced hydrochars were investigated by thermogravimetric analysis using 
a Mettler Toledo TG/SDTA apparatus. For this purpose, the sample (ca. 6 mg) was placed in an alumina 
crucible and heated from ambient temperature up to  800 C at a constant rate of 10 ° C min-1 under 
constant nitrogen flow (50 ml/min). The TG curve represents the change in mass as a function of the 
processing temperature. DTG was the mathematical conversion of TG (the first derivative of TG). 

2.3.4 Py-GC-MS 

The pyrolytic decomposition studies of the obtained hydrochars were performed using a coupled 
microscale technique Py-GC-MS. The outlet of the pyrolyzer unit outlet (CDS Analytical, model 5200) 
was coupled to a GC-MS consisting of a gas chromatograph unit (Agilent Technologies, model 7890B) 
and a mass spectrometer (Agilent Technologies, model 5977A). The tests were carried out stepwise in 
an inert atmosphere (He, grade: 6.0) in direct mode, so the analytes evolved during each decomposition 
step were transferred for analysis to GC-MS via a transfer line. The effect of the processing temperature 
(300, 400, 500, and 600°C) on the composition of the released analytes was also investigated with a 
sequence starting at 300 °C. Sample (ca. 1.00 mg) was heated at the rate 500 °C s-1 to the set temperature 
for 20 s at each stage. The Agilent HP-5MS capillary column with dimensions of 60 m × 0.25 mm × 
0.25 μm was used for separation. The GC oven temperature programme was as follows: (i) 40°C with a 
hold time of 7 min; (ii) heating ramp from 40°C to  300°C at a rate of 4°Cmin-1; (iii) isothermal held at 
300°C for 10 min. The MS spectra were interpreted based on the reference MS library (chemical base 
G1034C). Details of the procedure can be found in previous reports [23]. In this paper, compounds 
identified by GC-MS analysis were grouped into one of the following types of compounds: (i) aliphatic 
hydrocarbons, (ii) cyclic hydrocarbons, (iii) aromatic hydrocarbons, and (iv) compounds containing 
oxygen or/and nitrogen in the structure. The yield of each group at the tested temperature was calculated 
as a ratio of the peak area of all compounds within the group at the specific temperature to the total peak 
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area of all compounds in all groups at four studied temperatures. In total, the sum of the share of all 
groups of compounds at the temperatures studied (300, 400, 500, and 600°C) is equal 100% for each 
sample.    

3 Results & Discussion 

3.1 Hydrothermal processing of blackcurrant pomace under various conditions 

The effect of the hydrothermal processing temperature and the application of single and binary solvent 
systems on the distribution of the yield of the resulting bioproducts is shown in Figure 1. It can be seen 
that the distribution of the yield of the obtained bioproducts is strongly dependent on both parameters. 
The highest hydrochar yield (60 wt%) was observed for  the processing at lower temperature only in 
water medium. On the other hand, the lowest yield (19.5 wt%) was observed at a higher temperature, 
and for the addition of isopropanol to water as reaction medium. The high yield of solid product obtained 
at lower temperature (for the single- and binary-solvent systems) can be caused by only partial 
decomposition of the original macromolecules contained in the blackcurrant pomace. The more stable 
components, such as lignin or cellulose, begin to convert at a higher processing range. It is also important 
to note the significant reduction in solid hydrochar production after the addition of monohydroxy alcohol 
to the medium. The presence of isopropanol might enhance the solvolysis of some stable compounds 
and fasten their hydrolysis. Consequently, solvents of water and isopropanol can penetrate/diffuse more 
easily into the core of processed biomass particles. Furthermore, those compounds can form other groups 
of products. More specifically, the biocrude yield was even 2-3 times compared to the purely 
hydrothermal process.  

 

Figure 1: Distribution of bioproduct yields obtained by hydrothermal processing of blackcurrant 
pomace 

3.2 Biochar composition 

3.2.1 Ultimate and proximate analysis 

The resulting hydrochars were dark-brown solid products. However, it is worth pointing out that the 
product obtained after processing at 225°C in water differed from other solid products analyzed and 
exhibited a more fibrous character and, consequently, its homogenization was more difficult. The other 
hydrochars were rather similar in appearance. In Table 1, the comparison of the results of the final and 
proximate analysis of hydrochars obtained under various conditions is presented. The carbon content in 
the solid products analyzed varied in the range between 58 wt.% and 68 wt.%, and for all cases it was 
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higher than in the feedstock. A higher carbon content was obtained in the products after processing only 
in water than in the binary solvent system. To be more precise, it was changing in the range of 65.6-68.3 
wt.% and 58.0-59.2wt.%, respectively. It can be the result of a more pronounced level of decomposition 
of raw material in the mixture of water and isopropanol. For example, the extraction of some high-
carbon-content molecules, such as lipids located in seeds, could affect this observation. The more 
noticeable level of decomposition of the raw material in the binary solvent system can be confirmed also 
by the higher ash content (approximately 2-times). It is worth noting that products collected after 
conversion at higher temperatures were characterized by a higher fixed carbon content. Furthermore, 
the hydrogen content gradually decreased with an increase in temperature and the presence of 
monohydroxy alcohol. It could be the result of intensive dehydration reactions. The oxygen content was 
higher for the products of conversion in a binary solvent system. In summary, it is not surprising that 
the heating values were higher for products obtained after conversion only in water medium, i.e. 28.2-
29.3 versus 21.9-24.8 MJ/kg. This fact could be due to the significant increase in ash content, higher 
oxygen content, and lower hydrogen and carbon content after isopropanol addition. 

 Table 2: Composition of hydrochars obtained via hydrothermal processing under various conditions 

Parameter Unit 
225°C 275°C 

Water 
Water-

Isopropanol 
Water 

Water-
Isopropanol 

Cd wt.% 65.59 59.18 68.29 57.96 
Hd wt.% 7.74 6.87 5.70 4.23 
Nd wt.% 2.19 2.11 3.50 3.11 
Od wt.% 22.25 28.27 17.03 21.07 

Moisture wt.% 1.55 2.95 1.25 2.77 
Volatile matter wt.% 67.27 66.14 51.67 41.76 
Fixed carbon wt.% 28.06 25.63 40.92 42.63 

Ash wt.% 3.11 5.29 6.16 12.84 
HHV MJ/kg 29.34 24.83 28.24 21.90 

Van Krevelen diagram (Figure 1) shows the effect of the change in the analyzed hydrothermal 
processing parameters (temperature, type of reaction medium) on O/C and H/C ratios of the resultant 
hydrochars. Compared to raw blackcurrant pomace, significantly lower molar ratios of O/C and H/C of 
all solid products can be seen. The lower O/C ratio proves the occurrence of intensive deoxygenation 
reactions during processing in the subcritical water region. As can be seen, the O/C ratio decreased to a 
higher extent in a pure water medium than in a binary solvent system. The increase in processing 
temperature leads to further diminishment of the mentioned ratio. It is also worth noting that the H/C 
molar ratio also decreased with the change of both the parameters mentioned above. However, a more 
pronounced decrease was observed for the binary solvent system. It proves that the addition of isopropyl 
alcohol to water affects the higher level of dehydration (more probably) and the dehydrogenation 
reaction of the resultant hydrochar. In summary, it seems that the deoxygenation reaction of primal 
biomass occurs more via the dehydration reaction than via decarboxylation/decarbonylation. 
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Figure 2: Van Krevelen diagram  

3.2.2 FTIR 

The DRIFT spectra collected for the studied hydrochars and the raw blackcurrant pomace are presented 
in Figure 3. Generally, chemical similarity can be observed for all samples. However, the differences in 
the intensity of some bands display some quantitative discrepancy occurring in the products obtained 
under various conditions. The key wavenumbers in which the differences were observed were marked 
with lines in Figure 3. First, for all the samples studied, the characteristic broad band at 3500–3000 cm-

1 assigned to OH vibrations could be observed. This could be the result of various molecules with 
hydroxyl groups in the structure of biomass, e.g. carbohydrates, fatty acids, and lignin. However, it can 
be seen that for hydrochars obtained at 275°C this band is wider and relatively more intensive compared 
to raw material and products obtained at 225°C. It could be linked to a deeper decomposition of 
feedstock molecules and a higher relative content of resistant phenolic structures. Furthermore, it could 
partially overlap with the amine / amide structures (medium stretching vibrations NH around 3300-3100 
cm-1). This is consistent with the higher N content in hydrochars produced at higher temperatures. 
Another difference worth pointing out is the disappearance of bands around 3010 cm-1 and 1745 cm-1 
for solid products produced at 275°C. It corresponds to the C = CH- vibration and C = O strong 
stretching modes, respectively. Together, it could suggest that unsaturated triglycerides and fatty acids 
are extracted and transferred to another group of products at higher processing temperatures. The effect 
is stronger for binary solvent systems in which lipids located in the seeds are easier to extract from the 
raw material. On the other hand, still intensive was the second carbonyl band at 1700 cm-1 attributed to 
C=O stretching vibrations in aryl aldehydes or amides. Moreover, for all studied samples, the complex 
of four overlapping bands at 3000-2800 cm-1 could also be noticed demonstrating the presence of 
aliphatic structures. To be more specific, CH3 asymmetric stretching vibrations occur at 2975-2950 cm-

1, while CH2 absorption occurs at 2930 cm-1. The symmetric CH3 vibration occurs at 2885-2865 cm-1, 
whereas the CH2 absorption occurs at about 2870-2840 cm-1. It is worth pointing out that for binary 
solvent systems the intensity of aliphatic bands in the mentioned region was weaker, which could 
suggest extraction or decomposition of such structures when isopropanol was added as a co-solvent. It 
was particularly pronounced at higher processing temperatures. Also,  high absorbance can be seen for 
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all samples within 1600–1450 cm-1 (bands at 1600 cm-1 and 1440 cm-1) and corresponds to the vibrations 
of the aromatic ring in the char structures. The intensity of those bands is more intense for hydrochars 
obtained at higher processing temperatures, which is understandable. For hydrochar obtained at 275°C 
in a binary solvent system, also strong stretching vibration around 561cm-1 can be seen suggesting 
carbon-halogen bonding. This is in line with the much higher mineral matter content. The band around 
600 cm-1 can be linked with weak deformation modes of NH2.  

 

Figure 3: DRIFT spectra of obtained hydrochars 

3.3 Hydrochars pyrolytic studies  

3.3.1 Thermogravimetric analysis 

In Figure 4 the pyrolytic decomposition of the obtained hydrochars is presented. The shape of 
thermogravimetric curves for studied products differs proving again the change of composition of 
resultant solid products with the change of studied hydrothermal processing parameters (temperature, 
composition of reaction media). Generally, four essential stages can be distinguished: i) the initial stage 
below 150°C, ii) the minor decomposition stage between 150 and 300°C, iii) the major decomposition 
stage between 300 and 500°C, and iv) the final stage above 500°C. The initial stage is related to the 
drying of the hydrochars. The mass loss during this stage (ca. 3%) is negligible due to the known 
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hydrophobic properties of hydrochars. During the second stage, conversion between 6% and 10% by 
mass was observed. It is worth pointing out that only for hydrochar obtained at 275°C in pure water the 
evident peak centred at 220°C can be seen. The mass loss in this stage can be ascribed to extractables 
removal during heating and/or decomposition of the side functional groups. The addition of isopropanol 
to the system affects the transfer of these constituents to other groups of products (biocrude, gas phase, 
and water-soluble organics). The most intensive devolatilization occurs in the third stage between 300 
and 500°C during which the major decomposition reactions occur. The mass loss accounted for ca. 50 
wt% and 27-31 wt% for hydrochars obtained at 225°C and 275°C, respectively. It is worth highlighting 
that in this stage two more pronounced peaks can be distinguished centred at 350 and 430°C for solid 
products obtained in binary solvent systems. The mentioned peaks can be attributed to the 
decomposition of cellulose and lignin (350°C) and highly condensed resistant fibres (450°C), 
respectively. It confirms the influence of the monohydroxy alcohol presence as a co-solvent on the 
change of the structure of the initial raw material decomposition in subcritical water. In the final stage 
(fourth stage), the slow decomposition of the most thermally stable structures occurs with total mass 
loss in the range 5-10 wt.%. Finally, a residual char level composed of fixed carbon and mineral matter 
of 31wt.% and 48-55 wt.% was obtained for hydrochars produced at 225°C and 275°C, respectively. On 
the basis of the TGA results, one can sum up that the initial temperature for studies of the pyrolysis 
process through the Py-GC-MS technique should not be lower than 300°C.  

 

Figure 4: Thermogravimetric analyses of hydrochars from blackcurrant pomace obtained under 
various conditions: A) water at 225°C, B) water-isopropanol at 225°C, C) water at 275°C, D) water-

isopropanol at 275°C.  

3.3.2 Py-GC-MS 

The qualitative analysis of products released during the pyrolytic decomposition of the produced 
hydrochars was conducted by means of the coupled technique Py-GC-MS. As mentioned in Section 2 
the investigation was carried out stepwise at four temperatures (300, 400, 500, and 600°C), and the 
resulting data were processed to present the release rate of a distinguished group of products from 
subjected materials. For this purpose, the identified compounds (>120) were grouped into (i) aliphatic 
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HC, (ii) cyclic HC, (iii) aromatic HC, and (iv) compounds containing heteroatoms. The share of the 
mentioned groups of compounds as a function of the pyrolysis temperature for hydrochars obtained 
under various processing conditions is presented in Figure 5. As can be seen, the pyrolytic 
decomposition of hydrochars obtained from blackcurrant pomace resulted in a noticeable share of value-
added hydrocarbons. Among them, particularly aliphatic and aromatic compounds can be obtained with 
a relatively high share. The total share of aliphatic hydrocarbons in the identified compounds ranged 
from 20.4% to 33.4%. The most intensive formation of aliphatic HC occurred at 500°C. The increase in 
pyrolysis temperature leads to an increase in the total share of aliphatic hydrocarbons as a result of the 
decomposition/deoxygenation of some aliphatic oxygen compounds to more stable forms. The share of 
aliphatic HC in the case of the decomposition of hydrochars obtained in binary solvent systems was 
slightly lower. It may be due to better extraction of lipids derivatives to biocrude. Aromatics accounted 
for approximately 14.7% to 30.2% of all identified compounds. It is worth pointing out that even twice 
the share of aromatics was noted for hydrochars produced in binary solvent systems than in pure water. 
It can be linked to a deeper decomposition of the raw blackcurrant pomace material compared to 
processing only in water. Generally, it is known that higher pyrolysis temperatures led to the gradual 
decomposition of complex molecules, mainly to stable aromatics. The share of cyclic hydrocarbons was 
lower for the decomposition of hydrochars obtained with the addition of isopropanol. Cyclic 
hydrocarbons can be formed from carbohydrates through a series of secondary reactions. The addition 
of monohydroxy alcohol to water as a reaction medium could increase the hydrolysis of carbohydrates 
to other groups of products. The most intensive release of cyclic hydrocarbons was observed mainly at 
400°C. The oxygen- and/or nitrogen-containing group included a very complex matrix of different 
groupings of compounds, including furan derivatives, phenol derivatives, aldehydes, cyclic ketones, and 
heterocyclic nitrogen compounds. This group constituted totally 41%-46.3%. The share was slightly 
lower for hydrochars obtained in binary solvent systems. The increase in the temperature at which 
hydrochars were produced affected the decrease in their share. The maximum rate of release of 
compounds containing heteroatoms in the structure was observed primarily at 400°C. Only for 
hydrochar W-IP275, the maximum was observed at 500°C, probably due to the more condensed 
structure. As can be seen, at 300°C only a small part of the samples undergo decomposition reactions, 
and as a consequence decomposition of hydrochars should occur under more elevated conditions. It is 
worth highlighting that, taking into account the production of low-molecular value-added hydrocarbons, 
the pyrolysis reaction should be performed at temperatures around 500°C. 
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Figure 5: Effect of the pyrolysis temperature on the formation of chosen groups of compounds during 
stepwise Py-GC-MS studies of hydrochars from blackcurrant pomace: (A) aliphatic hydrocarbons, (B) 

cyclic hydrocarbons, (C) aromatic hydrocarbons, and (D) oxygen and nitrogen compounds. 

4 Conclusions 

The agricultural and food production sectors generate abundant amounts of different types of waste that 
could be used to produce value-added biofuels and bioproducts. The development of new and 
sustainable technologies for their use and transformation could affect the enhancement of the 
diversification of energy sources, as well as energy security. In this contribution, a two-stage processing 
route consisting of hydrothermal processing in a binary solvent system and subsequent hydrochar 
pyrolysis was proposed. Blackcurrant pomace was subjected to tests as an exemplary waste generated 
by the food industry sector and was found to be a very perspective raw material. First, it was found that 
the addition of a co-solvent in the form of monohydroxy alcohol to the water could noticeably affect the 
hydrothermal conversion and as a consequence the yield and quality of obtained hydrochar. The 
presence of isopropanol enhanced the solvolysis of some stable compounds, accelerated its hydrolysis, 
and transfer to other groups of bioproducts (biocrude, gas phase). For example, it was found that the 
extraction of unsaturated triglycerides and fatty acids located inside the seeds occurred much faster. 
Furthermore, the elemental composition of hydrochars produced in a binary solvent system differed 
from the conventional HTC exhibiting lower carbon and hydrogen contents, higher oxygen and ash 
contents, and as a result lower heating value (i.e., 21.9-24.8 MJ/kg vs 28.2-29.3 MJ/kg for pure water). 
In the second stage, the possibility of upgrading the obtained hydrochars through fast pyrolysis to obtain 
some value-added components was investigated. It was found that the pyrolytic decomposition of 
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hydrochars obtained from blackcurrant pomace resulted in a noticeable share of value-added 
hydrocarbons. Among them, particularly aliphatic and aromatic compounds can be obtained with a 
relatively high share. The pyrolysis of hydrochars produced in binary solvent systems resulted in a 
noticeably higher share of aromatics. The most intensive formation of the desired hydrocarbons occurred 
at 500°C. In conclusion, it is important to note that the proposed approach allowed the production of a 
high-energy-density solid fuel, which, through the following upgrading, can be used to obtain value-
added chemicals with application potential as advanced biocomponents or reagents for chemical 
processes.  
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Abstract  

In many engineering applications one can find periodically variable gas temperatures. Possible 
examples include the temperature inside the cylinders of Stirling Engines and other reciprocating 
machines. New methods are proposed and evaluated for the measurement of periodically varying 
temperature by thermocouples. A Computational Fluid Dynamics model is created to assess the 
method viability and efficacy in a realistic setting while avoiding measurement errors. The first method 
is based on matrix analysis, the two others on the particle filter algorithm used to estimate either the 
heat transfer coefficients with the additional use of other flow information, or to estimate the 
thermocouple constants without said information. It is shown that the matrix method is sufficient for 
cases with constant velocities. For variable velocities, the PF algorithm shows promising results as 
based on measurements generated from the numerical simulation. 

1    Introduction 

1.1    The background of the problem 

An ideal Stirling cycle assumes constant temperatures across the heater and cooler, however in reality 
this is not the case, as an isothermal process is very difficult to realize [1]. Information of how close is 
the real process in the Stirling engine to the isothermal one could be a good measure of thermodynamic 
quality of the real process in the engine. Therefore, reliable measurement of temeprature inside the 
Stirling engine would be of great importance for assessment of internal irreversiblities and its influence 
on the coefficient of performance of the engine. 

In reality, the temperatures will be fluctuating across the cycle, when a quasi steady state is reached. It 
can be assumed that these fluctuations will have the same frequency as the engine frequency, or at least 
the main harmonic component will. Therefore, the measurement of these fluctuations in a working 
engine can present a considerable problem as Stirling engine frequencies can reach values from a few 
hundred to a few thousand RPM, and conversely this means the cycle period is a small fraction of a 
second. Despite the high frequencies, the gas velocities inside a Stirling engine are low, as they are a 
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function of the piston stroke, the values being of a few meters per second or less [2]. This means that 
ordinary thermocouples, even for small diameters are unable to measure the temperature directly, as 
the time constant can exceed the fluctuation period or be a significant fraction of thereof [3]. However, 
the thermocouple will still measure the temperature of itself, and the fluctuations of the thermocouple 
temperature will be dependent on the actual gas temperature. In this paper authors have examined 
couple of methods of estimation of the gas temperature inside the fluctuating flow field, starting from 
the method which computes average thermoelement constant based on the recording of temporal 
variation of temperature, up to in-fly estimation of gas temperature using Bayesian filters. 

1.2    Available methods 

Over the years, several methods for measuring fluctuating gas temperatures have been proposed, the 
earliest being likely the work of Pfriem from 1936 [4] [5]. This is method is often described in terms of 
a differential equation system for two distinct thermocouples. 

                                                   (1) 

                                                   (2) 

As the termocouples measure the same gas temperature , this value can be eliminated, thus, if we 
define the ratio of thermocouple constants:  

                                          (3) 

Then:  

                                                       (4) 

The ratio  can be dependent on the ratio of material properties if the sensors are the same size or of 
the heat transfer coefficients and the sensors heat capacity if the materials are the same but the 
diameters are different. The derived time constants are then used in equation 1 or 2 to estimate the gas 
temperature. The method is considered to be highly sensitive to noise. However, it establishes the 
principle of extracting temperature information from two separate sensors. 

Tagawa and Ohta [6, 7] proposed to dispense with the time constant ratio and instead proposed to 
minimize the error between  across a time window. 

                                                         (5) 

This is done using a least-squares approach. They define values of  and 

two of the derivatives  and  (for each sample of the signal), and they 
give the solutions to average time constant values as:  

                                         (6) 

                                              (7) 

The same authors in their later work proposed a method based on calculations in the frequency domain, 
that is performing a Fourier transform on the signals [8]. If a Fourier transform is performed on 
equations 1 and 2, they can be rewritten as:  
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                                                  (8) 

                                                  (9) 

And the time constants can be obtained by minimizing the error in the frequency domain.  

Kar et al, has proposed the use of a Kalman filter in solving the problem. This approach has the 
advantage of being able to detect and calculate the instantaneous values of the time constant [9]. This 
method has been successfully utilized in Stirling engine temperature measurements [3]. Importantly in 
Kar’s work, it is the difference between the thermocouple measurements that is treated as a univariate 
observation.   

                                         (10) 

The thermocouple constants are treated as the state parameters to be estimated, and the time derivatives 
of thermocouple measurements at the given observation point as the transformation matrix utilized in 
the recursive Kalman filter estimation process. The time derivative values have to therefore be filtered.  

Other approaches to the two-thermocouple measurment have also been proposed, such as the use of 
machine learning as outlined by Li et al [10], which utilized a feed-forward neural network with 
outstanding results.  

2    The problem as an overdetermined system of equations 

The considered problem can be said to be a boundary heat conduction problem [11], though it can be 
greatly simplified by the assumption of treating the thermocouple as a lumped system [6]. If the value 
of the thermocouple constant can be assumed constant at least within considered time window, a 
method is proposed based on solving an overdetermined system of equations. This is in principle 
similar to the time domain estimation method [6]. In fact, it could be considered a generalisation of 
thereof avoiding the introduction of an additional quantity of error as in equation 5.  

Consider the difference between the two measurements as the observation similar to the Kar’s 
approach (eq 10). For a number of observations 

                         (11) 

It can be defined that: 

                                                    (12) 

                            (13) 

                                                    (14) 

The problem can therefore be rewritten as: 

                              (15) 
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Which can be solved for  by the least squares method, as an overdetermined linear system. As with 
the method outlined in [6], and other mechanistic methods [10] this method can give non-physical 
results if errors are present in the values of temperature, as even very small errors can cause significant 
errors in the derivative matrix . In the specific case of Stirling engines (and similar cyclically 
operating devices), this can be mitigated by smoothing the measured temperature ( , ) values by 
fitting a Fourier series to the data using a least squares method. As the frequency of the engine is 
generally known and easily measurable, use of it should be made to obtain a better fit quality, by using 
it as the Fourier series base frequency. The derivatives of the obtained series is then to be obtained 
analytically. Frequency information can also be used by averaging the measured values over a large 
number of cycles. 

3    The particle filter method 

For this method the problem will be treated within the framework of inverse problems [12, 11, 13, 14, 
15]. The sequential particle filter method has been a subject of some interest in solving inverse heat 
transfer problems in recent years [16, 17, 14, 18, 19, 20], and has been successfully applied for 
convection, radiation and conduction. Particle filter methods are subset of Monte Carlo techniques. 
They are widely used for state estimation, particularly in robotics. Fundamentally, the technique is 
based on providing a number of samples for which weights are calculated based on a probability 
distribution function. Based on the weights, the algorithm assigns new samples and calculates the 
optimal Bayesian estimate of the value [21]. To draw the samples we assume that the current state is 
affected by the previous state, that is we assume a hidden Markov chain.  

Let’s consider the state variable as , measurements as  and weights as , the index k denoting a 
discrete point in time. Also, lets denote  as the set of all  particles for all  points in time, and 

 as the set of all states. The particles will have associated weights, , normalized so that their 
sum is equal to unity.After [18, 15], the posterior density at time  can be approximated as:  

  (16) 

where  is the Dirac delta function. Following [18, 14], if the sequence  is a Markovian process, the 
sequence  is a Markovian process with respect to the history of  and also  depends on the past 
observations only through its own history, we can write the previous equation as: 

                                                     (17) 

The practical algorithm itself can be described as a series of three steps. Firstly,   particles are 

drawn from the prior probability density . These particles represent our "guesses" for the 
state. Weights are assigned to each particle as:   

                                                          (18) 

Second, the weights are normalized so that their sum equals unity.  

Third, to avoid the common problem of particle degeneration (when all but a few particles have a 
negligible weight after a few states [22, 16, 14, 18, 23], a resampling scheme has to be employed. The 
method chosen after [14] is to construct a cumulative sum of weights:  

                                         (19) 

then drawing a starting point  from the uniform distribution , and further calculating for 
:  

                                                                 (20) 
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while:  

                                                              (21) 

assign:  

                                                                              (22) 

                                                                           (23) 

This is known as the "Sampling Importance Resampling" method [22, 24]. 

3.1    Technique based on heat transfer coefficient estimation 

This method is based in its principle on the assumptions of the method of Pfreim [4] as outlined by 
Wiśniewski et al [25]. We assume that the thermocouple constant can be expressed as a function of 
known parameters and the unknown heat transfer coefficient, and that the thermocouple is a lumped 
system, thus:  

                                                     (24) 

For instruments of the same size, it is assumed that their value of  is the same. If they are spherical 
beads of different diameters however, a ratio can be provided based on correlations, such as:  

                                                               (25) 

Where  is the Reynolds number exponent for the used correlation. Knowledge of the material 
properties and dimensions of the instruments is therefore imperative. 

The implementation of a particle filter in this method is straightforward. Two state parameters are 
sought, the instantaneous fluid temperature and the instantaneous value of . Measurements of the 
thermocouples  (two at minimum) are available but assumed to have an error. Thus:  

                                              (26) 

And the probability is based on similarity to the measured value  after solving using a 4th order 
Runge-Kutta routine The likelihood function is based on the framework proposed by Orlande et al 
[15]. 

                                            (27) 

For added smoothing, the time derivative of the measured temperature can be calculated based on the 
average (most probable) value from the previous step. 

Other information about the heat transfer coefficient can be utilized if available to obtain a better 
quality of the estimation. If information about the flow regime is available, a correlation can be utilized 
as a probability condition. For spherical thermocouple junctions, the Whitaker correlation could be 
used  

                                  (28) 

This correlation has been used by Mohajer et al in comparison to their CFD model of flow around a 
microsphere [26], with relative errors reaching the values up to . Uncertainty can be ascribed to the 
heat transfer correlation by uncertainty propagation based on the values for its independent variables. 
The Reynolds and Prandtl numbers and the dynamic viscosity  are to be evaluated at fluid 
temperature and pressure, while the dynamic viscosity  is to be evaluated at surface temperature. 
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Furthermore, fluid velocity is needed, and the characteristic diameter of the thermocouple. Therefore, 
for the heat transfer coefficient : 

 (29) 

A second probability distribution function can then be derived:  

                                                 (30) 

And the weights can be calculated as (in the case of three sensors):  

                                                    (31) 

 The advantage over the technique described in the chapter below is the lack of tendency to predict that 
, and the fact that it is not as prone to additional errors stemming from the the temperature 

time derivative - rather, it has a self smoothing property. There is however one significant disadvantage 
- the dimensions and properties of the materials the instrument is made out of have to be known apriori. 
This data is not always available, and prone to error if so.   

3.2    Technique based on thermocouple constant estimation 

For this technique, assumptions are based on those made by Kar [9]. That is, we assume that the 
measurement  is the difference between the readouts of two instruments, and the parameters of 
state being estimated are the thermocouple constants , which are subject to a random walk and 
resampling. The estimate of  for each particle is calculated from equation 10.   

                              (32) 

Probabilities are calculated from the difference of  and . 

                            (33) 

However, as the problem is linear, a tendency for one of the thermocouple constant values to reach  
was noticed. In this case, the algorithm "predicts", that the gas temperature is equal to one of the 
measurements. To avoid this, a second arbitrary probability function has been introduced, which 
approaches  when  approaches , the gas temperature being reconstructed by equation 1 and 2. 

                                        (34) 

Weights are then calculated based on all the probabilities. If three sensors were used, the index "j" 
denotes the differences between sensors 1 and 2, 2 and 3, 3 and 1. Thus: 

                                                      (35) 

The technique has an advantage in that no data on the sensors needs to be given, however its efficacy 
rises with the quality of the initial guess for the thermocouple constants, especially if a ratio of the 
constants is added to the random walk. A good guess can be provided by the time domain method, but 
this is not possible with noisy measurements. Thus, a large number of particles can be necessary. 
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4    Method results 

To test the methods a series of simulations have been carried out using ANSYS Fluent. The first 
simulation consisted of a simple square channel, within which 4 spherical beads were placed in the 
middle, each made of a different material, with properties equivalent to the averages of the component 
metals of K, T, R and E thermocouples. The channel is 20 x 20 mm with rounded edges, while the 
"thermocouple beads" were 0.1 mm diameter. The channel was subject to "velocity inlet" and "pressure 
outlet" boundary conditions. Readings were taken from the model in the form of monitors, with the gas 
temperature in the plane on which the beads were located taken as the real gas temperature, and the 
mass averaged temperatures of the beads as the thermocouple readings.  

In order to correctly ascertain the behavior of flow around small objects, care was taken to achieve 
values of y+ below one and for the mesh to be sufficiently dense in the proximity of the spheres. The 
achieved average value across the bead faces was  in the variable velocity case. For 
turbulence, the k-omega SST model was utilized. The mesh was kept dense close to the simulated 
probes, and became less refined in proximity to the inlet and outlet. This was to provide sufficient 
length for the flow to develop itself while keeping the number of mesh elements low. The mesh is 
shown in figures 1 and 2.  

 

Figure 1: Simulated channel with visible mesh in the plane intersecting the probes 

 

Figure 2: Simulated channel with visible mesh in the plane intersecting the probes, probe closeup 
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The thermocouple readings were further perturbed by Gaussian noise of a set standard deviation. Two 
cases were tested - with varying temperature and constant velocity and varying temperature with a 
varying velocity of the gas. The gas used in the simulation was air. Inlet temperature was varied 
according to the equation:  

                                           (36) 

And the velocity:  

                                                      (37) 

In the case of constant velocity it was set as 10 m/s.  

4.1    Reconstruction by the overdetermined system of equations method 

Reconstruction with the method described in chapter two was tested first, with all the measurements 
forming the system from equation 11 and only two of the thermocouples (K and T) being considered. 
For the case with a constant gas velocity the calculated time constants had the values of 0.0399 and 
0.0447 s respectively. For the case with variable velocity with  being  K, the values predicted were 
0.094 and 0.043 s. As this was suspected to be non-physical a calculation was carried out with  K 
for comparison which gave values of 0.0785 and 0.0713 s. Reconstruction of the gas temperature was 
carried out by solving equations 1 and 2 and averaging the values. Derivatives were calculated 
analytically from fitted Fourier functions.  

 

Figure 3: Simulated measurements and reconstruction by the overdetermined system of equations with 
 K, constant gas velocity case  
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Figure 4: Simulated measurements and reconstruction by the overdetermined system of equations with 
 K, varying gas velocity case  

 

Figure 5: Simulated measurements and reconstruction by the overdetermined system of equations with 
 K, varying gas velocity case  

The quality of reconstruction can be judged visually, however Root Mean Square Error values were 
calculated also. These were  K for the constant velocity case, for variable velocity 
and the set standard deviation  K, and for a zero standard deviation 

 K.  

4.2    Particle filter reconstruction 

The Particle System methods, both the thermocouple constant ( ) and heat transfer coefficient ( ) 
versions were also tested on the same generated data. Again fitted Fourier functions were used for the 
measurements and the derivatives were calculated analytically. A large number of calculations was 
carried out, with varying number of particles. A variant of the  method was tested with the  ratios 
fixed and calculated from the Cambray method [27]. However at a sufficiently large number of 
particles this has proved unnecessary. As a representative case, for both methods, calculations with 

 particles were selected. Data from the three K, T and R thermocouples was selected. 
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Figure 6: Simulated measurements and reconstruction by the particle filter " " method with  K, 
constant gas velocity case  

 

Figure 7: Simulated measurements and reconstruction by the particle filter " " method with  K, 
constant gas velocity case  

 

Figure 8: Simulated measurements and reconstruction by the particle filter " " method with  
K, constant gas velocity case  
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Figure 9: Simulated measurements and reconstruction by the particle filter " " method with  
K, constant gas velocity case  

For the case with constant velocity the reconstructed temperature is shown in figures 6 and 8. The 
RMSE values were  K for  K,  K for  K for the " " 
method and  K for  K,  K for  K for the " " method. 

 

Figure 10: Simulated measurements and reconstruction by the particle filter " " method with  
K, varying gas velocity case  

 

Figure 11: Simulated measurements and reconstruction by the particle filter " " method with  
K, varying gas velocity case  
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Figure 12: Simulated measurements and reconstruction by the particle filter " " method with  
K, varying gas velocity case  

 

Figure 13: Simulated measurements and reconstruction by the particle filter " " method with  
K, varying gas velocity case  

Reconstructed temperature for the varying velocity case is shown in 10 and 12 for the  and  
methods. The RMSE values were  K for  K,  K for  K 
for the " " method and  K for  K,  K for  K for the "

" method. 

4.3    Further refinement 

It can be seen from figures 11 and 13 and from the root mean square error values that the particle filter 
methods for the case with varying velocity are particularly sensitive to noise and the reconstructed 
temperatures for the cases of  K can be visually judged as inadequate in quality. However, it can 
be shown that this problem can be mitigated. As the thermocouple measurment is a carrier of 
information about the state of the system, it can be reasoned, that a better reconstruction quality will be 
reached the more the thermocouples differ from one another. As the specific heat and density of "K" 
and "T" type probes are very close to each other a simulation was carried out with those values for the 
"T" probe to be an average of the density and specific heat of the "K" and "R" thermocouple materials. 
In a real setup, selecting a different probe diameter could have a similar effect. Furthermore, the 
simulation time was extended by a factor of two. Reconstruction carried out in this manner for a case 
with variable velocity and  K, shows a much higher reconstruction quality for both the " " and "

" methods, the values of the root mean square error being respectively  K and 
 K. The reconstruction results are also shown in figures 14 and 15. 
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]  

Figure 14: Simulated measurements and reconstruction by the particle filter " " method with  K, 
varying gas velocity case, with extended simulation period and different "T" probe parameters  

 

Figure 15: Simulated measurements and reconstruction by the particle filter " " method with  
K, varying gas velocity case, with extended simulation period and different "T" probe parameters 

5    Conclusions, result discussion 

Calculation results for the discussed cases have been summarized in tables 1 and 2. Additional 
comparison metrics have been added such as signal to noise ratio ("s/n") and a normalized value of the 
root mean square error discussed previously.  

Table 1: Result summary for the case with constant gas velocity 
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Table 2: Result summary for the case with variable gas velocity 

 
Both the over determined system and particle filter methods were applied to a simulated set of 
measurements with added errors. Determining the reconstruction quality both by assessment of the 
figures and from the calculated errors, it can be seen that both methods are able to provide acceptable 
results when the heat transfer coefficient stays relatively constant (constant gas velocity). As the 
overdetermined system method is considerably faster and simpler and the RMSE values are 
comparable between it and the particle filter method, the overdetermined system method is to be 
recommended in such cases.   

From the point of view of Stirling engine measurements or exhaust gas temperature measurements 
however where the velocity of the gas varies, the use of a particle filter method is justifiable, as the 
other method produces false results in the presence of measurement errors. As expected, the "htc" 
variant of the Particle Filter produces a far better quality of reconstruction as effectively more 
information is utilized in the "filtering" process itself even if the information itself is a subject to 
considerable uncertainty. In cases where such data is not available however, its effective replacement 
by theoretically unjustified assumptions such as equation 21 leads to a worse, but still acceptable 
reconstruction quality. Furthermore, it can be noted that as shown in figure 15, the methods can give 
realistic results if the difference between the thermocouple parameters is considerable and the recorded 
data contains a larger number of periods. Thus, care should be taken when selecting probes for an 
experiment.  

Nomenclature 

Roman letters 
ℎ heat transfer coefficient, W/(m2·K), 
𝑇 temperature, K, 
𝑝 pressure, Pa, 
𝐷 diameter, m, 
𝑣 velocity, m/s, 
𝑡 time, s, 
𝑢 uncertainty, 
𝑤 particle weight, 
𝑥 state variable, 
𝑧 measurement, 
𝐺 temperature time derivative, K/s, 
𝑃 probability function 

Non-dimensional numbers 
Nu Nusselt number, 
Pr Prandtl number, 
Re Reynolds number 

Greek letters 
𝜇 dynamic viscosity, Pa·s, 
𝜀 thermocouple constant ratio, 
𝜎 standard deviation, 
𝜔 angular velocity, rad/s, 
𝜋 probability, 
𝛿 Dirac’s delta function, 
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𝜏 time constant, s 

Matrices 
𝛕 time constant matrix, s 
𝐃 temperature derivative matrix, K/s, 
∆𝐓𝐦 readout difference matrix, K 

Acronyms 
ODSE Overdetermined system of equations, 
PF Particle filter, 
RMSE Root mean square error, 
NRMSE Normalized root mean square error 

Subscripts 
𝑔 gas, 
𝑚 thermocouple readout, 
𝑝 estimated by Particle Filter, 
𝑖 particle, 
𝑗 sensor number, 
𝑘 measurement, 
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Abstract 

The paper presents the results of thermodynamic analysis of the process of carbon dioxide absorption 
from flue gases with the use of the results of research carried out on an experimental pilot plant. 
According to the state of the art, among many process modifications, a promising solution is Heat 
Integrated Stripper (HIS) using built-in heat exchangers in the stripper. However, there are no 
experimental results available to confirm the effectiveness of this solution. The objective of the research 
was to compare the effectiveness of the process using a modified stripper to the standard process. 
Experimental research was carried out on the mobile pilot plant for amine-based CO2 capture from flue 
gases with a nominal flow of 200 m3/h using aqueous solutions of MEA 30%. Due to the occurring 
measurement redundancy, advanced data validation and reconciliation of measurements method in the 
mass balancing of the carbon dioxide absorption process under the methodology included in VDI 2048 
guidelines was used. Discussion of the results of the calculations obtained in different variants of the 
operating condition of the pilot plant was carried out. Obtained results clearly showed the necessity of 
using the advanced data validation and reconciliation method in the case of measurement redundancy. 
The research carried out showed a positive effect of the application of HIS, although the range of 
reduction of the energy consumption depended on the type of solution and the process configuration. 
The impact of heat integration was mainly seen in the favourable effect on the temperature profile of the 
stripper, resulting in an increase in carbon dioxide capture without additional heat consumption. As a 
result, the reboiler heat duty in the process is reduced in this case by approx. 7%. Additionally, the use 
of the advanced data validation and reconciliation of measurements method increases the reliability of 
the obtained results of thermodynamic analyses. 
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1 Introduction 

Actions are taken worldwide, and especially in the EU, to reduce CO2 emissions require the use of large-
scale CCS plants not only in the power industry but also in other economic sectors. Analysing built and 
planned facilities of this type, it seems that the greatest prospects for implementation in the energy sector 
have post-combustion technologies of CO2 capture [1]. Among them, the method that uses chemical 
absorption with amines may play a dominant role. This method has a high technological maturity, which 
results from previous applications of this technology for the purification of gas streams in various 
industries. This assessment can also be made based on the recently established demonstration projects 
Boundary Dam and Petra Nova, in which amine solvents are used for CO2 capture from coal-fired power 
units. 

The main advantages of the technology are the high efficiency of the process and the high purity of 
the gas obtained, which gives wide possibilities for its industrial use. The challenge, however, is still 
the considerable energy consumption of this process. One of the two ways to overcome this disadvantage 
is to use advanced process modifications. These can include improving the efficiency of both the CO2 
absorption system and the solvent regeneration system (CO2 desorption) [2]. 

According to the literature, one of the more promising solvents tested so far theoretically using 
simulation studies is the thermal integration of the desorber using built-in heat exchangers, which is 
called Heat Integrated Stripper (HIS) [3]. 

The paper presents the problems of determining the reboiler heat duty in the process of CO2 absorption 
from flue gases with the use of the results of research carried out on an experimental pilot plant. The 
objective of the research was to compare the effectiveness of the process using a modified stripper (HIS) 
to the standard process without built-in heat exchangers in the stripper, due to the lack of available 
experimental results confirming the effectiveness of this solution. Because of the occurring 
measurement redundancy, advanced data validation and reconciliation of measurements (DVR) in the 
mass balancing of the process of CO2 absorption under the methodology included in VDI 2048 [4] 
guidelines was used.  

The results of experiments and thermodynamic analyses distinctly confirm the higher energy efficiency 
of an installation with HIS. As a result, the reboiler heat duty in the process of CO2 absorption is reduced 
in this case by approx. 7%. The use of the advanced DVR method increases the reliability of the obtained 
results of thermodynamic analyses. 

2 Overall process description 

In the standard configuration of the amine-based post-combustion carbon dioxide capture process, the 
flue gases to be purified are passed through a packed column, called an absorber, operating at a 
temperature range of 40-60°C. The lean amine solvent flowing in countercurrent contacts the gas phase 
on the surface of the packing and chemically absorbs the CO2. The carbon dioxide-rich solvent removed 
from the absorber bottom is pumped to the second packed column, where it is regenerated. Along the 
way, it flows through a cross heat exchanger where it is preheated. The regeneration of the amine solvent 
takes place by reversing the absorption process in a stripper (desorber) through the heat supplied to its 
reboiler. 

The regenerated lean solvent is received from the lower part of the stripper and then flows through 
a heat exchanger, where the first stage of its cooling takes place. This equipment, called a cross 
exchanger, plays an important role, as it allows heat to be recovered from the hot lean solvent, and 
transferred to the colder rich solvent. The more heat can be transferred in the exchanger, the less heat 
from the reboiler is needed to heat the solvent in the stripper, and the lower the energy consumption 
of the process. The second stage of cooling the lean solvent takes place in the cooler. The solution 
at around 60°C is then directed back to the absorber, where it comes into contact with the flue gases. 
In this way, the process runs continuously. 

The gas mixture extracted from the stripper, consisting mainly of CO2 and H2O, is directed to a separator 
with a cooler to condense most of the water vapour. The cool condensate is continuously returned to 
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the process and feeds the top of the stripper. This lowers the temperature at the top of the column and 
initially reduces the amount of water vapour in the gas mixture leaving the stripper. Typically, the 
process is carried out with a negative water balance and requires replenishment to keep the desired 
solvent concentration. 

The desorption process is endothermic and therefore requires the supply of heat to maintain an adequate 
temperature of the solvent. High temperature favours the desorption process, but on the other hand, it 
increases the thermal degradation of amines. This unfavourable phenomenon means that process 
temperatures higher than 150°C are rarely maintained [5]. 

3 Specification of the pilot plant 

Pilot tests were carried out in two power plants of TAURON (energy holding company in Poland) using 
the mobile pilot plant for amine CO2 removal from flue gases with a nominal flow of 200 m3/h. The 
pilot plant consisted of a deep desulphurisation section and a CO2 capture section. The purpose of the 
first section was to ensure the removal of sulphur compounds to a level below 10 mg/m3

n, to eliminate 
the formation of heat-stable amine salts in the next stages of the process. In the second section, the CO2 
capture process was carried out by chemical absorption using aqueous amine solutions with an efficiency 
ranging from 85 to 95%. A flowsheet of the amine-based post-combustion carbon dioxide capture 
process in the pilot plant analysed in this paper is shown in Fig. 1. Additionally, the diagram includes 
marked measurement locations in the installation for thermodynamic calculations presented in this 
paper. 

 

 

Figure 1: The process flowsheet of the considered pilot plant for the CO2 capture from flue gases 
(K-201 – absorber, K-215 – stripper, S – separator, E – heat exchangers/coolers, R – recuperators, 

P – pumps, L – liquid streams, G - gas streams) 
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The flexible design of the pilot plant allowed rapid modifications of the process flowsheet. Multiple 
connections between components of the system were possible and changes in the flow sheet required 
only a few valve manipulations. The most basic, standard system enabled comparison with other pilot 
plants. More advanced configurations allowed splitting the streams of either rich or lean solvent and 
directing them to inlets at different heights of the columns [6]. For an additional description of the pilot 
plant and its operation see [7, 8]. 

The pilot studies presented in this paper were carried out in a Double Absorber Feed (DAF) 
configuration, in which the lean solvent is fed to the absorber (K-201) in two streams, half to the top 
and the rest to the middle of the column. A Cold Solvent Split (CSS) configuration was also used, in 
which about 10% of the rich solvent was supplied to the top of the stripper, bypassing the cross heat 
exchangers (E-210, E-213, and E-214). 

The pilot plant stripper (K-215) with a total height of 15.3 m was made of stainless steel and consisted 
of 15 sections. In sections 4, 6, and 8, there were two build-in recuperators (R-1 and R-2) for inter-
heating in the stripping column. They allowed the heat of the hot lean solvent to be used to improve the 
temperature profile in the central part of the column to intensify the CO2 desorption process from the 
rich solvent. To develop the phase contact surface inside the recuperator tubes, Sulzer C-ring 1" random 
pacing was used. In the remaining sections 2, 9, 11, and 13, Sulzer Mellapak 750Y structural packing 
was used. The total packing height of the stripper was 11.48 m. The bottom of the stripper has built-in 
electrical heating elements (max. power: 63 kW) in section 1, used as a heat source for the reboiler. 
The arrangement of the above-mentioned sections in the stripper, their numbering, and heights are 
presented in Fig. 2. 

The control system can direct the lean solvent to recuperators performing the desorption process with 
inter-heating (HIS) or directly to cross heat exchangers performing the process in a standard way. 

4 Determination of heat demand for the process 

In conventional solvent regeneration operations, heat is supplied to the reboiler of the stripper by steam 
rarely by another heating medium. The heat flux for solvent regeneration �̇�  is affected by three basic 
components [5] and can be calculated as: 

�̇� = �̇� + �̇� + �̇�  (1) 

 
The heat of desorption 𝑄 , is the minimum amount of energy that must be supplied to the system to 
break down the compounds formed by the chemical absorption of CO2 in the amine solvent. This leads 
to the release of some of the absorbed gas and regeneration of the solvent. In practice, its value is 
assumed to be equal to the heat of absorption. In this study, the value of this heat flux �̇�  was calculated 
from the equation: 

�̇� = 𝑐 ∙ �̇�  (2) 

 
The sensible heat flux �̇� , is the energy flux required to raise the temperature of the solution directed 
into the desorption system. Its value is determined by the initial and final temperatures of the solution and 
the specific heat capacity of the solution. 

�̇� = �̇�  − �̇�  = (�̇� 𝜚 𝑐 𝑡) − (�̇� 𝜚 𝑐 𝑡)  (3) 

 

The third component is the heat flux for evaporation of the solvent �̇� . This is that part of the reboiler 
heat flux which is assigned to the evaporation of the solution leaving the stripper in the gas phase. 
The volatility of amines in this case is usually negligible. The water which is a component of the solution 
is converted to steam in the reboiler, absorbing much of the heat input and becoming the heat carrier for 
the entire desorption system. The steam, travelling up the stripper, transfers its heat to the solution 

570



flowing down the packing via condensation. Depending on the conditions at the top of the stripper, some 
of the water vapour remains in the gas phase and leaves the apparatus together with the desorbed CO2. 

�̇� = 𝑟 ∙ �̇�  (4) 

 

To determine the energy efficiency of the process, a reboiler heat duty 𝑞 is usually used, defined as the 
heat required for solvent regeneration to the amount of desorbed CO2. It is usually expressed in 
MJ/kgCO2, and can be calculated as the sum of its components in the form of the equation: 

𝑞 =
�̇�

�̇�
=

�̇� + �̇� + �̇�

�̇�
= 𝑞 + 𝑞 + 𝑞  (5) 

 
This parameter allows the comparison of CO2 capture processes using different solvents, parameters, 
and process configurations, as well as other capture technologies. Thus, the present work was used to 
evaluate the effect of thermal integration on the capture process. 

The credibility of the calculation result of the reboiler heat duty in the process 𝑞 strictly depends on the 
credibility of the measurements and the values of other quantities used to calculate it. In the case of 
measurement redundancy, this credibility can be increased, as presented earlier, by using the advanced 
data validation and reconciliation method – DVR. The conducted analysis showed that the above-
mentioned measurement redundancy from the point of view of the advanced DVR method assumptions 
occurs for the investigated pilot plant of carbon dioxide absorption from flue gases. Hence this DVR 
method was used as an integral part of the thermodynamic analysis of the pilot plant. The description of 
the method and the results of its application for the investigated installation are presented later in the 
paper. 

5 Advanced data validation and reconciliation of the pilot plant 
measurements 

The conducted analysis showed that for the pilot plant of carbon dioxide absorption from flue gases, 
seven independent balance equations can be written, including the total mass balances of the desorption 
process and the entire system, carbon dioxide balances for the desorption and absorption process, as 
well as oxygen, nitrogen and amine balances for the absorption process. Due to the existing 
measurement redundancy of the pilot plant in the field of continuous and periodic measurements, there 
are no unknown quantities in the above-mentioned equations. It is a premise for the application 
of the DVR method. Selected basic information on the method is presented in the next section of the 
paper. 

5.1 Theoretical basics of the advanced data validation and reconciliation 

Due to the inevitable measurement errors, the balance equations without unknown quantities are not 
fulfilled, despite their physical correctness. This ambiguity can be eliminated by increasing the 
reliability of measurement results using the advanced DVR method [4, 9-12]. It is based on the solution 
of the conditional extreme, which is described by the maximum of the Gauss function of likelihood and 
the restrictions resulting from the mass and energy balances equations of the thermal process. The 
advanced data validation and reconciliation is mathematically expressed as a constrained weighted least-
squares optimization problem in the form: 

𝑚𝑖𝑛
𝑥 − 𝑥

𝜎
 (6) 

subject to 

                                             𝑔 𝑥 , 𝑦 = 0     for     𝑙 = 1, … , 𝑟 (7) 
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The objective function (6) defines the total sum of weighted measurement corrections squares, whereby 
the weights of the corrections are standard uncertainties of measurements. Equation (7) defines the set 
of mathematical model constraints. In thermal engineering, these constraints are generally expressed by 
mentioned above mass and energy balances formulated for the analysed process most often in its steady 
state. 

The solution of the DVR task described by dependences (6) and (7), which is an optimization task with 
limitations, obtained by the undetermined Lagrange multipliers method, is a column vector of reconciled 
measurements 𝐱. In the matrix notation, this column vector results after transformation from 
the formula [11]: 

𝐯 = 𝐱 − 𝐱 = 𝐒𝐀𝐓 𝐀𝐒𝐀𝐓 𝐰 (8) 

 

Advanced data validation and reconciliation in the research of thermal processes permits to achieve of 
among others the following aims [13, 14]: calculation of the most reliable thermal measurements values, 
fulfilment of all equations of the mathematical model of the investigated process, a reduction of 
uncertainty of reconciled measured quantities.  

The reconciled measurements data as well as calculated not measured quantities are necessary for the 
determination of energy indicators, e.g. energy efficiency or specific energy consumption. Hence the 
adjustment of measurement results increases also the accuracy of determination of the final results of 
investigations. 

5.2 Measurement data for the calculation of data validation and reconciliation 

The number of measured quantities in the solved advanced DVR task is m = 31. These quantities and 
their order numbers are given in Table 1. Measurement points of these quantities in the investigated 
experimental pilot plant have already been shown in Fig. 1. 

Table 1: Quantities measured in the experimental pilot plant for the absorption of carbon dioxide and 
their order numbers 

No. Measurement variable, unit Designation 
1 2 3 

Inlet flue gas to the absorber K-201, G21 
1 mass flow, kg/h �̇�( ) 
2 gauge pressure, kPa Δ𝑝( ) 
3 temperature, °C 𝑡( ) 
4 the molar fraction of CO2 in dry flue gases, molCO2/moldfg 𝑦   ( ) 
5 the molar fraction of O2 in dry flue gases, molO2/moldfg 𝑦   ( ) 
Cleaned flue gas at the outlet of the absorber K-201, G22 
6 mass flow, kg/h �̇�( ) 
7 gauge pressure, kPa Δ𝑝( ) 
8 temperature, °C 𝑡( ) 
9 the molar fraction of CO2 in dry flue gases, molCO2/moldfg 𝑦   ( ) 
10 the molar fraction of O2 in dry flue gases, molO2/moldfg 𝑦   ( ) 
Gas at the outlet of the F-223 separator (CO2 and H2O steam), G33 
11 mass flow, kg/h �̇�( ) 
12 gauge pressure, kPa Δ𝑝( ) 
13 temperature, °C 𝑡( ) 
Rich solvent at the inlet to the heat exchanger E-210, L11 
14 volumetric flow, dm3/h �̇�( ) 
15 CO2 loading of the solvent, molCO2/molamine 𝛼( ) 
16 temperature, °C 𝑡( ) 
17 mass fraction of the amine in the unsaturated CO2 solvent, % 𝐶  ( ) 
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No. Measurement variable, unit Designation 
1 2 3 

Rich solvent at the inlet to the heat exchanger E-213, L21 
18 volumetric flow, dm3/h �̇�( ) 
Rich solvent to the top of the stripper, L31 
19 volumetric flow, dm3/h �̇�( ) 
Lean solvent to the recuperator REC-B (or without HIS, to the heat exchanger E-213), L41 
20 volumetric flow, dm3/h �̇�( ) 
21 CO2 loading of the solvent, molCO2/molamine 𝛼( ) 
22 temperature, °C 𝑡( ) 
23 mass fraction of the amine in the unsaturated CO2 solution, % 𝐶  ( ) 
Lean solvent to the recuperator REC-U (or without HIS, to the heat exchanger E-214), L51 
24 volumetric flow, dm3/h �̇�( ) 
25 CO2 loading of the solvent, molCO2/molamine 𝛼( ) 
26 temperature, °C 𝑡( ) 
Condensate to the top of the absorber K-201, L61 
27 volumetric flow, dm3/h �̇�( ) 
28 temperature, °C 𝑡( ) 
Supplementary water to the upper part of the absorber K-201, L81 
29 volumetric flow, dm3/h �̇�( ) 
30 temperature, °C 𝑡( ) 
Ambient air parameters 
31 pressure, kPa 𝑝  ( ) 

 
Measurements of the quantities listed in Table 1, primarily mass flows, volumetric flows, and molar 
fractions, constitute input data for the calculations of advanced DVR. These quantities are components 
of the conditional equations – the mass balances of elements and chemical compounds of the DVR 
optimization task. The mathematical form of these equations is presented in the next section of the paper. 

5.3 Conditional equations of the advanced data validation and reconciliation task 

As previously presented, the system of equations of the mass balances of elements and chemical 
compounds in a steady operating state of the pilot plant constitute the conditional equations of the DVR 
optimization task (Eq. 7). For the analysed pilot plant of carbon dioxide absorption, seven independent 
balance equations can be written (r = 7). Detailed mathematical forms of these equations are as follows: 

 mass balance of the oxygen in the absorption process:  

 

𝑔 (𝑥 ) = �̇�( )

𝑀

𝑀
𝑦  −  �̇�( )

𝑀

𝑀
𝑦  = 0 (9) 

 mass balance of the carbon dioxide in the absorption process: 

𝑔 (𝑥 ) = �̇�( )

𝑀

𝑀
𝑦  +  

𝑋  

𝑋  + 𝑋  + 1
�̇�( )𝜚 𝛼( ),𝑡( )

+  
𝑋  

𝑋  + 𝑋  + 1
�̇�( )𝜚 𝛼( ),𝑡( )

−
𝑋  

𝑋  + 𝑋  + 1
�̇�( ) +  �̇�( ) + �̇�( ) 𝜚 𝛼( ),𝑡( )

− �̇�( )

𝑀

𝑀
𝑦  = 0 

(10) 
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 mass balance of the nitrogen in the absorption process:  

𝑔 (𝑥 ) = �̇�( )

𝑀

𝑀
𝑦 −  �̇�( )

𝑀

𝑀
𝑦 = 0 (11) 

 
 mass balance of the amine in the absorption process:  

𝑔 (𝑥 ) =
1

𝑋  + 𝑋  + 1
�̇�( )𝜚 𝛼( ),𝑡( )

+  
1

𝑋  + 𝑋  + 1
�̇�( )𝜚 𝛼( ),𝑡( )

−  
1

𝑋  + 𝑋  + 1
�̇�( ) + �̇�( ) + �̇�( ) 𝜚 𝛼( ),𝑡( ) = 0 

(12) 

 
 mass balance of the carbon dioxide in the desorption process:  

𝑔 (𝑥 ) =
𝑋  

𝑋  + 𝑋  + 1
𝜚 𝛼( ),𝑡( ) �̇�( ) +  �̇�( ) + �̇�( )

−  �̇�( )

𝑀

𝑀
𝑦  −

𝑋  

𝑋  + 𝑋  + 1
�̇�( )𝜚 𝛼( ),𝑡( )

−  
𝑋  

𝑋  + 𝑋  + 1
�̇�( )𝜚 𝛼( ),𝑡( ) = 0 

(13) 

 
 total mass balance of the desorption process:  

𝑔 (𝑥 ) = �̇�( ) + �̇�( ) + �̇�( ) 𝜚 𝛼( ),𝑡( ) − �̇�( ) − �̇�( )𝜚 𝛼( ),𝑡( )

− �̇�( )𝜚 𝛼( ),𝑡( ) − �̇�( )𝜚 𝑡( ) = 0 
(14) 

 
 total mass balance of the whole installation 

𝑔 (𝑥 ) = �̇�( ) + �̇�( )𝜚 𝑡( ) − �̇�( ) − �̇�( ) = 0 (15) 

 

In the system of equations (9)-(15), unknown variables are calculated from the dependencies presented 
below. Designations and subscripts of variables are consistent with Table 1 and Scheme 1. 

Variables 𝑋( )  are calculated from the following formula: 

𝑋( ) = 𝛼( )

𝑀

𝑀
 (16) 

for ordered pair of subscripts (𝐿, 𝑖) ∈ {(𝐿 , 15); (𝐿 , 21); (𝐿 , 25)} respectively, whereas variables 
𝑋( )  are calculated from the formula: 

𝑋( ) =
100 − 𝐶  ( )

𝐶  ( )
 (17) 

for ordered pair of subscripts (𝐿, 𝑖) ∈ {(𝐿 , 17); (𝐿 , 23); (𝐿 , 23)} respectively. 

Mole fractions of water vapor in the dry gases G21, G22, and G33 result from the equation: 

𝑦   ( ) =
𝑝 𝑡( )

𝑝  ( ) + Δ𝑝( ) − 𝑝 𝑡( )

 (18) 

for a tuple of subscripts (𝐺, 𝑖, 𝑘) ∈ {(𝐺 , 2, 3); (𝐺 , 7, 8); (𝐺 , 12, 13)}, respectively, whereas for the 
wet gases: 

𝑦  ( ) =
𝑦   ( )

1 + 𝑦   ( )
 (19) 

 
for 𝐺 ∈ {𝐺 ; 𝐺 ; 𝐺 } respectively. 
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Mole fractions of oxygen in the wet gases G21, and G22 are calculated from the equation: 

𝑦  ( ) =
𝑦   ( )

1 +  𝑦   ( )
 (20) 

for ordered pair of subscripts (𝐺, 𝑖) ∈ {(𝐺 , 5); (𝐺 , 10)} respectively, whereas mole fractions of 
carbon dioxide in the wet gases G21, and G22 from the equation: 

𝑦  ( ) =
𝑦   ( )

1 +  𝑦   ( )
 (21) 

for ordered pair of subscripts (𝐺, 𝑖) ∈ {(𝐺 , 4); (𝐺 , 9)} respectively. 

Mole fractions of nitrogen in the wet gases 𝐺  and 𝐺  are calculated from the equation: 

𝑦  ( ) = 1 − 𝑦 ( ) − 𝑦 ( ) − 𝑦  ( ) (22) 

for 𝐺 ∈ {𝐺 ; 𝐺 } 

The gas 𝐺  from the absorption column consists only of carbon dioxide and water vapor, mole fractions 
of oxygen 𝑦   and nitrogen 𝑦   are equal to zero. Hence the mole fraction of carbon dioxide is: 

𝑦  = 1 − 𝑦   (23) 

Mole masses of the wet gases 𝐺 , 𝐺 , and 𝐺  are calculated from the equation: 

𝑀( ) = 𝑀 𝑦  ( ) +  𝑀 𝑦  ( ) +  𝑀 𝑦  ( ) +  𝑀 𝑦  ( )  (24) 

for 𝐺 ∈ {𝐺 ; 𝐺 ; 𝐺 } respectively. 

The density of the solvent 𝜚( ) in the equations (9) and (12)-(15) as the CO2 loading of the solvent and 
temperature function is calculated from the formula: 

𝜚( ) 𝛼( ), 𝑡( ) = 𝐴𝛼( )+𝐵𝑡( ) + 𝐷  (25) 

where 𝐴, 𝐵, 𝐷  are empirical coefficients. 

The density 𝜚  in equation (14) as a temperature function is calculated from the formula: 

 

𝜚 (𝑡) = 𝑎 + 𝑏𝑡 + 𝑐𝑡  (26) 

where 𝑎, 𝑏, 𝑐 are empirical coefficients. 

From 𝑔 (𝑥 ) − 𝑔 (𝑥 ) equations (9)-(15) using equations (16)-(26), in the DVR optimization task, first 
of all, the values of the equations discordances vector w appearing in the matrix equation (8) are 
calculated. For the non-linear form of the conditional equations, for the calculation of the measurement 
corrections using equation (8), iterative calculations are performed. The iterative calculation procedure 
ends when the predetermined limit values of discordances of the conditional equations are achieved. 

5.4 A computational example of measurements data validation and reconciliation 

Examples of the calculation results of the advanced measurement validation for the selected operating 
state of the pilot plant are presented in Table 2. The sequence of the presented measurement data is 
according to Table 1. Table 2 shows the results of raw measurements and their standard uncertainties, 
adopted based on the accuracy class of the measuring apparatus used. Columns 4 and 5 of Table 2 
contain respectively measurements and their standard uncertainties after applying the DVR procedure. 
As mentioned earlier, one of the advantages of using the advanced DVR method is obtaining lower 
measurement uncertainties after their reconciliation. The variance-covariance matrix 𝐒 containing the 
squares of these uncertainties on the main diagonal results from the formula [4, 11]: 

𝐒 =  𝐒 − 𝐒𝐕 (27) 

where SV is a variance-covariance matrix of the raw measurements corrections calculated from 
the formula [4, 11]: 
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𝐒𝐕 = 𝐒𝐀 𝐀𝐒𝐀 𝐀𝐒 (28) 

Table 2: Input data and calculation results of advanced measurements validation 

No. Raw 
measurement 

Standard 
uncertainty 

Measurement 
after DVR 

Standard 
uncertainty after 

DVR 

Statistical 
test Zi 

1 2 3 4 5 6 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

288.90 
33.500 
35.00 

0.1126 
0.0816 
239.50 
30.000 
48.70 

0.0115 
0.0917 
41.800 

-1.0 
21.000 
641.6 

0.4764 
49.900 
34.500 
541.30 
80.500 
594.00 
0.3199 
107.0 

34.400 
696.9 

0.3199 
107.00 
5.400 
21.0 

4.200 
10.3000 

99.0 

6.00 
0.200 
1.20 

0.0019 
0.0019 

7.30 
0.2000 

0.90 
0.0016 
0.0020 
0.400 

0.1 
1.200 

6.8 
0.0083 
0.800 
1.700 
12.20 
1.400 
2.00 

0.0056 
0.800 
1.700 

2.7 
0.0056 

0.90 
0.4000 

0.7 
3.300 

0.7000 
0.1 

283.36 
33.499 
35.28 

0.1130 
0.0820 
248.83 
30.002 
48.41 

0.0113 
0.0914 
41.893 

-1.0 
20.964 
642.3 

0.4628 
49.894 
33.303 
543.59 
80.530 
593.84 
0.3228 
107.01 
33.147 
696.6 

0.3233 
107.01 
5.3958 

21.0 
7.365 

10.2999 
99.0 

3.86 
0.200 
1.18 

0.0015 
0.0013 

3.92 
0.200 
0.88 

0.0014 
0.0015 
0.378 

0.1 
1.199 

6.0 
0.005 
0.799 
1.074 
6.55 

1.393 
1.98 

0.0054 
0.79 

1.069 
2.6 

0.0054 
0.89 

0.3999 
0.7 

0.852 
0.7000 

0.1 

1.2063 
0.0165 
0.7273 
0.3437 
0.2606 
1.5145 
0.0352 
1.0231 
0.3161 
0.2477 
0.7032 
0.0013 
0.0947 
0.2232 
1.9514 
0.0231 
0.9086 
0.2232 
0.0683 
0.2466 
1.6270 
0.0290 
0.9480 
0.3330 
1.9089 
0.0383 
0.0331 
0.0001 
0.9927 
0.0004 
0.0000 

 
The last column of Table 2 contains the values Zi of the statistical test used to control the assumed raw 
measurements uncertainties for DVR calculations. This test is based on the analysis of the measurement 
correction values and their standard deviations. The value of Zi statistics is given by the formula [4]: 

𝑍 =
|𝑣 |

𝑚𝑎𝑥 𝜎 ,
𝜎
10

 
(29) 

 

Estimators of the standard deviation of individual corrections are the square root of elements on the 
main diagonal of the covariance matrix of the raw measurements corrections. This matrix results from 
the formula (28). If the value of Zi statistics resulting from dependence (29) is smaller or equal to the 
value 𝑢 / = 1.96, the assumed measurement uncertainty is correct, and the measurement is not 
burdened by a gross error [4, 11]. 
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6 The results of the thermodynamic analysis 

The basic analysis of the process was based on the performance of many tests in various configurations 
with the use of different solvents. The paper presents the results of two pilot tests with DAF + CCS 
process configuration using MEA 30% solvent. The first test was carried out without HIS, while the 
second test with HIS, which means that the hot lean solvent was directed to the stripper recuperators 
R-1 and R-2 before being sent to the cross heat exchangers E-213 and E-214. The comparisons of both 
cases were made mainly in terms of energy efficiency, expressed by the reboiler heat duty and the value 
of its components. The key results are presented in Table 3. They have been calculated for the 
measurement data after applying the advanced DVR method. For the calculation of the reboiler heat 
duty, the results are additionally shown without the use of the DVR method. Using the pilot plant 
measurements, the CO2 capture efficiency 𝜂 can be calculated from the equation: 

𝜂 =  
�̇�  

�̇�  
=

�̇�( )

�̇�( )
 
𝑀

𝑀

1 − 𝑦  

𝑦  
 (30) 

The mass flows of CO2 and H2O for the calculation of the reboiler heat duty (Eq. 5) result from the 
equations respectively: 

�̇� =  �̇�( )

𝑀

𝑀
1 − 𝑦   (31) 

�̇� =  �̇�( )

𝑀

𝑀
𝑦   (32) 

The heat flows �̇�   and �̇�   in Eq. (3) were calculated for the flows of solvents 𝐿 , 𝐿 , and 𝐿 , 
and 𝐿  and 𝐿 , respectively. 

The analysis showed that the use of thermal integration, reduced energy consumption by approximately 
7%. For the test with HIS, a reboiler heat duty of 2.99 MJ/kgCO2 was achieved, while, the CO2 capture 
efficiency increased by more than 8 p.p. to 91.0%, compared to the test without HIS. 

The implementation of HIS resulted in a more favorable temperature profile in the stripper (Fig. 2), 
which had two positive effects. Firstly, increasing the average temperature in the middle and lower 
sections of the stripper, where the main desorption process takes place, resulted in a higher driving force 
for mass exchange from the solvent to the gas phase. The associated increase in the amount of desorbed 
CO2 reduced 𝑞  by 12%. Secondly, the decrease in temperature in the upper sections of the stripper 
contributed to a smaller escape of water vapor from the system and thus to a 27% reduction 
in 𝑞  (Fig. 3). 

Table 3: Summary of key parameters for test series 

No. Parameter Symbol Value 
1 2 3 4 5 

1. Test process configuration (DAF+CSS)  w/o HIS with HIS 

2. CO2 capture efficiency, % η 82.7 91.0 

3. CO2 capture efficiency uncertainty, % Sη 1.2 1.1 

4. Reboiler heat duty, MJ/kgCO2 (w/o DVR)  q 3.06 2.94 

5. Reboiler heat duty, MJ/kgCO2 (with DVR) q 3.22 2.99 

6. Reboiler heat duty uncertainty, MJ/kgCO2 (w/o DVR) Sq 0.07 0.07 

7. Reboiler heat duty uncertainty, MJ/kgCO2 (with DVR) Sq 0.05 0.05 
8. Liquid/gas flow ratio to the absorber, kg/kg L/G 4.86 4.70 
9. CO2 concentration in the flue gas to the absorber, %vol. c21CO2 11.15 11.30 

10. Total heat transferred in a cross heat exchanger, kW �̇�  68.61 51.23 

11. Total heat transferred in recuperators, kW �̇�  0.00 17.75 
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Figure 2: Temperature profile along with the 
height of the stripper packing 

Figure 3: Reboiler heat duty components for heat 
integration tests with MEA 30% solvent 

 

The study also found that the use of thermal integration, through the implementation of recuperators in 
the stripper, allows for a reduction in the size of some equipment in the carbon capture system. During 
the test with HIS, in the cross heat exchangers, the rich solvent streams transferred a total of 37% less 
heat. 

Another benefit of the HIS was the lowering of the temperature at the top of the stripper which leads to 
a reduction in the cooling water requirement in the captured gas cooler. As mentioned, a steam-gas 
mixture stream is obtained from the stripper, containing, depending on the configuration, up to 30% 
water. The heat of condensation of water is largely equivalent to 𝑞  in the test with HIS its value was 
almost a one-third lower. It is usually required to reduce the water content as much as possible before 
the captured gas is subjected to further operations, including compression. In the pilot plant, the captured 
gas stream was cooled to below 40ºC in a water cooler and the condensate was separated in a separator. 
Thus, the size of both devices can be significantly smaller when HIS is applied. 

7 Summary 

The experimental results of the pilot study confirm that thermal integration has a beneficial effect on the 
CO2 capture process using MEA 30% solvent. The main benefit concerns the reduction of energy 
consumption by about 7% and, in addition, it reduces the demand for cooling water, both of which 
reduce the operating costs of the process. 

The dimensions of the cross heat exchangers, coolers, and condensate separator are also reduced, which 
results in lower capital costs. However, it should be taken into account that the implementation of the 
recuperators slightly complicates the construction of the stripper and increases its construction costs. 

As shown in Table 3, the results of the reboiler heat duty calculations for the raw measurement data and 
after the reconciliation using the advanced DVR method do not differ that much. It results from the 
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theoretical basis of the method – the algorithm of process data validation and reconciliation is based on 
the assumption that only random errors are present in the measurement data. Therefore, the correction 
of measurements burdened with these errors cannot be too large. The value of the reboiler heat duty is 
corrected after using the advanced DVR method only to the extent that results from the validation of the 
measurements. A large correction of this value could indicate a gross error in the measurements or a too 
large simplification of the mathematical model of the process. 

It should be emphasized, however, that despite the small correction, the calculated thermodynamic 
quantities are based on the fulfilled mass balances of the elements and chemical compounds in the 
investigated pilot plant. Moreover, as shown in the benefits of applying the DVR method, the standard 
uncertainty of the determined value of reboiler heat duty has decreased. 

Nomenclature 

A Jacobian matrix of conditional equations, 
𝑐  the average heat of absorption, J/kgCO2, 
𝑐  specific heat capacity of the solvent at a given balance point, kJ/kg K, 
𝐶  ( ) mass fraction of the amine in the unsaturated CO2 solvent, %, 
𝐺 gas stream, 
L liquid stream, 
𝑚 number of measurements, 
𝑀 molar mass, kg/kmol, 
�̇�  captured CO2 mass flow in the gas stream from the stripper, kg/h,  
�̇�  water steam mass flow in gas stream leaving the stripper, kg/h, 
𝑝 pressure, kPa, 
𝑞 reboiler heat duty, MJ/kgH2O, 
𝑞 , 𝑞 , 𝑞  reboiler heat duty components, MJ/kgH2O, 
�̇�  heat flux for desorption, J/h, 
�̇�  heat flux for solvent regeneration, J/h, 
�̇�  sensible heat flux, J/h, 
�̇�  heat flux for evaporation of the solvent, J/h, 
𝑟 number of conditional equations, 
𝑟  latent heat of water vaporisation, J/kgH2O, 
S variance-covariance matrix of raw measurements and preliminary estimated unknown 

quantities, 
SV variance-covariance matrix of the raw measurements corrections, 
𝑡 temperature of the solvent at a given balance point, °C, 
v vector of the measurements corrections 𝑣, 
�̇�  solvent volumetric flow, dm3/h, 
w vector of discordances of conditional equations of data reconciliation task for raw 

measurements data, calculated from the equation 𝐰 = −𝐠(𝐱, 𝐲), 
𝑥 raw measurement,  
𝑥 reconciled measurement after using the DVR method, 

xx ˆ,  vectors of raw and reconciled measurements data, 

𝑦 not measured variable or molar fraction, 
y vector of the not measured variables, 
𝛼( ) CO2 loading of the solvent, molCO2/molamine, 
𝜂 the CO2 capture efficiency, 
𝜚  solvent density, kg/dm3, 
𝜎 the standard uncertainty of the measurement,  
𝜎  the standard deviation of the measurement correction. 
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Abstract 
Hydrothermal carbonization (HTC) has been proposed and applied to process the residual stream 
exuding from the dark fermentation (DF) treatment of cheese whey (CW), which is the liquid effluent 
from the precipitation and removal of milk casein during the cheese-making process. This is 
considered one of the most problematic agro-industrial biowaste streams to manage, considering how 
dairy activities play an essential role in the agrarian economy of the European Union. DF produces an 
H2-rich biogas for further use as fuel cells, combustion, and biofuels as well as general industrial 
utilization, while  the slurry effluent – the fermentate – remains rich in organic content and can be 
further exploited by other steps. In this instance a thermochemical treatment, namely HTC, is 
proposed for producing hydrochar for further use. The reaction parameters of the hydrothermal 
carbonization process concern different temperatures as the main influencing factor, namely 180, 200, 
and 220 °C. The mass and energy balances of the process will be determined. The physical and 
chemical properties of hydrochar and post-processing water will be studied. The elemental analysis of 
solid product will be investigated. The post-processing water will be analyzed taking into account pH, 
conductivity, TOC, COD, phenol index, nitrogen and phosphate contents, as well as the main heavy 
metals content to estimate the environmental impact of the liquid phase and evaluate the potential 
nutrient recovery and wastewater recycling. 
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1 Introduction 

Organic waste has been and is treated generally by a single bioprocess such as composting or 
anaerobic digestion, and more recently by a combination of the two [1,2]. Composting is a rather 
simple process, requiring quite small capital investments. However, it requires considerable high 
energy consumption for intensive aeration and the willingness of final users to adopt it for farming 
practices. Additionally, it may be impaired by the presence of contaminants and undesired components 
(e.g. plastics), leading to very low market prices and reuse rates [3,4]. The anaerobic digestion 
application has risen during the last two decades, thanks to economic incentives linked to the 
production of electric energy, thermal energy or biomethane from biogas as a renewable resource [5-
7]. 

During the last few years, according to the EU Green Deal implementation, intense research has been 
initiated in the field of bio-based industries [8], and the concept of biorefineries for the exploitation of 
organic waste streams has been introduced [9]. The aim of a waste biorefinery is to exploit the 
potential of organic waste to generate a range of bioenergy, biofuels and biochemicals [10] by 
integrating different processes, where the outputs from one process become the input to other 
treatment stages, which enables the conversion of conventional waste into bioproducts.  

Among the organic waste products, the attention is focused here on cheese whey (CW), which is an 
agro-industrial liquid effluent generated by the precipitation and removal of milk casein during the 
cheese-making process, being the main by-product of the dairy industry [11]. In the European Union 
(EU), the dairy industry plays an important role in the agro-industrial economy, and the high specific 
production, around 9-10 L of CW per kg of produced cheese [12], generated approximately 40 x 106 t 
per year [13]. CW is one of the most difficult agro-industrial organic waste streams to be properly 
processed [14,11] because of the high organic load of 50-100 g COD/L, which is rather hazardous for 
the environment [15]. However, CW has reasonably good qualitative homogeneity, which is an 
important preliminary characteristic when the intention is to apply processes more complex than 
composting or anaerobic digestion [16]. For this reason, CW has been extensively tested in 
experiments of dark fermentation (DF), the acidogenic phase of the fermentation of biodegradable 
organic substrates. This is operated in a two-stage mode (where the second phase is commonly the 
metanogenic one), aimed at producing a hydrogen-rich gas (generally composed of 50-55% vol. 
hydrogen and 50-45% vol. carbon dioxide) [17]. The separation of the fermentation process into two 
phases allows for a decision regarding how to exploit the liquid effluent from the DF, which is rich in 
volatile fatty acids (VFAs). Generally, a second methanogenic stage is applied for producing methane 
and carbon dioxide, while allowing for an improved specific CH4 rich biogas production. 
Alternatively, photo fermentation (PF) or microbial electrolysis cells (MECs) or even more complex 
processes, i.e. biopolymers production, can be applied [16-18]. The development of an integrated 
process, where different ones are combined, is of particular importance, in order to increase the overall 
conversion of the organic substance entering the system, especially since DF has a rather low 
conversion efficiency [9]. The liquid effluent from the DF can be pretreated by hydrothermal 
carbonization which is dedicated to organic feedstock with high moisture content such as biomass 
including sewage sludge [21-23], food and agriculture waste [24-26], green waste [27], organic 
fraction from mixed solid waste [28], and lignocellulosic biomass [29]. The hydrothermal 
carbonization products converts organic feedstock under thermochemical reaction including 
hydrolysis, decarboxylation, and dehydration into three products: solid, liquid, and gaseous. A solid 
product is a carbon-like hydrochar with upgraded physical and chemical properties depending on the 
feedstock origin. The liquid phase, which is often a major product, may be highly toxic and therefore 
requires proper management. A gases consist mainly of nitrogen and carbon dioxide, and some 
combustible gases. The application of heat and pressure is required to maintain the process including 
and a temperature range of 180–350 °C, and the pressure above saturation pressure to ensure the liquid 
state of water. The reaction time between one and several hours is applied [30]. 

In this framework, the possibility to process the liquid effluent from the DF of CW – here addressed as 
the fermentate - by hydrothermal carbonization (HTC) is proposed and studied in this work (Figure 1), 
with the aim of producing hydrochar. The produced hydrochar can, in principle, be used for 
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applications regarding energy purposes and in agriculture. Also, the characteristics of liquid phase is 
performed to propose its adequate management. 

 

Figure 1: Schematic concept of the proposed process 

2 Material and methods 

2.1 Materials 

A number of fermentate samples were obtained from DF laboratory tests under different conditions. In 
particular, tests feeding pure CW or a mixture of CW with activated sludge (AS) from the aerobic unit 
of a wastewater treatment plant were conducted, ensuring a constant pH 6. AS is a suitable biomass 
source due to the presence of facultative bacteria able to promote the fermentative stage. The feeding 
mixtures were made on the basis of different ratios between the Total Organic Carbon (TOC) of CW 
and the Volatile Solids (VS) of sludge, as reported in Table 1. DF tests were performed using the 
laboratory test set-up described in [19]. 

Table 1: Characterization of CW and inoculum sludge; different conditions for DF tests. 

  CW AS 

Total Solids (TS) g/l 74.0 ± 3.5 21.9 ± 0.24 

Volatile Solids (VS) g/l 63.9 ± 3.5 15.7±0.3 

Total Organic Carbon (TOC) g/l 38.1 ± 1.3 --- 

 

Test ID CW/AS, gTOCCW/gVSAS TSmixture, g/l pH 

1 CW=100% --- 74 6 

2 F/M=1 Repl1 1 37 6 

3 F/M=1 Repl2 1 37 6 

4 F/M=2 2 45 6 

2.1.1 Hydrothermal carbonization procedure 

Hydrothermal carbonization experiments were carried out in a Zipperclave Stirred Reactor (Parker 
Autoclave Engineers, USA) equipped with a MagneDrive stirrer. The reactor has a volume of 1000 
cm3 and works with temperatures under 232 °C and pressure below 15.1 MPa. It has a removeable 
electric heating mantle, and built-in cooling coil which allows for immediate cooling down of the 
reactor after the process. The control panel provides for and monitors online heat and process 
temperatures, pressures and rotations per minute for the stirrer speed. The experimental procedure was 

DARK 
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Fuel cells
Combustion
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Hydrochar
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as follows: firstly, 250 g of the sample was inserted into the vessel then the reactor was closed. To 
ensure high pressure during the process, the reactor was flushed with Argon gas to remove air at a 
flow rate of 5 l/min. Then the outlet was closed to increase pressure in the reactor up to 4 bar. After 
that the reactor was sealed and the argon flow was discontinued. Then the heating mantle was clipped 
to the reactor and activated. The desired temperature of 200 °C was reached after 45 min and 
maintained for 2 hours of reaction time. When the time of reaction was finished, the heating mantle 
was removed, and cooling of the reactor was conducted through a built-in coil. When the room 
temperature was reached, the HTC gaseous sample was collected and placed in a Tedlar bag for 
further chemical analysis. Then, the reactor was opened and the post-processing mixture was 
evacuated and separated via a filtration process through a vacuum filtration apparatus consisting of 
filtration paper, a Buchner’s funnel and flask. The solid fraction was dried in the dryer at 105 °C for 
24h and the liquid fraction was stored at 4 °C in the refrigerator. It should be highlighted that due to 
the small number of samples and wide range of conducted experiments each condition was limited to 
only one test per sample. 

Filtration tests, taken for comparison of the slurry before and after hydrothermal carbonization, were 
performed using both vacuum and pressure filtration processes. In the case of vacuum filtration, the 
filtration apparatus was powered by compressed air, whereas with pressure filtration, up to 16 bar of 
pressure on the piston could be achieved. 

To estimate the hydrothermal carbonization product distribution, the feedstock and hydrothermally 
pretreated material were weighed at every stage of the experiments. Firstly, prior to and after the 
hydrothermal carbonization process, the feedstock and resulting slurry were measured to estimate the 
amount of produced gas. The complete evacuation of the slurry from the reactor is very difficult to 
achieve, because some liquid and solid particles remain on the reactor wall hence the gas fraction is 
reported together with losses. Then the solid and liquid fractions are separated by the filtration process 
and both weighed. By using this method a distribution of the HTC product can be assessed. The mass 
yield of hydrochar is calculated as the ratio of dry mass of hydrochar compared to the dry mass 
content of the feedstock before the experiment. Energy yield is the mass yield multiplied by the energy 
densification ratio, which is the ratio between the higher heating value of hydrochar and the untreated 
solid fraction. 

2.1.2 Analytical procedures for solid samples 

2.1.2.1 Ultimate analysis 

The ultimate analysis (Hydrogen, Carbon and Nitrogen content) was performed on a Leco Elemental 
Analyzer (CHN628) according to the PKN-ISO/TS 12902:2007 standard. For the determination of 
carbon, hydrogen, and nitrogen, the combustion process was conducted at 950 °C in an oxygen 
atmosphere. The presence of CO2 and H2O were detected with  infrared light. For nitrogen content 
analysis, a thermal conductivity detector was used. 

2.1.2.2 Thermal analysis 

Thermogravimetric analysis of the hydrochars was performed using the TGA/DSC analyzer at 10 
K/min of heating rate up to 800 °C of temperature and in an air atmosphere. During the linear increase 
in temperature, the mass change was recorded continuously in the form of TG curves 
(thermogravimetry), and the heat effects in the form of the DSC curve. The TG curve describes the 
change in mass of the tested material depending on the temperature m=f(T) for the given measurement 
conditions (heating rate, atmosphere). DTG curves were obtained as a result of mathematical 
transformations (differentiation of the TG curve as a function of temperature): dm/dT=f(T). The DTG 
curve makes it easier to distinguish and separate weight loss under similar conditions, which on the 
TG curve may be unnoticed. The maximum rate of mass change corresponds to the tip of the peak. 

2.1.2.3 Higher heating value 

The high heating value of the samples was calculated based on the elemental composition due to the 
low mass of the sample. The following equation proposed by Anton Friedl et al. [20] was 
implemented: 
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𝐻𝐻𝑉 = 3,55 ∙ 𝐶 − 232 ∙ 𝐶 − 2230 ∙ 𝐻 + 51,2 ∙ 𝐶 ∙ 𝐻 + 131 ∙ 𝑁 + 20600 (1) 

HHV higher heating value, kJ/kg, 
C carbon, %, 
H hydrogen, %, 
N nitrogen, %. 

2.1.3 Liquid fraction analysis 

Filtrates, derived from the hydrothermal carbonization process, were analyzed in order to evaluate the 
treatment effect on the pH value and conductivity, which were monitored by the multifunctional 
analyzer CX-461 (Elmetron, Zabrze, Poland). Additionally, the chemical oxygen demand (COD), total 
organic carbon (TOC), concentration of Phenol (C6H5O), Phosphate (PO4-P),  Amonium (NH4-N), 
Calcium (Ca), Magnesium (Mg), and Nitrogen (N) were determined using a Spectrophotometer Merck 
Spectroquant Prove 100 and Thermoreactor Merck Spectroquant® Series TR 420, according to the 
manufacturer’s instructions. Ultimate analysis was conducted by the Elemental Analyzer 
LecoCHN628. 

3 Results 

3.1 Hydrothermal carbonization process 

During the hydrothermal carbonization process, online monitoring of temperature and pressure inside 
the reactor was recorded in order to follow the start and the end of the reaction, and to maintain the 
stability of the process. The results for the hydrothermal carbonization of F/M under 200 °C and 2h is 
depicted in Figure 3. The samples of cheese whey had a very specific odour, which became less 
intensive after pretreatment. The bright yellow colour of the cheese whey changed to a warm brown 
colour under the carbonization process. One of the most significant observations after the 
hydrothermal carbonization process, which should be highlighted, was how easily and quickly the 
slurry was separated. The solid fraction sedimented at the bottom of the flask. This fact highly 
influenced the separation of the liquid phase. Prior to HTC experiments the original sample F/M=1 
proved to have a poor separation as the solid fraction clogged the filtration paper making it impossible 
for filtration to finish in the appropriate time. Meanwhile, the mixture after HTC was easily separated 
in a matter of minutes. The pressure filtration reduced this time to a few seconds. Due to such a short 
time it was impossible to prepare filtration curves (correlation of collected filtrate and time of 
filtration). However, based on notes from pressure filtration tests for the non-treated sample, the 
filtration took 1 hour and only 25 ml of filtrate was collected from 110 g of slurry. After the HTC 
process, 80 ml of filtrate was collected from 90 g of slurry in a period of 25 seconds. 
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Figure 2: Pressure and temperature registered in the reactor during the hydrothermal carbonization 
process of F/M=1, pretreated at 200 °C and 2h. 

3.2 Solid and liquid material characteristics 

The initial dry mass content for feedstock samples was very low and resulted in F/M=1 and F/M=2 as 
1.26% and 1.58%, respectively. Therefore, in all the studied cases and due to a high dilution of 
feedstocks the major product of the hydrothermal carbonization process was liquid at over 95%, then 
gas and losses c.a. 3%, and the lowest quantity, c.a. 1%, presented as hydrochar (Table 2).  

Table 2: HTC product distribution 

Sample solid fraction, % liquid fraction, % gas and losses, % 
F/M=1; HTC 200 C, 2h 1.06 95.64 3.30 
F/M=1; HTC 200 C, 4h 1.03 95.92 3.05 
F/M=1; HTC 220 C, 2h - - - 
CW=1; HTC 200 C, 2h 0.18 96.99 2.83 
F/M=2; HTC 200 C, 2h 0.49 98.78 0.72 

In Table 3 the results of the elemental analysis of dry feedstock and hydrochars are summarized 
indicating that hydrothermal carbonization caused a decrease in carbon content, c.a. 30% for F/M=1 
and 17% for F/M=2, corresponding with a slight decrease of HHVs. Overall, the change of 
temperature or residence time for F/M=1 pretreated at 200 °C had little effect on the carbon content 
and HHV. However, a slight decrease for both were observed with an increase in time and temperature 
of the process. 
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Table 3: Physical and chemical properties of hydrochars 

Sample 
C,  
% 

H, 
% 

N, 
% 

HHV, 
MJ/kg 

EDR 
mass yield,  

% 
loss 

weight, % 
energy 

yield, % 
F/M=1 40.30 5.57 5.91 16.86 - - - - 
F/M=2 36.80 5.31 4.39 15.61 - - - - 
CW=1 - - - - - - - - 

F/M=1; HTC 200°C; 2h 31.70 4.26 2.11 14.50 0.86 84.33 15.67 72.53 
F/M=1; HTC 200°C; 4h 31.10 4.21 2.00 14.40 0.85 81.73 18.27 69.78 
F/M=1; HTC 220°C; 2h 30.00 3.98 1.98 14.33 0.85 - - - 
CW=1; HTC 200°C; 2h 32.10 4.48 1.99 14.44 - - - - 
F/M=2; HTC 200°C; 2h 31.50 4.42 1.92 14.34 0.92 31.30 68.70 28.76 

 
The carbon contained in the feedstock was diluted in the liquid phase during hydrothermal reactions, 
which is proven by the increase in total organic carbon (TOC) in HTC liquid samples, presented in 
Table 4. The chemical oxygen demand (COD) values for F/M=1; HTC 200 °C; 2h and F/M=2; HTC 
200 °C; 2h were higher than in the feedstocks indicating that hydrolysis, decarbonation and 
demethanation reactions occurred and created more organic compounds, whereas in the case of CW=1 
it slightly decreased. The condition of the HTC process did not affect the conductivity. Moreover, pH 
values slightly decreased at 200C and 2h for all studied cases. 

Table 4: Liquid phase analytical results. 

Liquid sample C, % H, % N, % pH Conductivity, mS/cm TOC, mg/l COD, mg/l 
F/M=1 2.60 11.71 0.10 6.11 8.71 12400 21990 
F/M=2 1.92 10.00 0.12 6.69 10.44 17700 27340 
CW=1 2.91 10.20 0.11 6.44 20.70 22700 62670 

F/M=1; HTC 200°C; 2h 2.50 11.08 0.15 5.41 8.94 16500 27390 
F/M=1; HTC 200°C; 4h 2.50 11.12 0.15 5.45 8.90 14900 27630 
F/M=1; HTC 220°C; 2h 2.02 10.10 0.15 5.56 9.05 15700 27170 
F/M=2; HTC 200°C; 2h 2.03 9.60 0.12 5.84 11.10 17700 34940 
CW=1; HTC 200°C; 2h 2.74 9.90 0.10 5.82 20.60 23500 55930 

In addition, other trends affected by the HTC process were observed in the chemical composition of 
the liquid phase. For instance, the phenol content slightly increased in the case of F/M=1 and F/M=2, 
and with CW=1, it decreased by about 45%. In the case of ammonium, hydrothermal treatment 
generated an increase of more than 100%, whereas for nitrogen the increase was approximately 2.5 
times. For phosphate, magnesium and calcium adverse trends were observed. Calcium decreased 5 to 
7 times, while phosphate and magnesium c.a. 2 times after the treatment, indicating more rigid 
conditions of the process, longer residence time and higher temperature. 

Table 5: Phenol, phosphate, ammonium, calcium, magnesium and nitrogen contents 

Liquid sample 
Phenol 

C6H5OH 
mg/l 

Phosphate 
PO4-P 
mg/l 

Amonium 
NH4-N 
mg/l 

Calcium 
Ca 

mg/l 

Magnesium 
Mg 
mg/l 

Nitrogen 
N 

mg/l 
F/M=1 24.25 310.0 160.0 162.5 173.0 425 
F/M=2 18.75 297.5 147.5 302.5 163.0 375 
CW=1 61.50 590.0 95.0 137.5 242.0 700 

F/M=1; HTC 200°C; 2h 28.50 140.0 360.0 32.5 94.5 950 
F/M=1; HTC 200°C; 4h 26.75 112.5 395.0 30.0 55.5 1025 
F/M=1; HTC 220°C; 2h 34.25 125.0 462.5 37.5 70.5 1100 
F/M=2; HTC 200°C; 2h 30.00 150.0 302.5 42.5 74.5 875 
CW=1; HTC 200°C; 2h 42.25 257.5 187.5 27.5 109.5 600 
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3.3 Thermal analysis 

The combustion process of three hydrochars derived from F/M=1, F/M=2, and CW=1 under the same 
conditions, 200°C and 2h, was conducted by thermal analysis and depicted in the form of TG, DTG 
and DSC curves (Figures 3-5). For all samples the combustion process was divided into three stages, 
moisture release, main combustion process, and char combustion. In all cases the final residue was c.a. 
50%. The combustion process was very similar for F/M=1 (Figure 1) and CW=1 (Figure 5) and took 
place at temperatures up to 490 °C, where volatile matter was released in two stages, which were 
confirmed by two peaks at 320 °C and 420 °C. In Figure 4, the shape and character of the DTG curve 
for hydrochar, derived from F/M=2, significantly differed. DTG had three peaks (c.a. 330, 470, and 
490 °C) indicating volatile matter was released. Moreover, the main combustion process started earlier 
at c.a. 120 °C and ended later at 510 °C. 

 

Figure 3: TG/DTG and DSC for hydrochar derived from F/M=1 at 200 °C and 2h 

 

Figure 4: TG/DTG and DSC for hydrochar derived from F/M=2 at 200 °C and 2h 
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Figure 5: TG/DTG and DSC for hydrochar derived from CW=1 at 200 °C and 2h 

4 Conclusions 

Fermentate, the liquid effluent from the DF of CW, was hydrothermally carbonized in order to 
produce hydrochar. The physical and chemical analyses, namely elemental and thermal analyses of 
hydrochar, confirmed that applications can be found for energy purposes. However, in this case, the 
feedstock was in fact in a liquid state, thus the main product of hydrothermal carbonization process 
was also in the liquid phase and highly organic, which was proved by high COD and Phenol index 
values. Additionally, hydrothermal carbonization caused an increase of nitrogen and ammonia in the 
post-processing liquid samples indicating that it could potentially be employed for agricultural uses. 
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Abstract 

Thermoelectric generators (TEG) are based on Seebeck effect and produce electricity from a heat flow. 
Since they have no moving parts, they require low maintenance and provide quiet operation. On the 
other hand, they have low efficiency (what is less relevant when heat leaving the device at low 
temperature is used for other purposes) and they need suitable difference temperature (what requires 
careful thermal integration). In this framework, the integration of TEG in biomass boilers is a promising 
approach. It has been tested by including several TEG modules in a commercial pellet-fired 25 kWth 
boiler that has been modified and equipped with a monitoring system. The facility is described and some 
relevant experimental results are presented. For instance, the effect of TEG cooling is analyzed by 
comparing two options: i) tap water to be heated in order to produce sanitary hot water or ii) water from 
the heating circuit entering to boiler that is preheated while TEG cooling. Results show that more than 
60W can be obtained by using 6 TEG and only a small fraction of heat released by biomass combustion. 
This power can contribute significantly to boiler’s ancillary consumption and would be significantly 
higher if more TEG were integrated, what would require additional boiler modifications. 

1 Introduction 

Biomass can play a relevant role as an energy source for domestic sector if it is used in small and medium 
scale boilers (<500 kWth). Most of these boilers consume wood pellets and they can achieve high 
efficiency with low emissions by using carefully designed burners and even with extended heat transfer 
surfaces that allow condensation of part of the water contained in flue gases. Performance of these 
boilers could even be improved by integrating thermoelectric generators (TEG) that would produce 
electricity that could be used for self-consumption of the boiler itself and even be exported for other 
uses within the house.  
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Thermoelectric generators are based on Seebeck effect and produce electricity from a heat flow from 
high to low temperature. They have several advantages for their use in domestic applications: they are 
reliable, operate without noise, need almost no maintenance and can be scalable. Their main 
disadvantages are low efficiency and high cost [1]. Efficiency is not so relevant when low temperature 
heat from TEG cooling is used for another purpose. The cost of TEG modules used in this research has 
values around 2-3 €/Watt; this means that for an electricity price of 0.25 €/kWh, around10000 hours of 
operation would be required only for recovery the investment cost of the devices. However, it should be 
noted that TEG prices tend to decrease, and furthermore, the use of TEG for driving electric self-
consumption of boiler allows its application in locations where electric grid is not available (e.g. 
livestock facilities).   

Integration of TEG in biomass boilers has been tackled by several authors. A review of the use of TEG 
in combustion devices can be seen in [2]. Alanne et al. [3] have developed a numerical simulation. 
Höftberger [4] and Mosser et al. [5] present experimental devices that produce 160 and 300 W, 
respectively, in pellet boilers of around 11-12 kWth. Use of TEG modules and a thermosyphon for 
power generation from waste heat from a biomass engine is described in [6]. Finally, an example of 
integration of TEG in biomass stoves is presented in [7]. 

In this paper, an example of integration of TEG modules in a biomass boiler is presented. Only six 
modules of two types have been integrated because the facility is aimed at the research of the operation 
of TEG under different conditions: power of the boiler, oxygen set-point, water temperature and quality 
of biomass; in particular, problems of fouling that affect heat transfer and, thus, TEG efficiency are 
planned to be analysed in detail. In the first part of this paper, the experimental facility is described. 
Afterwards, as an example of tests that are being developed, effect of cooling water temperature in TEG 
efficiency is presented.       

2 System description 

In this section, the lab facilities developed to test the integration of TEG modules in a biomass boiler 
are described. First, the boiler and the modules selected are presented and then how the boiler has been 
modified is summarized.  

2.1 Boiler and TEG selection 

The boiler used is fired by biomass pellet, has a thermal power of 25 kW and is the model BCH25 
manufactured by BioCurve. It’s a condensation boiler and has an efficiency of 100.4 % (low heating 
value) at nominal operation, when flue gases leave the boiler at a temperature as low as 47 ºC [8]. It has 
been chosen because of its high efficiency, easiness of regulation and possibility of TEG integration (as 
it will be seen later). 

A detailed drawing of the boiler is depicted in Figure 1. Pellets coming from the feeding bin (not shown) 
are fed into the combustion plate by a worm screw. Combustion air is blown by a fan and introduced to 
the combustion chamber by several holes located both in the plate and around the flame. Ash from 
combustion goes to the bottom of the boiler because of the rotation at due time of the combustion plate 
and the effect of a finger that drags ash out of the plate. Ash is removed from the bottom out of the boiler 
by a second worn screw. Flue gases from the flame go upwards till a piece called flame rebound, which 
direct them downwards and, then, go upwards again till the upper part. Finally, these gases go down 
through a set of helical ducts surrounded by water and, finally, they leave the boiler at low temperature 
due to the effect of an induced draft fan. When flue gases flow inside the helical ducts, they transfer heat 
to the water and gases temperature goes down so that some water can condense. It should be noted that 
water is heated not only by heat released by flue gases flowing through the helical ducts but also due to 
radiation and convection from the flame.  

Two areas have been selected for locating TEG modules in the boiler: i) botton part heated by the flame 
and cooled down by combustion air blown by the fan and ii) upper part heated by flue gases close to the 
flame rebound and cooled down by water. Since power produced by TEG in the bottom part was low, 
only results related to the upper part will be presented here. Two types of TEG modules have been 
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selected for being located in the upper part. They are manufactured by TecTeg Thermoelectric Gencell 
Technology and their main characteristics appear in Table 1. The first two rows are the design 
temperatures for both hot and cold sides, and the other properties correspond to this nominal point (and, 
thus, they vary if these temperatures do). Open circuit voltage is the one provided when no electric load 
is connected to the TEG. Matched load resistance is that one that maximizes power produced: it entails 
values of voltage, current and power. Finally, it can be seen how heat flow is high compared to electricity 
produced and, thus, efficiency is around 6-7%. For this reason, integration of TEG should be done in a 
fashion that low temperature heat leaving the modules is also used.    

 

Figure 1: Scheme of the boiler used. (Source: BioCurve [8]). 

Table 1: Main characteristics of the TEG modules used [9]. 

Parameter TEG1-PB-12611-6.0 TEG1-24111-6.0 
Hot side temperature (ºC) 350 300 
Cold side temperature (ºC) 30 30 
Open circuit voltage (V) 9.2 17.7 
Matched load resistance (ohm) 0.97 4.4 
Matched load output voltage (V) 4.6 8.8 
Matched load output current (A) 4.7 2 
Matched load output power (W) 21.7 17.6 
Heat flow across the module (W) ≈ 310 ≈ 301 

2.2 Boiler modification and installation 

The aim of this section is to present how the boiler has been modified in order to integrate TEG in the 
upper part of the boiler and to monitor different parameters needed to characterize the operation of the 
facility.  

The upper cover of the boiler (see Figure 1) made of steel and refractory material was removed and 
replaced by a new element where TEG, cooling system and thermocouples are located. Details of this 
element appear in Figure 2 and are described next. First, a steel plate is located at the bottom; it will be 
heated by the flue gases and radiation from the flame and will serve as hot side plate of the TEG. In 
order to direct all heat flow towards the TEG, this plate is covered by a piece of insulation material in 
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which two rectangular and one round perforations are made. TEG are located in contact with the steel 
plate in the rectangular perforations: three modules TEG1-PB-12611-6.0 in one and three TEG1-24111-
6.0 in the other, as it can be seen in Figure 2.a. The figure shows also thermocouples placed for 
measuring temperatures in the hot side of TEG and a round hole in the middle that will be used for 
introducing thermocouples for measuring temperature of flue gases. TEG modules are cooled by two 
water coolers that are located just over them, as it can be seen in Figure 2.b. Water for this cooling can 
come from two alternative ways: i) water entering the boiler to be heated in it (thus, the cooler acts as a 
preheater) or ii) tap water that is being heated while cooling the TEG (this would correspond to a 
preheater if the boiler were used for sanitary hot water); the change from one mode to the other is made 
by manually operated valves. Temperature of cold side is measured by thermocouples located on the 
coolers. Finally, the system is covered by a steel plate, as it can be seen in Figure 2.c.   

During the first tests, power produced by TEGs was low because temperature of the high temperature 
plate was significantly lower than the design temperature of hot side of the modules. For this reason, 
changes were made in order to increase heat exchange between flue gases and high temperature plate. 
The main modification was the use of fins, which can be seen in Figure 2.d; in this photo, the plate is 
seen outside the boiler from the side which is in contact with flue gases. Additionally, the cover of the 
flame rebound (which is made of refractory material) was removed, what allowed higher flow of gases 
towards the finned plate and also to increase heat transfer from the flame by radiation. As it will be seen 
in the results section, these changes allowed the plate to achieve high temperature that enabled TEG 
modules to produce quite high power.   

 
    a)                                                       b) 

 
    c)                                                         d) 

Figure 2: Modifications of the upper part of the boiler for installing TEG modules.  

In the lab facility, there are several ancillary devices located around the boiler. In the duct for flue gases 
evacuation, a gas analyser is located. Next to the boiler there is a bin that contains the pellets; this bin is 
placed on a scale in order to monitor the weight and, thus, the mass flow rate of pellets that are fed into 
the boiler. The facility also includes a water circuit with fan cooler and a pump to cool down water 
heated by the boiler in order to work in a closed circuit. The monitoring system registers temperatures 
(water, flue gases, entering air, hot and cold sides of the TEG modules), water flow rate, mass of pellets 
in the bin, flue gases composition and current and voltage of each one of the TEG modules. It is run in 
a computer and its main tab is shown in Figure 3. Besides the computer, a box was located to contain 
electronic boards required for monitoring as well as electric resistances that serve as load for the TEG 
modules. Each one of these resistances has been tuned so that the resistance plus the electric cable 
linking it with the module correspond to the matched load value.  
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Figure 3: Monitoring system.  

3 Results 

A test has been performed in the facility previously presented in order to compare the performance of 
TEG modules depending on whether they are cooled by boiler water or by tap water. Boiler is fed by 
type A1 biomass pellet (according to the UNE-EN ISO 17225-2 standard [10]) with a relatively low 
tendency to fouling and it is set to the maximum power (level 5). The test starts with boiler start-up with 
TEG modules cooled by boiler water; actually, water coming from the fan cooler flows through TEG 
cooler before entering the boiler to be heated again. Once a quite stable value is achieved, TEG cooling 
system is changed to tap water. Finally, boiler is shut down and, during this process TEG are cooled 
again by water of the boiler cooling circuit (mainly in order to save tap water).   

The main results are presented in this section. First of all, power produced by the different modules is 
presented. Afterwards, values of temperatures at both hot and cold side are presented in order to show 
how they are the main cause of variation of TEG power.  

3.1 Power produced by TEG 

TEG 1 to 3 are TEG1-PB-12611-6.0 type and the power they produced is plotted in Figure 4. It can be 
seen how power of TEG 1 and 3 is quite similar, whereas that of TEG 2 is lower. This lower value may 
be due because of poor thermal contact of the module, perhaps due to its location in the middle of the 
row, although more research is needed to confirm this idea. In all cases, it can be seen how power is 
zero at the beginning of the test when boiler is switched on and increases till reaching an almost steady 
state value because of the heating of the hot plate due to radiation and convection from flue gases. As 
said before, cooling during this first stage is done by water coming from the fan cooler before it enters 
the boiler. At around five past ten, cooling mode is changed and now is done by using tap water. During 
the change of cooling mode, there is a very short period of time when cooling disappear, what makes a 
strong reduction of power. Afterwards, power increases suddenly and then it decreases slightly to reach 
a stable value higher than the previous one. Finally, boiler is switched off at about five to eleven, and 
power decreases as temperature of hot side also does. It should be noted that, in order to save tap water, 
cooling mode is changed again to boiler water just after the boiler is switched off, what causes worse 
cooling and a decrease in power produced by TEG. Value of power provided by TEG is far from its 
nominal value of 21.7 W, what is mainly due to the fact that temperatures of both hot and cold side are 
not the same as the design ones.    
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Figure 4: Power (W) produced by TEG 1 to 3 (TEG1-PB-12611-6.0).  

Figure 5 shows the evolution of power produced by TEG 4 to 6, which are of TEG1-24111-6.0 type. It 
can be seen how the power is higher than in the previous case, and no so far from to its nominal value 
(17.6 W). Besides, there are no big difference among the three modules, although the one located in the 
middle (number 5 in this case) also has the lower values. The general trends in the evolution are the 
same as those commented for Figure 4 but, additionally, other effects that were negligible in that figure 
can now be appreciated more clearly.  First, around half past 10, pump driving water in the circuit 
connecting boiler, fan cooler and, in this case, also TEG cooler, turns on, what causes an improvement 
in cooling and, thus, a sudden increment in power produced. Second, at the end of the cooling process, 
the same pump turns on and off alternatively (depending on the value of water temperature), what causes 
changes in cooling and in power produced. 

 

Figure 5: Power (W) produced by TEG 4 to 6 (TEG1-24111-6.0).  

A summary of power produced in both situations is shown in Table 2. It can be seen how by using tap 
water for cooling maximum power produced is 10 Watts higher. Average power is quite close to 
maximum power when tap water cooling is used, whereas these values have a difference of 11 W in the 
case of boiler water cooling. This effect is due because the time used for average starts when pump is 
turned on and, thus, includes part of the heating when power produced is lower. 
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Table 2: Summary of power produced during the test. 

  TOTAL TEG
1 

TEG
2 

TEG
3 

TEG
4 

TEG 
5 

TEG 
6 

Boiler water 
cooling 

Max. power (W) 59.6 7.71 6.05 8.08 13.08 12.34 13.24 
Average power (W)*  48.37 5.84 3.81 6.15 10.89 10.53 11.16 

Tap water 
cooling 

Max. power (W) 69.54 9.56 6.27 9.61 15.41 14.18 15.52 
Average power (W)** 68.10 9.15 5.85 8.96 15.11 13.92 15.11 

* From pump start until change in cooling mode. 
** From change in cooling mode until boiler stop.  

3.2 Temperatures 

In order to understand the variation in power produced presented in the previous section, it is worth to 
analyse the evolution of temperatures at both sides of TEG modules. Figure 6 shows the evolution of 
temperatures in hot side of TEG 1 to 3. It should be noted that this temperature is measured very close 
to the TEG but in the hot plate, what means that the actual temperatures of the TEG hot faces will be 
lower due to contact thermal resistance. It can be seen how, even in the best situations, these measured 
temperatures ranges from around 240 to 310 ºC; since the actual temperature will be lower, hot side of 
TEG will be well below the value of 350 ºC of design conditions, what is a main cause for producing 
power lower than the value of design. The graph shows how temperature increases during boiler heating 
and then tends to be stable. When cooling mode is changed, it also affects slightly to temperature of hot 
side, but due to the inertia of the system (the hot plate is thick) it takes several minutes to have the stable 
value corresponding to tap water cooling. Finally, when boiler is switched off, temperature decreases 
slowly. At the end of the cooling process, there is a period when temperature almost does not decrease; 
this effect appears because during this period the pump is switched off.    

 

Figure 6: Temperature (ºC) of hot side of TEG 1 to 3. 

Evolution of temperature at hot side of TEG 4 to 6 is plotted in Figure 7. Again, this value is measured 
in the hot plate and the actual values of TEG face would be lower. It can be seen a similar trend as that 
of hot side temperature of the other TEG, but now values are higher. This effect would be mainly due 
to an asymmetry of the boiler, what would direct hotter gases and/or radiation from the flame to the area 
where TEG 4 to 6 are located. These higher temperatures combined with the fact that design hot side 
temperature of these TEG is lower, would justify that the power provided by TEG 4 to 6 is much closer 
to the design value than that of TEG 1 to 3.   
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Figure 7: Temperature (ºC) of hot side of TEG 4 to 6. 

Finally, cold side temperature appears in Figure 8. Two measures are plotted, one for the cooler of TEG 
1 to 3 and the other for the cooler of TEG 4 to 6. Since thermocouples are located close to TEG cold 
side but in the surface of the cooler, the actual temperature of the TEG cold side would be higher. As it 
can be seen, these temperatures have relevant variations due to changes in the cooling mode and to 
switching on and off of the pump. At the beginning, temperatures increase fast till half past nine, when 
they drop suddenly because of pump is switched on. Afterwards, they increase again till reaching almost 
stable values and, then, they decrease fast due to the change in cooling mode what is made around 5 past 
10. Since the decrease of cold side temperatures is faster than the decrease of hot side temperatures (the 
latter have higher thermal inertia than the former), peaks in power produced appear (see Figures 4 and 
5). Just when boiler is switched off, cooling mode is changed again, what causes an increment of 
temperatures. Finally, temperatures decrease gradually as boiler cools down, except during a short 
period at the end when they increase because pump is stopped. The graph shows that temperatures are 
around 25 ºC lower when tap water is used, which is the cause of the higher power produced. 

 

Figure 8: Temperature (ºC) of cold side. 

4 Conclusion 

A lab facility has been developed in order to demonstrate and test the integration of thermoelectric 
modules in a biomass boiler. The upper part of a 25 kWth pellet-fired condensation boiler has been 
modified in order to integrate six TEG of two different types. Fins have been introduced in the hot side 
to enhance heat transfer from the flue gases whereas cooling can be done in two ways: by the cooling 
water circuit of the boiler and by tap water; in both cases, heat of cold side is used (for preheating of 
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circuit water before entering the boiler or for preheating tap water that would be used as sanitary hot 
water). The lab includes a monitoring system that measures and register operation parameters and will 
allow to study how TEG performance varies according to conditions such as power of the boiler, oxygen 
set-point or biomass type.   

Results of a test have been presented in which it can be clearly seen how the change of cooling system 
affects power produced by TEG modules (a variation of 10 W). This result shows the importance of 
using the coldest flow available in order to maximize produced water. In any case, power produced 
ranges from more than 50 to almost 70 W, and would be likely higher if all modules were of the same 
type as 4 to 6. This amount, although small, will be useful for driving ancillary devices of the boiler 
(fans, pump and worm screw), what eventually would lead to a boiler that could be used in an isolated 
facility with no electric grid. Furthermore, it should be noted that only a small fraction of heat provided 
by the boiler (less than 10%) is directed towards TEG modules; accordingly, there is a strong potential 
for increasing power by introducing bigger changes in the design of the boiler that would allow to 
integrate more TEG modules.  
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Abstract 

In line with the decarbonization of the domestic sector to meet the 2050 climate neutrality targets, this 
paper describes the energy, economic and environmental analysis of different configurations of 
polygeneration installations to provide electricity, air conditioning, domestic hot water and desalinated 
water for a building of 80 dwellings. It will be supplied with renewable energy only, from Photovoltaic 
(PV) and Photovoltaic-Thermal (PVT) panels, biomass backup boilers, and Thermoelectric Generators 
(TEG) coupled to the PVTs for additional electricity generation. In the case of cooling and desalinated 
water production, the use of electrically and thermally activated technologies (Heat Pump, 
HP/SingleEffectAbsorption Chiller, SEAC for cooling, and Multi-effect Distillation, MED/Reverse 
Osmosis, RO for desalination) will be combined. Electricity can be sold to or purchased from the grid 
without electrical storage with batteries. The four configurations have been simulated for three locations 
in Spain. They were modeled with TRNSYS, integrating specific models with EES when there was no 
particular type for desalination technologies. All configurations were designed to cover 100% of the five 
demands required in the building. For the three locations, the electric option (the combination of HP and 
RO for cooling and desalting) was the most attractive solution in terms of primary energy consumption 
and liability. Additionally, they all use a system based on thermal RES. 

 

1 Introduction 

In Europe, buildings are responsible for 40% of energy consumption and 36% of CO2 emissions, and 
similar figures are reported in the United States [1]. The decarbonization of the building sector by 2050 
is an ambitious objective requiring the implementation of energy transition strategies. To do so, the 
actions to perform that plan must be helped by regulatory changes and the support for investments in 
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energy efficiency, especially for existing buildings, in which improvements are easier to reach since 
present references are relatively high in terms of energy consumption. 

Since 2002 three progressive Directives on Energy Performance of Buildings have been approved 
(Directive 2002/91/CE [2], Directive 2010/31/EU [3], and Directive (EU) 2018/844 [4]). This has led 
to a gradual improvement in enclosures to reduce losses, which has been transposed into national 
regulations. Consequently, from 2020 all-new residential, office, and service buildings are expected to 
be nearly zero-energy buildings. In the next few years, new rules will try to account for many new and 
existing decarbonized buildings by the year 2050. A new directive is currently being drafted, which 
would limit the use of fossil fuels for community heating, and would promote high-efficiency heat 
pumps. A new energy rating for buildings to be upgraded in quality in each country depending on the 
age of the building. 

To reduce the final energy consumption, it is evident that improving the thermal envelope could lead to 
significant cuts in demand. It also could lead to better thermal comfort [5]. Note that around 50% of the 
primary energy demands in buildings are linked to heating, ventilation, and air conditioning. Building 
energy codes (BECs) have been one of the keys to reducing buildings' energy consumption. 
Unfortunately, its effectiveness is based on its mandatory and enforced nature [6]. This can be shown in 
comparative studies of BECs in neighboring countries with similar climate conditions [7-8].  

On the other hand, the energy demands have to be served more sustainably. A sustainable and safe 
solution for a building is a polygeneration scheme that simultaneously produces electricity, heating, 
cooling, and freshwater (partly converted into domestic hot water) from a single or several primary 
resources. Polygeneration schemes have been used in industry, in many cases with products other than 
those described above, and not always using only renewable energy sources [9-11]. In the case of the 
domestic sector, it is quite common to analyze polygeneration schemes for significant electricity, water, 
and air conditioning demands, without specifying the detailed request and sometimes missing the purely 
renewable component of the sources [12-16]. In the case of these five basic demands for a building, the 
number of scientific references is already somewhat smaller according to our state of the art [17-19]. In 
all cases, simulations are carried out, including the optimization of their design, their energy, energy, 
environmental and economic analysis, and their sensitivity to the externalities of the proposed plant. 
Still, there are no experimental studies to analyze the feasibility of this integrated approach, given its 
complexity and the significant investment required. 

Several configurations arise when the polygeneration scheme is mainly based on heat-producing 
technologies, such as PVTs and a biomass boiler, which consume resources generally available in a 
water-scarce area near the coast. Different options in the production of cooling and desalinated water 
should be tested since it is not fair if such heat could be derived to produce cooling and freshwater. Or 
on the other hand, it is better to use electric technologies. Therefore, this article's main novelty is the 
analysis of different configurations of a polygeneration scheme based on renewable energies, essentially 
thermal, to cover the five typical demands of a building of 80 dwellings. The building already has a 
good energy standard in its envelope, in the sense that the integrated producing scheme generates the 
minimum energy demand for its occupants. 

Three different analyses have been carried out to compare four configurations, varying cooling 
production with HP or SEAC and seawater desalination with RO or MED. In all of them, 100% coverage 
of electricity (in annual net balance), heating, cooling, cold, cold water, and domestic hot water is 
pursued. Energy analysis is based on primary energy saving (PESR). Environmental benefits were 
estimated by using the CO2 saving (CO2) of the integrated scheme proposed. Economic analysis uses 
the simple payback period (SPB), net present value (NPV), and Internal Rate of Return (IRR) of the 
investment required, as well as the levelised costs of any of the five covered demands (LCOx).  

2 Case study 

The building was selected in Spain, a country characterized by its mild climate and water scarcity. The 
choice of the typical residential building in Spain has been based on data collected from the Population 
and Housing Census [20]. Their main geometric characteristics are detailed in Table 1. 
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Table 1: Geometric characteristics of the building type considered 

Parameter Value 
Building type Medium/large block of flats 
No. of homes 80 
Total number of people 240 
Useful surface per dwelling (m2) 70 
Total conditioned area (m2) 5600 
Total area (m2) 7190 
Height per plant (m) 3 
Total volume (m3) 21568.8 
No. of floors above ground 11 (10 + ground floor) 
No. of floors below ground 0 
Total building height (m) 33 
No. of bedrooms per home 2 
Orientation North-South 

 

The following figures include a 3D view (Figure 1) and floor plans (Figure 2) of the building types 
considered. 
 

           

Figure 1: 3D view of the South façade (left) and the North façade (right) of the building type 

 
Height from the floor of the plant (z) and windows dimensions (width x height): W1: z = 1 m, 0.8 m x 1 m; W2: z = 1 m, 1.46 m x 1 
m; W3: z = 1 m, 0.7 m x 1 m. Doors dimensions (width x height): D1: 0.8 m x 2 m. The ground floor consists of four premises instead 
of eight dwellings, four entrance doors (1.4 m x 2 m) to the four portals-stairs and four doors (0.8 m x 2 m) for the entrance to the four 
premises. 

Figure 2: Typical floor plan of the building type. 

2.1 Building demands 

As the article is focused on an integrated solution in energy and water supply for the demands, it is 
assumed that the building meets the best energy efficiency standards. The amendments introduced with 
the Directive 2010/31/EU [3] led to an update of the Basic Document HE on Energy Saving of the 
Technical Building Code in 2013 [21], which has to be applied to the new buildings in the period 2014-
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2019. Finally, this document was updated again in 2019 [22] to include the new requirements of 
Directive (EU) 2018/844 [4].  

The Spanish regulation included in the Basic Document HE on Energy Saving of the Technical Building 
Code [21] establishes 15 climate zones classified according to their winter (5, from A to E) and summer 
climate severities (4, from 1 to 4). They are ranked from each zone's degree-days and solar radiation. 
Three cities were selected for the analysis. Two of them correspond to a specific location in the 
Mediterranean area, with similar heating and cooling demands and water scarcity. The third one 
corresponds to an inland location with a higher climate severity but not a freshwater shortage. They 
were then coded as A4 (Almeria), B3 (Valencia), and D3 (Zaragoza). Table 2 shows a description of the 
leading climate conditions of these localities. 

Table 2: Description of the main climate conditions of the selected cities. Source: [22], [23], [24]. 

Zone 1 2 3 
Location 
(climate zone) 

Almeria 
(A4) 

Valencia 
(B3) 

Zaragoza 
(D3) 

Latitude 36°50′ N 39°28′ N 41°39′ N 
Altitude above sea level (m) 0 8 207 
Annual average outdoor temperature (°C) 18.4 17.6 15.2 
Horizontal global solar radiation (kWh/year) 1829 1615 1656 
Average annual wind speed (m/s) 4.1 3.1 4.5 
Average annual temperature of tap water (°C) 15.7 14.6 13.3 

Detailed calculations on the building demands are shown in Annex A. Table 3 presents the annual 
demands based on the hourly estimates following the methodology presented in Annex A. Unitary 
consumptions per dwelling and year are also included in the table. 

Table 3: Annual consumption of energy and water for the same building in the three selected cities. 

Location Almería Valencia Zaragoza 
Heating demand (HD, kWh/y) 
        per dwelling (kWh/y·dwelling) 

21449.7 
268.1 

59572.9 
744.7 

101297.2 
1265.0 

Cooling demand (CD, kWh/y·dwelling) 
        per dwelling (kWh/dwelling) 

75691.8 
946.1 

46907.0 
587.3 

48271.0 
603.4 

Electricity demand (ED, kWh/y·dwelling) 
        per dwelling (kWh/dwelling) 

151905.3 
1888.7 

151905.3 
1888.7 

236655.1 
2958.2 

Freshwater demand (FWD, m3/y·dwelling) 
        per dwelling (m3/y·dwelling) 

8555.1 
106.95 

8555.1 
106.95 

8555.1 
106.95 

Domestic Hot Water demand (DHWD, kWh/y) 
        per dwelling (kWh/y·dwelling) 

93887.0 
1173.6 

93887.0 
1173.6 

150101.0 
1876.26 

2.2  System layouts 

The main integrated scheme starts with a solar loop consisting of PVTs, a storage tank, and a heat sink 
to avoid overheating. Additional electricity generation to cover the demands of the building is provided 
by a PV field and supported by the installation of TEGs on 50% of the solar aperture of the resulting 
PVT field. The facility will have the corresponding inverter according to the absolute power, buying 
and selling energy to the grid depending on the demand and instantaneous production. 

In all cases, the DHW demand is covered by a mixture of the secondary tank and cold freshwater to 
serve the required flow rate at 45 °C. The heating demand is covered in the same way as DHW, but in 
this case, it is done at 35 °C and returned at 25 °C, considering that there is underfloor heating in the 
building. 

The fundamental difference between the configurations analyzed for each of the three sites with the 
same base building is the production of cooling and desalinated water. They may require either heat, 
which will come from the secondary tank, or electricity. For cooling, a single-effect Lithium Bromide 
absorption cycle (SEAC) or a high-efficiency heat pump (HP) connected to an aquifer with a stable 
temperature (15 °C) can be chosen. A membrane technique (RO) or distillation (MED) is proposed for 
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seawater desalination. The biomass boiler allows the secondary tank to maintain a setpoint temperature 
according to the cooling and desalinated water demands since they operate at the highest temperatures. 

Finally, a 50 m3 tank has been foreseen to regulate the production of desalinated water concerning 
consumption. The selected cooling technology has a third storage tank to avoid system start-ups and 
shutdowns while meeting demand. Figure 3 shows the main scheme of the polygeneration system, note 
that the dashed lines indicate that this technology will or will not be activated depending on the chosen 
case (see table 4). 

 

Figure 3: Polygeneration scheme of the study. 

Thus, four combinations analyzed for the polygeneration system differ in selecting technology for 
cooling and desalination, as shown in the attached table. In any case, the final design of each option will 
be different in terms of the number of PV/PVTs, biomass boiler power, HP/SEAC capacity, and size of 
the hot and cold water storage tanks. Also, the setpoints of the boiler and start-up of thermally activated 
technologies (MED, SEAC) may differ slightly depending on the overall integration scheme. 

Table 4: Configurations analysed in the polygeneration scheme. 

Option A B C D 
Cooling HP HP SEAC SEAC 
SW desalting MED RO RO MED 

2.3 System model 

The configurations have been modeled in TRNSYSv18, using its types whenever possible. There are 
two noteworthy situations in this regard; the first is that the regression models available for the HP and 
SEAC types have been used to adapt the capacities required in the installation with variable load 
performances. The second is that there is no specific type for this technology in the case of desalination. 
Consequently, complex models were firstly developed in the EES software for RO and MED. However, 
given the slowness of calculation observed when integrating both software, a simplified version of each 
technology has been incorporated into the TRNSYS scheme through a new DHW demand and its return 
or additional electricity consumption. Something similar has been done in the case of TEGs, where 50% 
of the catchment area was considered for integration into the PVTs. 

The following table summarizes the essential information of the components included in the analyzed 
configurations. If no parameter number is given, it will depend on the design of each composition (Var.). 
Auxiliary types for integrating variables and graphical representation have not been included for 
simplicity. 
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Table 5: Summary of main components of the TRNSYS installation 

Component Type Parameter Value Unit 
Weather 15-6 Slope surface 37 ° 
Tap water  14-a Temperature Var. °C 
PV 103-b Module area 

Isc at RC 
Voc at RC 

1.93 
9.38 
46.2 

m2 
A 
V 

PVT 50-a Module area 
Cell efficiency 

Collector absorptance 
Cover transmittance 

1.63 
16 
92 
89 

m2 
% 
% 
% 

Aerotherm (AE) 5-g Cooling airflow 285,600 kg/h 
TEG -- ZT 0.72  
Inverter 48-a Efficiency 95 % 
Solar loop pipes 31 Overall loss coefficient 0.3 W/m2·K 
Solar controller 113 Cooling setpoint 90 °C 
Solar pump (SP) 3b Power 

Flowrate 
Var. 
Var. 

W 
hg/h 

Solar tank (ST) 156 Capacity 
Number of nodes 

Overall loss coefficient 

Var. 
10 

0.35 

m3 
- 

W/m2·K 
Demands (5 .txt files) 9-c Periodicity Var. h 
Hot water demands tank 
(HWDT) 

534 Capacity 
Number of ports 

Overall loss coefficient 

Var. 
Var. 
0.35 

m3 
- 

W/m2·K 
Biomass boiler (BB) 122 Output power 

Efficiency 
Minimum load 

Var. 
80 
5 

kWth 
% 
% 

Boiler pump (BP) 3b Power 
Flowrate 

Var. 
50·APVT(m2) 

W 
L/h 

Demand controller 106 Heating setpoint Var. °C 
Heat Pump (HP) 927 Cooling capacity 

Inlet source temperature 
Return temperature 

Load flowrate 
Source flowrate 

Var. 
15 
12 

Var. 
Var. 

kWcl 
°C 
°C 

kg/h 
kg/h 

Single-Effect LiBr 
Absorption Chiller 
(SEAC) 

107 Cooling capacity 
Return temperature 

Load flowrate 
Cooling flowrate 

Hot Water flowrate 
Cooling temperature 

Hot Water temperature 
Operating range 

Var. 
12 

Var. 
Var. 
Var. 
20 

Var. 
70-85 

kWcl 
°C 

kg/h 
kg/h 
kg/h 
°C 
°C 
°C 

Cooling water tank (CWT) 156 Capacity 
Number of nodes 

Overall loss coefficient 

Var. 
10 

0.35 

m3 
- 

W/m2·K 
Multi-effect Distillation 
Unit (MED) 

-- Desalting capacity 
Recovery factor 
Source flowrate 

Source temperature 
Operating range 

1309 
20.65 
Var. 
Var. 

60-82 

L/h 
% 

L/h 
°C 
°C 

Reverse Osmosis Unit 
(RO) 

-- Desalting capacity 
Recovery factor 

Reject factor 

3216 
45 

99.31 

L/h 
% 
% 

Freshwater tank (FWT) 39 Capacity 
Minimum volume 

Level (off-desalting) 

50 
5 
35 

m3 
m3 
m3 
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The simulation was performed for the entire annual period in the four configurations and three locations, 
with a time step of 5 minutes. 

2.4 Performance analysis 

Three key performance indicators (KPI) have been used to evaluate the best alternative 
comprehensively. The energy KPI selected is the Primary Energy Saving Ratio (PESR). It compares the 
energy performance of the proposed system (PS) through a comparison with a suitable reference system 
(RS). The PS solely considers the demand unattended by electricity from the grid because, in all cases, 
the demand for air conditioning and water is served at 100%. The RS supposes all demands produced 
by conventional technologies based on fossil fuels and appropriate conversion efficiencies (see table 6 
for details). The PES and its ratio (PESR) are calculated as shown in equations (1) and (2): 

𝑃𝐸𝑆 = 𝑃𝐸𝑆 − 𝑃𝐸𝑆                    (1) 

𝑃𝐸𝑆𝑅 =                (2) 

𝑃𝐸 = + + +
·

+
·

         (3) 

𝑃𝐸 =                     (4) 

𝑃𝐸𝑆 is the primary energy saving, kWh/y, 

𝑃𝐸𝑆𝑅 is the primary energy saving ratio, %, 

𝑃𝐸  is the primary energy consumption in the reference system, kWh/y, 

𝑃𝐸  is the primary energy consumption in the proposed system, kWh/y, 

𝐸  is the electricity demand of the building, kWh/y, 

𝑄  is the space heating demand of the building, kWhh/y, 

𝑄  is the domestic hot water demand of the building, kWh/y, 

𝑄  is the cooling demand of the building, kWh/y, 

𝑊  is the freshwater demand of the building, m3/y, 

𝜂  is the electric efficiency of the Spanish grid system (reference), %, 

𝜂  is the thermal efficiency of the reference boiler, %, 

𝐶𝑂𝑃  is the coefficient of performance of the cooling system (reference),  

𝑆𝐸𝐶  is the specific energy consumption of the desalting system (reference), kWh/m3, 

𝐸  is the electricity demand of the building taken from the grid, kWh/y, 

Similarly, the environmental analysis was evaluated by the saving in CO2 emissions and its ratio (CO2R) 
as shown in equations (5) and (6):  

∆𝐶𝑂 = 𝐶𝑂 , − 𝐶𝑂 ,                    (5) 

𝐶𝑂 =
∆

,
                 (6) 

𝐶𝑂 , = 𝐸 · 𝑓 , + (𝑄 + 𝑄 ) · 𝑓 , +
·

· 𝑓 , +𝑊 · 𝑆𝐸𝐶 · 𝑓 ,          (7) 

𝐶𝑂 , = 𝐸 · 𝑓 ,                    (8) 

∆𝐶𝑂  is the CO2 saving, kgCO2/y, 

𝐶𝑂 ,  is the CO2 produced in the reference system, kgCO2/y, 

𝐶𝑂 ,  is the CO2 produced in the proposed system, kgCO2/y, 

𝐶𝑂  is the CO2 saving ratio, %,  

𝑓 ,  is the CO2 emission factor for electricity generation in Spain, kgCO2/kWhe, 

𝑓 ,  is the CO2 emission factor for heat provided by natural gas combustion (reference), 
kgCO2/kWhh, 

609



As for the economic KPI, the simple payback (SPB) has been selected. It is calculated as the ratio of the 
total capital cost and the savings achieved by PS concerning RS. In particular, 25 years of a lifetime is 
considered.  

𝑆𝑃𝐵 =                 (9) 

𝐴𝑆 = 𝑂𝐶 − 𝑂𝐶                   (10) 

𝑆𝑃𝐵 is the simple payback of the investment, years, 

𝑇𝐼  is the total investment in the proposed system, €, 

𝐴𝑆  is the annual saving in the proposed system, €/y, 

𝑂𝐶  is the operating cost in the reference system, €/y, 

𝑂𝐶  is the operating cost in the proposed system, €/y, 

The yearly economic saving of the proposed system takes into account the economic gains with respect 
to the reference system. In RS, electricity is provided only by the national grid. On the other hand, in 
PS, the electric user load is matched by the PV, PVT, and TEG in an overall yearly balance, but 
sometimes the electricity is supplied by the grid. Moreover, different prices are found when electricity 
is purchased or sold to the grid. A price for natural gas, biomass pellets (assuming a fixed LHV), and 
water from the grid is also necessary to establish the annual cost of the reference facility to compare 
with the proposal (see table 6). The yearly operating costs (OC) also include a percentage of the 
investment required for each central technology as a maintenance cost. These investment and installation 
costs for each technology have been taken from the bibliography of similar studies and are also compiled 
in Table 6. 

𝑇𝐼 = 𝐶 + 𝐶 + 𝐶 + 𝐶 , , + 𝐶 , + 𝐶 + 𝐶 / + 𝐶 /            (11) 

𝑂𝐶 = 𝐸 · 𝑝 , + + · 𝑝 +
·

· 𝑝 , +𝑊 · 𝑝               (12) 

𝑂𝐶 = 𝐸 · 𝑝 , − 𝐸 · 𝑝 , + 𝐸 · 𝑝 , +𝑂𝑀 , , , / , /              (13) 

𝐶  is the investment cost of the solar PV field, €, 

𝐶  is the investment cost of the solar PVT field, €, 

𝐶  is the investment cost of the inverters, €, 

𝐶 , ,  are the investment costs of the solar, demand hot water and cooling water tanks, €, 

𝐶 ,  are the investment costs of the solar and boiler pumps, €, 

𝐶  is the investment cost of the biomass boiler, €, 

𝐶 /  is the investment cost of the selected cooling technology (HP or SEAC), €, 

𝐶 /  is the investment cost of the selected desalination technology (RO or MED), €, 

𝑝 ,  is the purchase cost of electricity, €/kWhe, 

𝑝  is the purchase cost of the natural gas, €/kWhth, 

𝑝  is the purchase cost of water from the network, €/m3, 

𝐸  is the electricity injected into the grid, kWhe/y, 

𝑝 ,  is the electricity price of surplus electricity, €/kWhe, 

𝐸  is the energy supplied by the biomass boiler, kWhth/y, 

𝑝 ,  is the purchase cost of biomass pellets, €/kWhth, 

𝑂𝑀  are the operating and maintenance costs of the x technology, €/y. 

 

As an additional economic indicator, the Levelized Costs of each demand (LCOx) have also been 
estimated. Taking into account that some driving technologies provide energy for several demands heat 
(and even electricity), distribution factors (fE,x and fQ,x) based on the electrical or thermal energy required 
for each need concerning the total produced by the system must be firstly estimated. As an example, the 
estimation of the LCOW is shown. Note that it is one of the most complex demands to assess at the tail 
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end of the integrated system. The total cost, O&M, and energy required for the desalination plant also 
consider the upstream equipment’s fractional costs, with the distribution factors described above. 

𝐿𝐶𝑂 =
∑ ·( )

∑ ·( )
                (14) 

𝐿𝐶𝑂  is the levelised cost of water, €/m3, 

𝐶  is the total investment cost associated with water, €, 

𝑂𝑀  is the total cost for O&M associated with water, €/y, 

𝑟 is the rate of return, %, 

𝐸  is the total energy required for water, kWh/y. 

 

Finally, the internal rate of return (IRR) and the net present value (NPV) of the investment have also 
been estimated as fundamental economic indicators. 

Table 6: Main economic parameters of the study. 

Item Parameter Value Unit Reference 
PV Inv. & OM cost 1000, 1 €/kWp, %/y [25] 
PVT Inv. & OM cost 200, 2 €/m2, %/y [26] 
Water tanks Investment cost 495+808·V(m3) € [27] 
Inverter Investment cost 180 €/kW [28] 
Pumps Inv. & OM cost 419+0.03*Q-2.16·10-8·Q2, 0.5 €, %/y [29] 
BB Inv. & OM cost 282, 1 €/kWth,%/y [30-31] 
Heat Pump Inv. & OM cost 350, 0.5 €/kWcl, %/y [25,32] 
SEAC Inv. & OM cost 600, 0.2 €/kWcl, %/y [26,32] 
MED Inv. & OM cost 1500, 0.5 €/(m3/d), %/y [33] 
RO Inv. & OM cost 800, 1.5 €/(m3/d), %/y [34] 
pE,p Price 0.2 €/kWh  
pE,s Price 0.08 €/kWh  
pNG Price 0.07 €/kWh  
pE,b Price 0.052 €/kWh  
pW Price 2.0 €/m3 [35] 
fCO2,E Emission factor 0.19 kgCO2/kWh [36] 
fCO2,NG Emission factor 0.204 kgCO2/kWh [37] 
r Interest rate 2 %  
COPR Efficiency 2.6 -- [38] 
E Efficiency 0.42 -- [39] 
Q Efficiency 0.92 -- [38] 
SECR Specific cons. 4 kWh/m3 [35] 

3 Results and discussion 

Given the complexity of supplying five demands at 100%, the optimal configuration for each site (1-3) 
and technology selection (A-D) implies a different final design. Most of them correspond to the Var. 
values included in table 5. The following table summarizes the final design required for each case, the 
objective being to cover all demands at around 100%. However, in the case of electricity, this is done 
through an approximated annual net balance with the grid. For cold, the existence of the buffer tank also 
prevents covering precisely 100% of the demand (see table 7). 
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Table 7: The final design for each proposed configuration (A-D) and sites (1-3) 

Item Location A B C D 
Number of PV 1 

2 
3 

210 
210 
300 

320 
320 
430 

270 
270 
370 

210 
210 
325 

Number of PVT 1 
2 
3 

180 
190 
300 

60 
70 
90 

140 
140 
200 

160 
160 
200 

BB nominal capacity (kWth) 1 
2 
3 

300 
300 
500 

100 
100 
300 

300 
300 
500 

300 
300 
500 

BB setpoint temperature (°C) 1 
2 
3 

75 
75 
75 

55 
55 
55 

80 
80 
78 

82 
82 
82 

Solar tank capacity (m3) 1 
2 
3 

10 
10 
15 

7 
7 
10 

10 
10 
15 

12 
12 
18 

Hot water demand capacity (m3) 1 
2 
3 

10 
10 
12 

5 
5 
8 

10 
10 
15 

12 
12 
18 

HP/SEAC capacity (kWCL) 1 
2 
3 

120 
80 
80 

100 
70 
70 

150 
105 
100 

170 
140 
140 

Coldwater tank capacity (m3) 1 
2 
3 

5 
5 
5 

7 
7 
5 

7 
7 
7 

10 
10 
10 

Electricity annual demand 
coverage (%) 

1 
2 
3 

99.7 
100.3 
100.7 

102.3 
102.1 
100.2 

102.2 
101.5 
100.5 

101.5 
101.1 
101.1 

Cooling annual demand 
coverage (%) 

1 
2 
3 

101.9 
103.1 
101.7 

99.7 
99.9 
101.2 

98.9 
100.7 
99.8 

99.5 
102.0 
101.9 

The required design results are logical because a larger solar field with PVT, a boiler, and hot water 
tanks are necessary when the desalination technology is the MED, and to a lesser extent, when the cold 
production comes through the SEAC. Another expected consequence is that the degree of overheating 
when using RO is higher since the solar field does not have a great demand, especially in the spring and 
autumn periods where cooling is unnecessary. The fraction of electricity supplied by the TEGs is almost 
irrelevant (< 0.5% of total electricity generated by PV and PVT fields, respectively) since T available 
in the PVTs is not enough to work with appreciable conversion efficiencies in this device. 

Once the designs for each site and configuration have been presented, the results from the KPIs and the 
LCO of each demand establish the best arrangement, with slight variations in the results according to 
the three sites analyzed. These results can be seen in the following table. 
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Table 8: Performance analysis of the proposed configurations for each site 

KPI parameter Location A B C D 

Primary energy saving ratio 
(PESR) 

1 
2 
3 

0.640 
0.683 
0.682 

0.646 
0.683 
0.681 

0.651 
0.685 
0.685 

0.645 
0.682 
0.682 

CO2 emissions saving rato 
(CO2,R) 

1 
2 
3 

0.649 
0.692 
0.733 

0.726 
0.750 
0.778 

0.733 
0.755 
0.781 

0.728 
0.751 
0.779 

Annual saving (ASPS, €/y) 
1 
2 
3 

21679.5 
8484.1 
34821.7 

48177.6 
46729.8 
62266.6 

39278.6 
40209.3 
55296.9 

9415.0 
10391.4 
24635.5 

Total investment (TIPS, €) 
1 
2 
3 

348256 
338021 
477903 

293445 

286710 
398157 

421824 

394825 
519016 

408448 
390299 
517594 

Simple payback (SPB, years) 
1 
2 
3 

16.06 
39.84 
13.72 

6.09 
6.14 
6.39 

10.74 
9.82 
9.39 

43.38 
37.56 
21.01 

Levelised cost of electricity 
(LCOE, €/kWhE) 

1 
2 
3 

0.035 
0.037 
0.037 

0.033 
0.036 
0.035 

0.038 
0.038 
0.038 

0.041 
0.042 
0.039 

Levelised cost of heating 
(LCOSH, €/kWhH) 

1 
2 
3 

0.013 
0.012 
0.017 

0.029 
0.023 
0.030 

0.035 
0.036 
0.040 

0.011 
0.011 
0.014 

Levelised cost of DHW 
(LCODHW, €/kWhH) 

1 
2 
3 

0.013 
0.012 
0.017 

0.029 
0.023 
0.030 

0.035 
0.036 
0.040 

0.011 
0.011 
0.014 

Levelised cost of cooling 
(LCOCL, €/kWhc) 

1 
2 
3 

0.041 
0.048 
0.045 

0.039 
0.045 
0.041 

0.126 
0.137 
0.139 

0.095 
0.120 
0.123 

Levelised cost of water (LCOW, 
€/m3) 

1 
2 
3 

1.237 
1.204 
1.558 

0.593 
0.598 
0.587 

0.597 
0.598 
0.589 

1.079 
1.083 
1.363 

From the point of view of the PESR, all configurations and alternatives yield similar data, and the 
remaining % is due to the net electricity balance in periods of higher demand than production. In the 
case of CO2 savings, all configurations and alternatives also show similar values except for configuration 
A, which combines HP and MED. In the economic analysis, all indicators are very clear: electrically 
activated technologies (HP and RO) have lower investment and better energy performances, so the use 
of thermal energy in the form of PVTs is penalized against PV. In addition, the high number of hours of 
boiler operation to maintain the required temperature for MED operation throughout the year and SEAC 
in summer, although to a lesser extent, makes the cost of pellet supply the most significant component 
of expenditure in the polygeneration installation. In any case, the weight of the MED is higher than that 
of the SEAC given its constant annual operation and thermal consumption. Therefore, option B is the 
best option (HP+RO), followed by option C (SEAC + RO), option A (HP + MED), and finally, option 
D (SEAC + MED). 

The above results for the base scenario take economic data on the prices of the demands served and the 
performance and costs of the equipment set by the (Spanish) regulations or taken from the scientific 
literature. It was evident that any modification in any of the data in table 6 generates new results, which 
surely will not change the preference in the order of the analyzed configurations. For instance, the effect 
of externalities on the polygeneration plant liability is significant, such as the purchase and sale prices 
of electricity, natural gas, and biomass. However, the interest rate was not found as a crucial parameter 
for the SPB. The following figure shows a sensitivity analysis of two parameters, which demonstrates 
the above. In any case, it must be remembered that in the annual savings section, the possible avoidance 
of CO2 has not been considered as income; therefore, in the current context of decarbonization, some 
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details not considered in the study (O&M of some equipment, piping, etc.) can be compensated in the 
applied economic balance. 

 

Figure 4: Sensitivity analysis of the proposed configurations for each site: SPB (years) as a function 
of the biomass pb (0.04,0.052,0.064) and electricity purchase ep prices (0.15,0.20,0.25) in €/kWh for 

the three locations (1-3) and four configurations (A-D). 

4 Conclusions 

A 3E (energy, environmental and economic) analysis was performed for a set of polygeneration 
configurations based on thermal technology (PVT, TEG, and biomass boiler, BB), with the possibility 
of producing cooling and desalinated water from heat or electricity. The results of its application for two 
similar sites on the Mediterranean coast in Spain, as well as the site of the same building in a more 
continental climate, show the best results for the "electric" alternative, i.e., the combination of 
PV+PVT+TEG+BB with HP and RO as the best integration.  

A necessary consequence obtained in this analysis of a fairly typical case study is that, although PVT 
technology has a higher overall performance than PV since it also produces heat simultaneously, it could 
not be the best solution. Suppose such heat serves a demand that can be generated with an electrical 
technology of lower equivalent consumption and lower investment cost. In that case, it does not justify 
the purely thermal integration for a polygeneration scheme, including desalinated water.  

Finally, it should be remembered that the TEG devices integrated with the PVTs do not represent a 
substantial additional advantage in electricity generation, as they only contribute a mere 0.5% to the 
generation obtained with the PVs and PVTs, and are therefore a dispensable option in any proposed 
configuration.  

Appendix A 

Table A1 shows the different U-values for the elements of the thermal envelope based on the standard 
and three chosen climate zones. 
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Table A1: Characteristic U-values (W/m2K) of the thermal envelope of buildings in each climate zone 
and the selected building standard. Source: Own elaboration based on [21]. 

Element U-value 
External wall Z1:   0.50 

Z2:   0.38 
Z3:   0.27 

Roof Z1:   0.47 
Z2:   0.33 
Z3:   0.22 

Party walls and horizontal/vertical internal partitions between 
zones with different uses 

Z1:   1.25 
Z2:   1.10 
Z3:   0.85 

Horizontal internal partitions between zones with the same use Z1:   1.80 
Z2:   1.55 
Z3:   1.20 

Vertical internal partitions between zones with the same use Z1:  1.40 
Z2:  1.20 
Z3:  1.20 

Ground floor Z1:   0.50 
Z2:   0.38 
Z3:   0.27 

South-facing windows without obstacles (high solar gain) 
considering the window-to-wall ratio of 15% 

Z1:   2.60 
Z2:   2.10 
Z3:   1.80 

North-facing windows without obstacles (low solar gain) 
considering the window-to-wall ratio of 10% 

Z1:   2.60 
Z2:   2.00 
Z3:   1.40 

 

More information regarding infiltration, thermal bridges, and ventilation can be supplied to the readers 
upon request as supplementary information. The heating and cooling demands were estimated by using 
a user profile. Here it follows the Spanish regulation [22] and consists of the following aspects: 

Table A2: Air-conditioning timetables and set points. 

 Period Setpoint Time 

Heating service 
January to May 

October to December 
20 °C 
17 °C 

8:00-23:59 
0:00-7:59 

Cooling service June to September 
25 °C 
27 °C 
None 

16:00-23:59 
0:00-7:59 
8:00-15:59 

 
DesignBuilder was used as the energy simulation tool, considering the abovementioned characteristics 
and typical internal loads. Regarding the climate data, and according to the reference adopted in the 
technical code, the SWEC (Spanish Weather for Energy Calculations) was considered. This software 
also estimates electricity demand following recommendations [22] in the case of Valencia and Almería: 
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Table A3: Internal loads to estimate the building demands. 

Internal load Characteristics 
Occupancy 

rate (%) 
Time 

Metabolic rate 

117.21 W/person 
0.03 people/m2 

3.51 W/m2 
61% sensitive, 39% latent 

100 
25 
50 
100 

0:00-7:59 
8:00-15:59 
16:00-23:59 

Weekend and holidays 

Equipment and 
lighting  

Both 4.40 W/m2 
90% sensitive*, 10% latent** 

*70% by convection, 30% by radiation 
**50% by convection, 30% Long-Wave 
Radiation (thermal), 20% Short-Wave 

Radiation (visible) 

10 
30 
50 
100 

1:00-7:59 
8:00-18:59 
19:00-19:59 
20:00-23.59 

 
In the case of Zaragoza, an alternative pattern based on Existing Spanish regulation [40] for on-grid PV 
domestic installations was used to estimate the hourly electricity demand for every day of the year, also 
accounting for statistical data of the sector in Spain [41]. 

Freshwater and DHW hourly demands were calculated using a statistical study with measurements on 
domestic consumption carried out by the public water management company in Madrid [42]. 
Additionally, the average monthly temperature of tap water has been compiled from the Spanish 
regulation [22] to estimate the DHW demand. 
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Abstract 

One of the remedies for inevitable worldwide decarbonisation, would be offered by a negative CO2 
emission power plant. The negative emission effect can be achieved by using a renewable energy source 
as fuel and capturing carbon dioxide. The syngas from sewage sludge is considered as a renewable 
energy source. Analysis assumes two types of fuel: mentioned syngas and methane. In order to achieve 
a positive environmental effect, the thermodynamic cycle must be equipped with a carbon capture 
installation, while producing electricity. On the other hand, if there is no such an installation, it is said 
to be zero-emission - analogous to wind farms or photovoltaic farms. The shown thermodynamic cycle 
will ultimately be powered by syngas produced in a sewage sludge gasifier. The calculations carried out 
for methane are comparative calculations. Other assumptions are: combustion process in presence of 
pure oxygen, stoichiometric combustion and water injection to the combustion chamber. Research was 
carried out with Ebsilon®Professional software. In the calculations thermodynamical tables for steam 
were used. Presented are studies of two thermodynamic cycle cases of negative CO2 emission gas – 
steam turbine combinations. First of them is a basic combined cycle with Carbon Capture and Storage 
(CCS) installation, whereas the second one consists of the first cycle additionally integrated with an 
ASU. The aim of the examined problem was to investigate the influence of the ASU on generated power 
and efficiency. Both cycles feature the same power output from considered turbines, i.e. 155,02 kW for 
syngas, what results in the same gross efficiency equal 51,98 %. On the other hand, power for own needs 
is markedly different for both cases, that has a pronounced effect on the net efficiency. Simulation results 
showed that the net efficiency of the negative CO2 emission power plant achieved 37,40 %, but 
efficiency of the cycle integrated with the ASU was reduced to 24.83 %. The power value congenial to 
160 kW is an effect of the fact, that calculations were carried out for a demonstrative installation. In the 
system, two devices will be specially designed: the combustion chamber (WCC) and the spray- ejector 
condenser (SEC). Their functionality needs to be proved in a measuring campaign. Presented 
calculations are one of the first studies of an impact of the ASU on performance of the negative emission 
CO2 power plant. 
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1 Introduction 

The consumption of electricity is still increasing because of constant development of the economy and 
the industry, progress of civilization and the fact that it is the most useful and functional kind of energy. 
Due to the fact, that the most popular fuels for electricity production are coal and other fossil fuels, an 
increasing amount of greenhouse gases like carbon dioxide contributes to harm the natural environment 
[1]. Reduction of greenhouse gases emissions forms a serious challenge, but it is necessary to avoid 
further evolution of global warming and to preserve an idea of sustainable development. That 
sustainability enables future generation to satisfy their ambitions, the same way earlier generations did 
[2]. The negative emission power plant is a system of devices, which produce electricity and capture 
carbon dioxide at once [3]. Several cases might be presented: 1) electricity is produced in a geothermal 
power plant (or in the other source, where combustion process does not take place) and carbon dioxide 
is taken from the air, 2) biomass combustion (sewage sludge is biomass), which contributes to 
production of electricity, and carbon dioxide is captured from exhaust gases- in this case term Bioenergy 
with carbon capture and storage (BECCS) is used [4]. The term negative emission refers not only to a 
power plant, but also to other technologies, which emission is negative and they have positive impact 
on the environment. Such a technology might be afforestation and reforestation or land management 
due to fix and increase carbon dioxide in soils [5]. 

Presented solution is a kind of bioenergy with carbon capture and storage (BECCS) [6] cycle integrated 
with an air separation unit (ASU). The negative CO2 power plant is fuelled with syngas form gasification 
process of sewage sludge, and it is interconnected with a carbon capture and storage installation (CCS) 
[7]. Challenging fuel, which is sewage sludge and its processing, is currently examined. The newest 
research indicates that the process of gasification of sewage sludge is going to be successful [8]. The 
last results showed, that two-stage plasma gasification system can be used to thermal treatment of 
sewage sludge [8] [9]. Presented thermodynamical cycle has been extensively calculated in other works, 
but in this one, its integration with an ASU has been taken into consideration. There are three general 
technologies of carbon capture, which can be distinguished. The first one, which is pre – combustion 
[10], and its assumption is to capture carbon dioxide before the combustion process. The second one is 
post – combustion [11], [12], where CO2 capture is taking place after the burning. The last one is oxy – 
combustion [13], [14]. Establishment of oxy – fuel is a combustion process in pure oxygen and carbon 
dioxide capture after combustion process. To use the oxy – combustion technology, essential is to source 
the oxygen. It is possible to purchase the oxygen or integrate the thermodynamical cycle with an ASU 
and produce it locally [9]. In the air separation process, there are several ways to produce oxygen. The 
most popular are: cryogenic air separation, adsorption separation and membrane separation [15]. 

Cryogenic air separation process is used on industrial scale since the beginning of the 20th century [16], 
when Carl von Linde and Georges Claude have developed the low temperature air distillation [17]. 
Cryogenic methods of oxygen production use the differences between the boiling points of air 
components [17] and allow to produce high purity oxygen exceeding 99 % [16], [18], [19]. Moreover, 
this method of oxygen production is the most suitable and the most efficient for large scale power plants 
[20], because of its capacity exceeding 4000 tons of oxygen per day [16].  

Typical cryogenic air separation process takes place in a double – column installation, which can be 
divided into: a pre – cooling section and a distillation section [21]. The process starts with compression 
of air, which is then cooled in the main heat exchanger with products of separation. Finally, the stream 
is transported to high – pressure and low – pressure columns, where the liquefied oxygen and the gaseous 
nitrogen are obtained [21]. It is worth mentioning, that cryogenic installations with relatively low 
additional power input are able to produce the high – purity nitrogen and the argon, which can be also 
product that can be sold. Additional sale of nitrogen and argon can contribute to higher profits [19]. 

The second most popular air separation method, after a cryogenic separation is adsorption. This method 
has found application in case of lower power plants, laboratory cycles and in medicine, because 
adsorption installation is able to produce about 300 tons of oxygen per day [16], [17]. Oxygen production 
with absorption methods is characterised by relatively high energy expenditure and high product purity, 
which depends on the kind of sorbent. This process allows to obtain the oxygen of 95 % [16], [17] purity, 
but research on increasing this purity to 97 % and 99 % is ongoing [22]. 
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The adsorption process is about attaching atoms or ions of one component of the mixture to the sorbent, 
which is a solid. In adsorption air separation unit nitrogen – binding sorbents and oxygen – binding 
sorbents are used. Use of such sorbents allows to receive respectively 95 % and 70 – 75 % oxygen purity 
[22]. Three main methods of adsorption air separation can be distinguished: 

 Pressure Swing Adsorption – temperature of the process is constant, adsorption takes place 
under increased pressure and desorption under atmospheric pressure. 

 Vacuum Swing Adsorption – temperature of the process is constant, adsorption takes place 
under atmospheric pressure and desorption in vacuum. 

 Temperature Swing Adsorption – separation takes place under constant pressure and adsorption 
is characterised by lower temperature than desorption process [17]. 

The separation process with use of membranes, consist in passing the selected component of feed fluid 
through the membrane, to the fluid after the membrane [17]. Polymeric membranes are characterized by 
flux and selectivity [19]. Selectivity explains how particular gas is transmitted through the membrane, 
compared with other gases. The most of polymeric membranes transmit steam better than the nitrogen. 
Due to that, they are mostly used in nitrogen production or oxygen – enriched air production, rather than 
in oxygen production [17]. In membrane installations it is possible to obtain 99 % purity of the nitrogen, 
but only 40 % purity of the oxygen [17]. That type of membranes is currently used in industry, but their 
productivity is worse, than in case of cryogenic and adsorption installations. 

For oxygen production, ion transport membranes can be used. Such membranes are made of ceramic 
materials or perspective materials, which are the perovskites. Air separation with ion transport 
membranes take place at very high temperatures in the range of 700 – 900 oC [17], [23], and perovskites 
membranes allow to produce 99 % oxygen purity [17]. Hybrid systems for oxygen separation also appear 
in the literature, as they allow the advantages of different systems to be combined and thus reduce the 
energy intensity of the ASU station [20]. 

The aim of this paper is to investigate an effect of the presence of the ASU on the efficiency of the 
thermodynamic cycle and to study an influence of the pressure after the oxygen separation station on 
power demand of the oxygen compressor directed to the combustion chamber. Therefore, taking this 
fact into account, a brief review of different technologies for oxygen production was first carried out. 
Then the cryogenic oxygen separation technology was selected and integrated into the negative emission 
CO2 power plant (nCO2PP) cycle. A model was also demonstrated and used for thermodynamic 
analysis.  

2 Negative CO2 emission gas power plant  

The oxy-combustion technology is regarded as the best way to capture carbon dioxide form industrial 
power plants [24]. Over the years several configurations of power cycles with oxy-fuel technology have 
been proposed, with either gas and coal fuels. The common entity for all these cycles was the oxygen as 
an oxidizer and then fuel gases consisting of steam and carbon dioxide. Part of the solutions recovers 
the carbon dioxide from exhaust gases, recirculates it to the combustion chamber and uses it as working 
medium in the cycle [25]–[27]. What is interesting, early concepts about recovered CO2 management 
were to introduce it underground through special wells [25], [26]. Most of oxy-fuel cycles is integrated 
by a heat recovery steam generator with the Rankine Cycle to avoid huge heat losses [28].  

Analysed cycle nCO2PP is a gas – steam turbine cycle integrated with a CCS installation and a cryogenic 
ASU. The power plant is fuelled with two different types of fuel, namely methane and syngas from the 
gasification process of sewage sludge. Combustion process takes place in the atmosphere of pure oxygen 
and the combustion chamber is water injected. The thermodynamical cycle has been analysed before in 
other works [7], but its integration with an ASU has not been taken into consideration.  

The system is equipped with two compressors. The first one, forces the flow of oxidant (CO2), whereas 
the second one is for fuel transport (Cfuel). In this study, the interaction of a CO2 with the ASU is taken 
into account by considering the effect of pressure change at the CO2 inlet. Cycle also consist of the high 
– pressure gas – steam turbine (GT), low – pressure turbine (GTbap), wet combustion chamber (WCC), 
generator (G). The main heat exchanger (HE1) heats the water supplied to the WCC with exhaust gases. 
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The spray – ejector condenser (SEC) is a crucial device in the process of condensation of steam from 
mixture CO2+H2O. A CCS installation consists of two compressors (CCO2), two heat exchanger (HE3, 
HE4) and a heat exchanger connected with water separator (S+HE2). The water pump (PH2O) increases 
pressure of water, which is supplied to the WCC.  

Due to calculations, exhaust gases contain mostly steam. Indeed, oxygen and fuel are supplied by 
compressors, as they are in gas turbines, but there is much more water injected into the combustion 
chamber by the pump. This amount of water exceeds fuel and oxidiser streams. An additional 
characteristic of steam cycles is the presence of a condensation process, which is also characteristic of 
the nCO2PP cycle. The system combines quality of the gas turbine and the steam turbine, that is why 
we decided to stay with that term [29], [30]. 

The beginning of the process in the cycle can be established, when fuel and oxygen compressors (Cfuel, 
CO2) start transporting fluids to the combustion chamber (WCC). Therefore, in this article the process 
connected with gasifier was not taken into account. In the combustion chamber fuel, oxygen and injected 
water, due to high temperature processes, create mixture of carbon dioxide CO2 and water H2O. Water 
injection is necessary, because of high temperatures, which are the effect of oxy – combustion process. 
Additionally, extra mass flow of water (nodal points 2H2O, 3H2O) contributes to increase of the turbine 
power, which is dependent on mass flow. After combustion process, expansion in two turbines (GT, 
GTbap) takes place. Afterwards, exhaust gases are heating water, which is transported by the pump (PH2O) 
to the combustion chamber, in the heat exchanger (HE1). The spray-ejector condenser (SEC) intakes 
flue gases form the heat exchanger (HE1). Provided is also water, which is motive fluid in the SEC with 
the pump (PSEC). Presence of motive water, which breaks-up into droplets and mixture of steam and 
carbon dioxide enables the condensation process to take place. Mixture of water and carbon dioxide 
leaving the SEC, goes to the separator connected with the heat exchanger (S+HE2). In the separator 
water is isolated and directed to pumps (PSEC, PH2O). Subsequently, it is used as motive fluid in SEC or 
as cooling fluid in the combustion chamber (WCC). The carbon dioxide is directed to the compressor 
(CCO2), and then to the heat exchanger (HE3). 

 In Figure 1 a diagram of considered system is presented. The oxygen, which is oxidant in the 
combustion process in the WCC, is supplied from the cryogenic air separation unit (ASU). Air 
separation in a conventional double – column installation starts with compressing the air by a 
compressor and then cooled in the precooler. Afterwards, cooled air is split into two streams, first of 
them is cooled to reach near the dew point condition in the main heat exchanger, with cold products of 
separation (O2 and N2), and then introduced into the low – pressure distillation column. The second 
stream is cooled and transported into the high – pressure distillation column. The separation section of 
the installation consists of two columns (mentioned above), heat exchanger (which is reboiler for one 
column and at the same time, condenser for another column [21]) located between columns, and the 
supplementary heat exchanger. Operation of columns is based on the temperature gradient and use of 
differences between saturation pressures and the boiling points of the oxygen and the nitrogen.  

In the high – pressure column nearly pure N2 and O2 – enriched air, are obtained. The nitrogen is received 
at the top of the column, because of its gaseous state, and enriched air is received at the bottom of the 
column due to the liquid state. Gaseous nitrogen is transported into a reboiler, where condenses and 
provides the heat of phase transition to fluid in the low – pressure column. Secondly, liquid N2 is cooled, 
throttled and fed into the low – pressure column. The stream of oxygen – enriched air is cooled and also 
fed into low – pressure column. Distillation process in the low – pressure column allows to obtain the 
high purity oxygen at the bottom of the column, the high purity nitrogen and the low purity nitrogen 
(mixed with the argon) at the top of the column. All products of distillation are characterized by very 
low temperature, due to that they are used to cool the air and products of the high – pressure column 
[21].  
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Figure 1: Diagram of negative CO2 emission power plant integrated with ASU:  
Cair – air compressor, PC – pre-cooler, CL – distillation column, CO2 – oxygen compressor, Cfuel – fuel 
compressor, WCC – combustion chamber, GT – gas turbine, GTbap – low-pressure turbine, HE1 – heat 

exchanger 1, SEC – spray-ejector condenser, G – generator, PH2O – water pump, PSEC – SEC pump, 
S+HE2 – separator connected with heat exchanger 2, CCO2 – CO2 compressor, HE3 – heat exchanger 

3, HE4 – heat exchanger 4, GS – gas scrubber, R – gasifier. 

The cryogenic installation used for calculations is simplified. It is equipped just with a one column and 
the procedure does not include the heat transfer effect between the air and products of separation (O2 
and N2), so it does not contain heat exchanger for that purpose. It is worth mentioning that single – 
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column installation has been proposed and introduced before in [21]. The modelled ASU consists of a 
compressor (Cair), a pre – cooler (PC) and a rectification column (CL). The air is compressed in the 
compressor (Cair), then cooled in the pre – cooler (PC), and at the end is supplied into the distillation 
column (CL).  In the column air separation takes place and the oxygen (O2) of 100 % purity, and the 
nitrogen (N2) mixed with the argon (Ar) are obtained. 

3 Methodology 

3.1 Balance equations 

A numeric code for the purpose of present analysis solves equations of mass and energy balance. The 
mass balance equation indicates, that mass that flows into a channel is equal to mass, which flows out 
of the channel [31]. The mass balance is nothing else, than the equation of continuity and reads: 

Σ �̇� = Σ �̇�  (1) 

�̇�   mass flow rate, kg/s, 

The energy balance equation indicates that energy, that flows at all inlets of a device, is equal to energy, 
which flows at all its outlets [31] and can be written as: 

Σ �̇� 𝑢 +
𝑐

2
+

𝑝

𝜌
+ 𝑧 𝑔 + �̇�

𝑖
= Σ �̇� 𝑢 +

𝑐

2
+

𝑝

𝜌
+ 𝑧 𝑔 + 𝑁  (2) 

�̇�   mass flow rate, kg/s, 
𝑢  internal energy, kJ/kg, 
𝑐

 
velocity, m/s,  

𝑝   pressure, Pa, 
𝜌  density, m3/kg, 
𝑧

 
height, m,  

𝑔
 

force of gravity, m/s2, 
�̇�

𝑖
 heat energy rate, kW, 

𝑁  mechanical power, kW. 

There are many various equations of state, that are used in industry [32]. Ebsilon software can use the 
Peng – Robinson equation of state for real gas, instead of the Clapeyron ideal gas equation of state [33]. 
The software predefined models are clearly expressed by thermodynamic tables for steam. Appropriate 
choice of the thermodynamic models of real gases has crucial importance for critical area [34], [35] . 
An example of setting of a model is presented on the Figure 2. The Figure 3 presents the entire model.  

 

Figure 2: An example of setting of a model 
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Figure 3: A view of the entire model in the Ebsilon 

3.2 Efficiency of the cycle  

The gross efficiency and the net efficiency have been calculated according to formulas (3) and (4).  

𝜂 =  
𝑁

�̇�
𝑑

 (3) 

𝜂
𝑔

 gross efficiency of the cycle, [-], 

𝑁𝑡  combined turbines gross power, kW, 
�̇�

𝑑
 chemical energy rate of combustion, kW. 

𝜂 =  
𝑁 − 𝑁

�̇�
𝑑

 (4) 

𝜂
𝑛𝑒𝑡

 net efficiency of the cycle, [-], 

𝑁𝐶𝑃  power for own needs, kW. 
 
Where, 𝑁  is power for own needs and it is presented in the formula (5).  

𝑁 =  𝑁 + 𝑁 + 𝑁 + 𝑁 + 𝑁 + 𝑁  (5) 

𝑁𝐴𝑆𝑈  power for ASU needs, kW. 
𝑁𝐶𝑓𝑢𝑒𝑙

 power for fuel compressor needs, kW, 

𝑁𝐶𝑂2
 power for oxygen compressor needs, kW, 

𝑁𝑃𝐻2𝑂
 power for water pump needs, kW, 

𝑁𝑃𝑆𝐸𝐶
 power for SEC pump needs, kW, 

𝑁𝐶𝐶𝐶𝑆
 power for CCS compressors needs, kW. 

3.3 Cycle assumptions   

For the purpose of calculations, several assumptions were made. It is required to mention that 
calculations have been carried out for two types of fuel, namely methane [4] and syngas from a 
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gasification process of sewage sludge [26]. The combustion process takes place in the pure oxygen and 
water is injected to the combustion chamber. Except that, others assumptions were set: 

 mixture of fuel and oxidant is stoichiometric,  

 the mass flow rate of exhaust gases is constant, and its value is 0.1 kg/s, 

 the temperature in the combustion chamber is constant and its value its 1100 oC, 

 the pressure in the combustion chamber is constant and its value is 10.5 bar, 

 pressures after turbines GT and GTbap are respectively 1 bar and 0.078 bar, 

 average energy consumption for oxygen production is 750 kJ/kg [21], [36]. 

During calculation, also isentropic efficiency of all components in the power cycle were introduced and 
they are shown in the Table 1. Mechanical efficiency of all components has been set for 99 %.  

Table 1: Isentropic efficiencies of components  

Component Indication Unit Value 

Isentropic fuel compressor  [-] 0.87 

Isentropic oxygen compressor  [-] 0.87 

Isentropic air compressor  [-] 0.85 

Isentropic CO2 compressor  [-] 0.85 

Isentropic turbine 1  [-] 0.89 

Isentropic turbine 2  [-] 0.89 

Isentropic water pump  [-] 0.43 

Isentropic SEC pump  [-] 0.8 

 

Calculations were carried out for two cycles. The basic one without the ASU and the extended one, 
integrated with the ASU. All calculations have been executed with the Ebsilon®Professional software. 
The Ebsilon is a part of Computational Fluid Mechanics (CFM) approach, and can be used to modelling 
power cycles as well as heating and cooling devices. 

4 Results 

Results of calculations in nodal points have been prepared in two tables, any table for different section 
of the system. Division was made in order to obtain results more visible and readable. In each table 
results for two types of fuel are presented. Results of nodal points of ASU section and streams the WCC 
with GT+GTbap are shown in the Table 2. Values of nodal points of the CCS and the SEC are presented 
in Table 3. Table 4 introduces main results of the research and contains parameters, such as turbine 
power output, efficiency and the impact of cryogenic ASU on the system. Due to the fact that, only 90% 
of sewage sludge is considered as renewable energy, emission of CO2 has been calculated. Three cases 
have been taken into consideration, the first one for a power plant fuelled with methane, the second one 
for ideal fuel (sewage sludge 100% considered as renewable energy) and the third one for real sewage 
sludge (90% considered as renewable energy). The value of 90% is connected with [37]. 

Due to the fact, that nominal calculations were examined with throttling at the output of oxygen from 
the ASU, additional research on the oxygen compressor was introduced. Power consumption of the 
oxygen compressor was checked in function of pressure at the output of the oxygen from the ASU. 
Furthermore, the efficiency of the power cycle was examined. Both of the analyses, were done for two 
types of fuel. The results of that are shown in the Figure 4.  

 

𝜂

𝜂

𝜂

𝜂

𝜂

𝜂  

𝜂

𝜂
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Table 2: Cycle nodal points in ASU section and the WCC with GT+GTbap 

Fuel type Methane Syngas from sewage sludge   
Parameter Flow rate 

�̇� 
Temperature 

t 
Pressure 

p 
Flow rate 
�̇� 

Temperature 
t 

Pressure 
p 

Nodal point   kg/s oC bar kg/s oC bar 
0air 0.111 15.00 1.01 0.094 15.00 1.01 
1air 0.111 236.87 6.00 0.094 236.87 6.00 
2air 0.111 40.00 5.98 0.094 40.00 5.99 
N2 0.085 40.00 5.98 0.072 40.00 5.99 
0O2 0.0257 40.00 1.23 0.022 40.00 1.23 
0fuel 0.006438 15.00 1.00 0.0171 15.00 1.00 
1O2 0.0257 325.51 10.5 0.022 325.51 10.5 
1fuel 0.06438 224.637 10.5 0.0171 253.64 10.5 
1H2O 0.0588 188.00 254.95 0.052 188.00 254.95 
3H2O 0.009 208.28 254.99 0.009 270.03 254.99 
2 0.100 1100.00 10.49 0.100 1100.00 10.49 
3 0.100 662.57 1.00 0.100 665.43 1.00 
4 0.100 314.12 0.078 0.100 318.52 0.078 
5 0.100 86.41 0.076 0.100 110.83 0.076 

 

Table 3: Cycle nodal points in CCS and SEC section 

Fuel Methane Syngas from sewage sludge  
Parameter Mass 

flow �̇� 
Temperature 
t 

Pressure 
p 

Mass 
flow �̇� 

Temperature 
t 

Pressure 
p 

Nodal 
point  

Unit kg/s oC bar kg/s oC bar 

0SEC 19.672 15.50 1.04 19.635 15.50 1.04 
1SEC 19.672 15.53 6.00 19.635 15.53 6.00 
2SEC 19.757 18.24 1.05 19.72 18.12 1.05 
7 19.739 15.5 1.04 19.696 15.5 1.04 
01-H2O 0.0678 15.5 1.04 0.061 15.5 1.04 
02-H20 0.0678 23.96 255.00 0.061 23.96 255.00 
02-H2O’ 0.0588 23.96 255.00 0.052 23.96 255.00 
02-H2O’’ 0.009 23.96 255.00 0.009 23.96 255.00 
2H2O 0.009 85.3 254.99 0.009 120.42 254.998 
1CCU 0.018 15.5 1.04 0.024 15.5 1.04 
2CCU 0.018 370.65 40.00 0.024 374.03 40.00 
3CCU 0.018 110.00 39.99 0.024 130.00 39.99 
4CCU 0.018 50.00 89.99 0.024 50.00 89.99 
5CCU 0.018 40.00 89.99 0.024 40.00 89.99 

 

 

Figure 4: Power consumption of the oxygen compressor (CO2) and the net efficiency of the cycle in 
function of the pressure at the output of the ASU 
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Table 4: Main results of the cycle depending on the fuel 

Parameter Symbol Unit Methane Syngas from 
gasification 

Fuel mass flow �̇�  kg/s 0.006438 0.0171 
Oxygen mass flow �̇�  kg/s 0.0257 0.022 
Water mass flow  �̇�  kg/s 0.0678 0.061 
Chemical rate of combustion  �̇�  kW 322.00 298.21 
CO2 mass flow in exhaust  �̇�  kg/s 0.018 0.024 
Combined turbines gross power  𝑁  kW 160.38 155.02 
Power for ASU needs  𝑁  kW 42.55 37.5 
Power for the rest own needs 𝑁  kW 37.09 43.48 
Total power for own needs 𝑁  kW 79.64 80.88 
Gross efficiency 𝜂  % 49.81 51.98 
Net efficiency without ASU needs  𝜂  % 38.29 37.4 
Net efficiency including ASU needs 𝜂  % 25.07 24.83 
Emission of CO2 (for syngas two 
results are given 100% renewable 
energy/ 90% renewable energy) 

eCO2 kg/MWh 0.00 -1165,40/    
-1048,86 
 

Relative emissivity of CO2 (for syngas 
two results are given 100% renewable 
energy/ 90% renewable energy) 

𝜂 ∙ e𝐶𝑂  kg/MWh 0.00 -289,4/ 
-260,4 

Avoided emission of CO2 (for syngas 
two results are given 100% renewable 
energy/ 90% renewable energy) 

Avoid  
eCO2 

kg/MWh 803.00 2330,80/ 
2214,26 

5 Discussion  

Cycle integration with the cryogenic ASU gives very low net efficiency of the negative CO2 emission 
gas power cycle. Despite the fact, that gross efficiency of the thermodynamic cycle is high because it is 
49.81 % for methane and 51.98 % for syngas, after calculating power for own needs including the ASU, 
efficiency is reduced to 25.07 % and 24.83 % respectively. In [38], analyses were extended to include 
the compactness effect. In turn, the work [38] carried out analyses for a large-scale oxygen separation 
station where the drop in efficiency was more than twice as small, namely 6.38%. Thus, in the present 
work, such a significant energy penalty is due to significantly distant values of O2 production from the 
nominal point of the ASU. Therefore, for the nCO2PP it is recommended to purchase oxygen or to 
investigate the possibility of separation using other techniques. 

Furthermore, the oxygen compressor (CO2) is energy – consuming device in the unit. The change of the 
pressure at the output of the ASU from 1.228 bar to 6 bar, contributed to the reduction of oxygen 
compressor power consumption from 7.112 kW to 1.472 kW, and cycle efficiency increase from 25.108 
% to 26.862 % for methane. The same pressure changes at the ASU output gave compressor power 
reduction from 6.066 kW to 1.243 kW, and efficiency increase from 24.828 % to 26.424 % for syngas 
fuel. 

6 Conclusions and perspectives 

The cryogenic air separation unit is not appropriate for the considered type of power cycle, due to 
excessive power consumption. More suitable might be a membrane separation station or an adsorption 
unit, due to the fact that they are more preferable for small laboratory scale installations. It would be 
also worth consideration to purchase some oxygen, because the net efficiency with the ASU is 25.07 % 
and without the ASU it is 38.29 % for methane. For syngas it is 24.83 % with the ASU and 37.4 % 
without it. In the work, purity of the oxygen was assumed to be 100%, what is not actual. Cryogenic air 
separation units in fact produce oxygen of 95% purity, due to the fact, that it is the most energetically 
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beneficial [18]. Model of the ASU will be developed and improved in the nearest future. The purpose 
of the future work will be to obtain properties corresponding to the real installations. 
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Abstract 

The ever-increasing demand for electricity and the need for conventional sources to cooperate with 
renewable ones generates the need to increase the efficiency and safety of its generation sources. 
Therefore, it is necessary to find a way to operate existing facilities more efficiently with full detection 
of emerging faults. In order to improve the operation of steam power plants of electric generating 
stations, thermal-fluid diagnostics have been traditionally used, and in this paper a three-hull steam 
turbine, having a high-pressure, a medium-pressure and a low-pressure part, has been selected for 
analysis. The turbine class is of the order of 200 MW electric. Genetic algorithms (GA) were used in 
the process of creating the diagnostic model. So far, they have been used for diagnostic purposes in gas 
turbines, and no work has been found in the literature using GA for the diagnostic process of such 
complex objects as steam turbines located in professional manufacturing facilities. The use of genetic 
algorithms allowed rapid acquisition of global extremes, e.g. efficiency and power of the unit. The result 
of the work carried out is the possibility to carry out a full diagnostic process, i.e. detection, localisation 
and identification of single and double degradations. In this way 100 % of the main faults are found, but 
there are sometimes additional ones, and these are not perfectly identified especially for single time 
detection. Thus, the results showed that with a very high success rate the simulated damage to the 
geometrical elements of the steam turbine under study is found.  

1 Introduction 

Socio-economic development causes a constantly increasing demand for electricity produced from 
various sources and raw materials. [1,2]. Nowadays Polish energetic most of all use coal and to a lesser 
extent brown coal [3,4]. In the current political situation, it is important for Poland to have its own 
energy resources located in coal basins [5]. The use of solid fuel in the form of hard coal allows Poland 
to achieve relative energy security. Currently, new technologies can be found to reduce the production 
of CO2, NOx, SOx [6] and other substances generated during the combustion of coal [7]. The use of 
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these technologies is important due to the environmental requirements set by the European Union [6]. 
In order to apply clean energy technologies, power plants incur high financial outlays. Currently, for 
technical reasons, the biggest problem in the case of CO2 is to be seen in the storage and disposal system. 
for extracting coal from lower and lower resources, and a large number of jobs for people working in 
the extraction and transport of coal to power plants. The disadvantage of solid fossil fuels is the constant 
reduction of their deposits [8]. The future of fossil fuels may be to connect electricity generation systems 
with systems powered by nuclear energy or renewable energy sources [9,10].  

Polish energy, as mentioned, is based on coal, but due to the limitations related to environmental 
protection, such energy generation process is to be available only until 2050. Currently, in Poland we 
do not have alternative energy sources that would convince us to give up coal, so the use of coal-fired 
power plants will probably be after this time, so it is important to keep the process of their use as efficient 
as possible [11] therefore it is necessary to introduce thermal-flow diagnostics of steam turbines.  

Each technical object undergoes a process of technical diagnostics, which is to determine the non-
disassembly technical suitability of the object for the operation, by providing information about its 
condition, and then transforming it for use in operating procedures [12]. Technical viability is the 
condition in which the technical object, in this case, a steam turbine, is able to maintain and produce a 
functional condition necessary for its operation, which allows for the safe use of a given object [13,14]. 
While the turbine is operating, its operating parameters change, even a small change in parameters or 
geometry may reduce its efficiency [15], but despite this, for economic reasons, such a facility is still 
operated. 

Technical diagnostics in the power industry can be found in systems ensuring the safety of objects 
located in a power plant [16,17] or a combined heat and power plant [18], and to be more precise, in 
objects with rotor machines [19], this diagnostic begins with vibration analysis systems [20,21].  

The use of diagnostics aims at the conduct of the diagnostic process with the appropriate accuracy. This 
process is carried out in three stages: 

 fault detection: detection or observation of a fault occurring in the object and determination of 
the detection time; 

 fault isolation: isolation, determination of type, size and time of the fault’s occurrence;  

 fault identification: determination of the size and character of the fault’s variability in time [14]. 

Technical diagnostics include thermal-flow diagnostics and its task is to maintain the operation of the 
steam turbine in such a way that the efficiency of the facility is as high as possible and fluctuates at the 
same level [22]. Efficiency is diminished by occurring sudden or time-increasing degradations in 
geometric dimensions [23]. This diagnostics deals with both the examination of the object and the 
assessment of energy changes occurring in it. To carry out the process of assessing energy changes, it is 
necessary to know the diagnostic measure [14], the simplest of them are the symptoms. The symptom 
(proper name) is understood as the value of the deviation measured from the reference value, i.e. it is 
the reference value (1) [24].  

𝑠𝑦𝑚𝑝𝑡𝑜𝑚 =
𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 − 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟

𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟   
 (1) 

The reference value is established for the tested object in the time when there are no degradations in it, 
i.e. for new technical objects, systems or it is made after renovation. The selected research object, i.e. 
the steam turbine, consists of a large number of elements [25] which causes the occurrence of a very 
large number of symptoms, which are grouped into syndromes to speed up the calculation process (2). 
The values of symptoms or syndromes in the further process appear as input data for the determination 
of diagnostic relationships. 

 
𝑠𝑦𝑛𝑑𝑟𝑜𝑚𝑒 = [𝑠𝑦𝑚𝑝𝑡𝑜𝑚 , 𝑠𝑦𝑚𝑝𝑡𝑜𝑚 , 𝑠𝑦𝑚𝑝𝑡𝑜𝑚 … 𝑠𝑦𝑚𝑝𝑡𝑜𝑚 ] 

 
n                    syndrome value 

(2) 

 

The literature could be found scientific papers on the diagnostic process of gas turbine systems or 
combined systems [26]. To the best of the authors' knowledge of this work, have not been found 
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scientific articles on thermal-flow diagnostics using genetic algorithms for steam turbines, other than 
the authors' works. A literature review was carried out on the basis of which it was found that the largest 
number of articles are those with the use of artificial neural networks for diagnostic purposes [27]. 
Genetic algorithms were used, among others, by Chang [28], who used them in connection with neural 
networks to present a method of managing energy demand. In the next science articles, they were used 
to assess steam injection [29], or to optimize multiple interconnected steam turbine systems and 
municipal networks [30]. The presented works show that genetic algorithms are used in various aspects 
of research related to energy [31], but they have not been applied to thermal-flow diagnostics of steam 
turbines. Therefore, the aim of this work is to show the possibility of using the model and elements of 
genetic algorithms for the processes of thermal-flow diagnostics of steam turbines. The result of the 
work is the recognition of the causes of single and double degradation with high accuracy.  

2 Research object 

The object of research in this work is a 200 MW steam turbine located in a Polish power plant (Figure 
1). 

 

Figure 1: Cycle diagram with steam turbine. HP – high pressure steam turbine, IP – intermediate 
pressure steam turbine, LP – low pressure steam turbine, B – coal fired boiler, CON – steam 

condenser, D – deaerator, G– electric generator, P1 – condensate pump, HE – regenerative heat 
exchanger. 

This turbine consists of high, medium and low pressure parts and seven regenerative exchangers are 
used here, which correspond to the same number of steam bleeds. The steam system also includes 
interstage superheat. The steam turbine installed on the steam block is accurately metered, sensors 
(pressure, temperature, mass flow) are located on the steam or water pipelines. The results of the 
measurements are parameters such as: pressures, temperatures, mass flows, currents and voltages 
supplying the motors installed on the power unit and electric power. Due to further calculations, the 
steam cycle should be presented in numerical form, in order to do so, a special program Projdiag should 
be used. 
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3 The process of obtaining single and double degradation 

In order to perform the diagnostic process for off-line diagnostics and, as a result, obtain the 
identification of the damage, were used genetic algorithms and the numerical program DIAGAR. This 
program was used to calculate the flow of thermal cycles. Due to the complexity of the steam turbine, 
the focus was only on its selected elements, first the focus was only on the high-pressure (HP) and 
intermediate-pressure parts (IP), then the following parameters were selected: 

 clearance in the seal of the control valve nozzle box for HP parts; 

 clearances in the seals of the IP parts nozzle boxes; 

 clearance in the outer seal of the HP part; 

 clearance in the external sealing of the IP part; 

12 values associated with the geometry of six groups of HP and IP stages, and consisting, for each of 
these degree groups, of: seals of inner turbine stages and damage to the trailing edge. 

The choice of parameters was made so that their change did not affect the failure rate, which would 
ultimately lead to the shutdown of the block. Each of the selected parameters had established limits of 
variability that cannot be exceeded. These variations are presented in Table 1. 

Table 1: Selected degrading parameters 

Name of the geometric parameter to be degraded Possible allowed change 
Clearance in the seal of the control valve nozzle box for HP 
parts 

increase from 2.15 to 8.15 mm 

Clearance in the outer seal of the HP part increase from 0.8 to 4.8 mm 
Clearances in the seals for each stage group of HP, IP parts increase from 0 to 5 mm 
Trailing edges thickness for each stage group of HP, IP parts increase from 0 to 5% 
Clearance in the sealing of the IP control valve nozzle box increase from 6.70 to 12.70 mm 
Clearance in the external sealing of the IP part increase from od 0.8 to 4.8 mm 

 

The parameter values in In order to perform the diagnostic process for off-line diagnostics and, as a 
result, obtain the identification of the damage, were used genetic algorithms and the numerical program 
DIAGAR. This program was used to calculate the flow of thermal cycles. Due to the complexity of the 
steam turbine, the focus was only on its selected elements, first the focus was only on the high-pressure 
(HP) and intermediate-pressure parts (IP), then the following parameters were selected: 

 clearance in the seal of the control valve nozzle box for HP parts; 

 clearances in the seals of the IP parts nozzle boxes; 

 clearance in the outer seal of the HP part; 

 clearance in the external sealing of the IP part; 

12 values associated with the geometry of six groups of HP and IP stages, and consisting, for each of 
these degree groups, of: seals of inner turbine stages and damage to the trailing edge. 

The choice of parameters was made so that their change did not affect the failure rate, which would 
ultimately lead to the shutdown of the block. Each of the selected parameters had established limits of 
variability that cannot be exceeded. These variations are presented in Table 1. 

Table 1, were actual values and were used to determine the simulation of degraded data that served as 
input data to the DIAGAR program. This process allowed for the designation of the reference syndrome, 
i.e. one where no simulation changes were made and the degradation syndrome for the changed values. 
Each individual syndrome was characterized by measured or determined 16 parameters (Table 2) located 
at a selected location of the steam turbine. 
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Table 2: Elements included in the symptoms 

Symptom 
number 

Parameter name Parameter unit Values of 
symptoms for 
reference 
syndrome 

1 power deviation MW 217 
2 deviation of specific heat consumption kJ/kg 8536 
3 steam pressure deviation at the I extraction MPa 41 
4 steam temperature deviation at the I extraction °C 397 
5 steam pressure deviation at the II extraction MPa 26 
6 steam temperature deviation at the II extraction °C 326 
7 steam pressure deviation at the III extraction MPa 12 
8 steam temperature deviation at the III extraction °C 456 
9 steam pressure deviation at the IV extraction MPa 5 
10 steam temperature deviation at the IV extraction °C 423 
11 steam pressure deviation at the V extraction MPa 2 
12 steam temperature deviation at the V extraction °C 274 
13 steam pressure deviation at the VI extraction MPa 1 
14 steam temperature deviation at the VI extraction °C 264 
15 steam pressure deviation at the VII extraction MPa 0.1 
16 steam temperature deviation at the VII extraction °C 57 

The first genetic algorithm was created by Holland in 1975, and it was changed by Goldberg in the 
following years. Genetic algorithms are included in evolutionary algorithms [32,33] and are used to 
optimise complex systems [32]. In the relevant study, power units are systems like these. Typically, the 
process of optimisation takes place in fields where a high number of variables is found, e.g., system 
design, economics, transport. The advantage of these algorithms is the quick finding of global extremes 
for a given function in its time domain.  

3.1 Description on the diagnostic procedure 

In order to obtain single and double degradation, a new proprietary computational model (Figure 2) was 
created to search for single and multiple degradations occurring in the steam turbine. This model was 
made using model the genetic algorithm  and using elements of this algorithm. This model has been 
divided into 8 stages, the first four of which are: 1) measurement of parameters, 2) reference cycle 
calculations, 3) simulations on the basis of which the cycle calculations in the DIAGAR program and 
4) the initiation of the algorithm's operation were made, which allowed for the creation of input data for 
the calculation of 16 symptoms included in the reference syndrome or simulated damage characteristic 
for a given type. Then, the stopping process should be carried out, i.e. check whether the obtained result 
agrees with what we are looking for, i.e. the convergence between the looking for degradation syndrome 
and the degradation syndrome is at an acceptable level, i.e. less than 4%. If there is a stop condition, the 
obtained results should be processed, if not, the selection process should be carried out. Selection is a 
complicated process and consists of 6 main steps, and the last step consists of the next 5 sub-steps. After 
the selection, the stop condition had to be checked once again. 

The presented model allowed to obtain single and double degradations. The time needed to run the 
simulation depended degradations complexity. During the development of the results, it turned out that 
there are some correlations in the appearance of an additional geometric parameter, which was caused, 
among others, by the location of the given components of the steam turbine in close proximity to each 
other or steam leaks. 
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Figure 2: Diagram showing how to perform the diagnostic procedure 

4 Result for single degradations 

The diagnostic process for single degradation is the easiest due to the search for only one value. This 
value had to be close to the one occurring in the degradation being sought, which resulted in a shorter 
time of searching for the result than in the case of double degradation. The calculations were made on a 
typical personal computer. 

The first example was calculated for the trailing edges of the profiles of the second group of HP parts, 
where the value of the change (degradation) was simulated at 8%. As a result of the performed 
calculations, it was possible to recognize this damage and the result was 8%. On the basis of the obtained 
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values, the characteristics were created (Figure 3) presenting the deviations of the simulation and the 
search for degradation. The comparison of these characteristics showed that both syndromes are the 
same, which corresponds to the obtained result in the form of a simulation of 8% damage and obtaining 
the same value for searching for degradation.  

 

Figure 3: Comparison of the obtained characteristics of simulated degradation and the search for it 
for the trailing edges of the profiles of the second group of HP parts. 

Another example was calculated for the clearance occurring in the seals of the first group of HP parts. 
The simulation was performed at the level of 10% damage, and the obtained result indicated 9% 
degradation on the simulated element, but also 8% degradation of the trailing edge of the first group of 
HP parts. The obtained characteristics are presented in Figure 4 and they show that the greatest 
differences in the deviation values occur for the fourth symptom, which is caused by the appearance of 
an additional damage value. The obtained result is satisfactory because it was possible to identify small 
damage values in the turbine. 

 

 

Figure 4: Comparison of the obtained degradation characteristics and searching for it for the 
clearance in the seals of the first group of HP parts. 

5 Result for double degradations 

Double degradations belong to multiple degrades and among them, they are the easiest to obtain and 
require less computational time. 

The first simulated double degradation consisted of the clearance in the seals of the second groups of 
HP stages and the clearance in the seals of the third groups of IP stages. The value of degradation for 
the clearance in part of HP is 23% and for part of IP it is 18% and the syndrome describing it is presented 
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in Figure 5. We managed to get almost perfect results for searching for this degradation, the value of 
18% was achieved, but for part of HP it was higher by 1%, i.e. 24% of the damage value was obtained. 

 

Figure 5: Comparison of the obtained degradation characteristics and searching for it for the 
clearance in the seals of the second group of HP parts and the clearance in the seals of the third 

group of IP parts. 

Another example of double degradation concerns the trailing edges of the profiles of the HP stage group 
1 and the clearance in the sealings of the HP stage group 2 and were changed by 14% and 66%, 
respectively (Figure 6). The result of the algorithm's operation in search of degradation was the detection 
of three possible degrading parts of the steam turbine, two of them were simulated for the trailing edges 
of profiles of the 1st group of HP stages, the obtained value was 14%, i.e. as set, and the set value of 
66% was also obtained for the clearance in the seals. In addition to the set geometric parameters, there 
were additional trailing edges of the profiles occurring in the 2nd group of HP stages and their value 
was 28%. 

 

Figure 6: Comparison of the obtained degradation characteristics and the search for the value of 14% 
of the trailing edges of the profiles of the first group of HP parts and 66% for the clearance in the 

seals of the second group of HP parts. 

6 Result analysis 

The paper presents a statistical analysis of the results obtained for single and double degradation. This 
simulation was performed only for a certain number of simulated failures. Double degrades have also 
arisen for different combinations of degrades. The evaluation procedure of obtained diagnostic results 
use statistical methods because in that case the results are random.  

In the case of single degradation, all 15 geometry parameters analyzed in the available group were 
degraded, where the damage size was random. Among the simulation results, it was checked whether it 
was possible to find precisely simulated damage locations, and then whether the degradation size was 
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detected sufficiently. In this statistically small group, it was found that finding only a damaged turbine 
element was faultless. Whereas discovery of percentage degradation were for some case faultless and 
for some others they shown some small errors. At the same time, it can be concluded that 65% of the 
size of the degradation was discovered flawlessly, while the rest of 35% was characterized by an error, 
although its value was small. These results are presented in in Figure 7.  

 

 

Figure 7: Percentage value of finding a damage in a single degradation, where: 1 - syndrome 
consisting of more than one geometric elements; 2 - finding the searched element, where it had the 

same percentage value. 

The analysis for the double degradation showed that for the set of 12 analysed different examples, it was 
possible to find damaged elements immediately and the percentage value was 16.67%. With 83.33% 
efficiency, only the two sought degradations were not found at once. The resulting syndrome had 
additional degradations as shown in Figure 8. Among the results that had additional damage component, 
80% had simulated damage and 20% did not, is shown in Figure 9.  

 

Figure 8: Percentage characteristics of the diagnosis for double degradation, where: 1 – detection of 
more than two degradation locations; 2 - finding exactly two locations of investigated degradation. 
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Figure 9: Percentage characteristics of the diagnosis indicating more than two degraded elements, 
where 1 contain simulated degradation and 2, contain no simulated degradation. 

7 Summary 

The innovative diagnostic method for steam turbines discussed in this paper indicates that it can be used 
in fossil-fuel fired steam units, but not only after the necessary modifications, it can also be used in other 
industrial systems where there are thermal turbines [9] e.g. ORC systems. The presented method allows 
for single and double degradation. The procedure turned out to be so effective that during the tests it 
was possible to identify all simulated damages found in the steam turbines. The advantage of the 
presented method is the possibility of faster localization of damage than in the case of previously used 
artificial neural networks. The developed diagnostic procedure allowed for the correct diagnosis and 
location and identification of degradation in the analyzed case. Attention should be paid to the correct 
localization of the degradation. This result is particularly important for the operators of power units. It 
shows that the indicated degraded geometric element of the turbine requires its repair to be planned and, 
if possible, to return to the design value during the next service or repair action. With this planning, 
precise knowledge of the degradation value, although it is important, is of less importance.  

The innovative application of the presented method using genetic algorithms in building modern 
diagnostic relations in thermal-flow diagnostics influences the development of technical disciplines 
related to the operation of energy facilities. Besides the use of GA for day-to-day diagnostics concerning 
power units cooperating with RES, it is possible to use GA for the detailed analysis of superstructured 
units in order to increase efficiency or improve carbon performance. This superstructure may concern 
the addition of systems with carbon capture or the co-firing of traditional fuels with hydrogen. In 
addition, steam blocks can be supercharged with a gas turbine cycle to increase the efficiency and reduce 
the carbon footprint of the block through higher operating temperatures and the nature of the fuels 
employed. 
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Abstract 

Reducing emissions of CO2, providing efficient, reliable power generation and good cooperation with 
renewables are only a few requirements of today’s world power plants. Even though in the distant future 
distributed power systems relying on renewables are expected to become the core of power grids, there 
will still be need for green and high – efficient combustion power plants during the transition process. 
Classical gas-steam (CCGT) combined heat and power (CHP) plants with some ecological 
improvements are expected to be one of the most suitable technologies for this task. This paper presents 
a retrofit of a CCGT, CHP plant in Zielona Góra, regarding possible solutions of reducing CO2 emissions 
and cooperation with renewables producing hydrogen. Two modernization variants were considered: 
CO2 capture during the combustion of syngas from sewage sludge gasification and zero-emission 
combustion of hydrogen in gas turbine. Both technologies were shortly described and paths of future 
development have been shown. All the calculations were conducted using numerical modelling with 
computational tools, which help verifying the concepts at an early stage of development. Avoided CO2 
emissions for both solutions and other relevant indicators for CO2 emission level assessment were 
shown, taking into account the net power and efficiency penalties. The proposed retrofits were compared 
to the base case and for other conventional, gaseous fuels such as methane and nitrogen-rich natural gas. 
Preliminary calculations showed 2-8% efficiency penalty depending on fuel considered and CO2 
concentration, for 90% capture efficiency. Indicators for CO2 emissions for hydrogen combustion came 
out much better than for CO2 capture from syngas combustion. This comparison was made to draw 
conclusions on the legitimacy of using such solutions and to propose further development possibilities. 
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1 Introduction 

Global climate changes such as global warming, caused also by burning fossil fuels are resulting in 
giving up on conventional power plants and focusing more on renewable energy sources. It is dictated 
by the social awareness as well as political restrictions through Best Available Technology (BAT) 
reference documents in the EU. The biggest problem seem to be CO2 emissions from burning fossil 
fuels, constantly growing at the scale of the world [1]. It is impeding the progress to lower the 
temperature worldwide at a safe level, according to The Paris Agreement [2]. This is where Carbon 
Capture and Storage (CCS) technologies are emerging as possible solutions to this problem. 

According to Poland’s Energy Policy 2040 (PEP2040) [3] and current state of polish energy sector it is 
impossible to switch to renewables and cut off the conventional power plants almost immediately, as it 
will endanger the energy safety. A lot of other countries are in similar situation. One of the reasonable 
solutions in the transition process seem to be highly efficient and low-emissive combined cycle gas 
turbine (CCGT) plants, developed as combined heat and power (CHP) facilities, with the use of CCS 
technologies. Such technologies seem to be more attractive than in the recent years because of the 
significant increase of CO2 emission allowances prices, which recently achieved around 100 €/tCO2. 

CCGT is a favourable technology for the transition process into renewables also because of its higher 
flexibility and efficiency over coal-fired power plants (63% electrical efficiency with development 
possibilities [4] compared to potential maximum of around 50% for supercritical technology [5]). What 
is more, it is a constantly developing technology resulting from the progress of material engineering, 
allowing to achieve higher turbine inlet temperatures, thus higher efficiencies. The recent state of CCGT 
technology have been widely shown in [6, 7]. The advantage of this plants results also from a variety of 
gas turbines (GT) and the CCGT concepts, which are still developed e.g. CCGT cycles integrated with 
coal gasification [8], GT with heat regeneration [9] or steam injection to combustion chamber (CC) [10]. 

CCS technology has been used in industry for around 80 years, however not in the power industry. This 
trend seems to change as further developments of different CO2 removal methods result in achieving 
economic competitiveness. This can be seen when looking at the numbers of current CCS projects, 
which doubled in the recent year [11]. There are several different approaches to CCS: pre-combustion 
carbon capture, post-combustion carbon capture and oxy-combustion CO2 capture [12]. 

Chemical absorption capture processes are told to have the highest technical maturity and 
implementation potential. However other methods, such as physical/chemical adsorption, membrane 
separation, chemical looping or cryogenics are a part of research [12,13]. It is necessary to mention, that 
CCS installations are easier to implement in coal-fired power plants, where the flue gases mass flow is 
significantly smaller than for gas-fired power plants, and the CO2 concentration is higher. There have 
been several researches done, proving the possibilities of using chemical absorption based on amines 
[13, 14], physical adsorption using zeolites [15] or membrane separation [16] for CCGT power plants, 
achieving over 90% of capture efficiency. Chemical absorption separation using mono-ethanol amine 
(MEA) have been chosen for this paper, as the best examined option currently. On the other hand, a 
significant attention should be paid to membrane separation technology, as the membrane materials 
development could potentially make this method more competitive. 

However, gas technologies are currently during a crisis caused by the unstable situation at gas market. 
It can be seen when comparing recent energy production from gas-fired plants to previous years [17]. 
This results in increased research about alternative fuels for gas turbines, such as hydrogen or syngas. 
Both of these fuels also seem to fit in the idea of energy safe and low emission energy transformation, 
with grid stabilization after this process. Syngas produced from sewage sludge could help with utilizing 
this problematic waste and using is as a fuel in CCGT plants, equipped with CCS installation, might be 
a promising alternative to methane. Such power plant concepts are sometimes called a negative CO2 
emission power plant as it was shown in [18] because syngas from sewage sludge is considered as a 
renewable source of energy. Hydrogen however, is a great alternative when it comes to energy storage, 
as using power cells to convert electricity produced by renewables during peak hours into hydrogen, and 
then burning it as a fuel in CCGT CHP plants seem to be one of the best future energy scenarios [19]. 
Among different power cells, alkaline and polymeric ones are the most promising, where polymeric 
power cells have this advantage of good flexibility at quickly changing power loads [5]. There are 
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numerous researches done about burning hydrogen in GT as there are plenty of problems for burning 
pure hydrogen such as explosiveness and high lower heating value (LHV). Some authors emphasize the 
possibility of co-burning hydrogen with other fuels such as biogas [20] or syngas [5]. However some 
companies carry on the researches of burning 100% hydrogen in GT [5]. 

This paper aim is to analyze the potential of retrofitting an existing CCGT CHP with syngas combustion 
coupled with CCS amine-based installation, and its influence on energy and environmental 
performances of the plant. The CO2 separation reactor has been simply modelled as well as the CO2 
compression unit. Due to the demand for low temperature of flue gases, heat recovery for municipal 
heating has been considered, as well as water heat recovery returning from the reboiler. The results are 
compared to the case of zero-emissive combustion of pure hydrogen as well as the co-combustion with 
CCS installation. Both cases are then compared to other, conventional gaseous fuels such as methane 
and the base case nitrogen-rich natural gas. The models were prepared and calculations were made using 
commercial numerical software. 

2 Framework for the process simulations 

2.1 Reference plant 

The considerations about performance of a CCGT CHP plant retrofitted with a CCS installation and 
hydrogen combustion were made basing on an existing heat and power plant in Zielona Góra, Poland 
(Figure 1). It has 190 MW of net electrical power output and 95 MW of heat output [21], however the 
calculations were conducted for ISO conditions and around 34 MW of heat output as presented in [22]. 
All the reference data of modelled CHP were based on three sources, namely: 1) the measurements and 
calculations presented at the heat and power plant’s website [21], 2) article [22] where a mathematical 
model of this CHP was made and 3) the district heating part of model was based on data presented in 
the research report about the used steam turbine [23]. 

 

 Figure 1: Modelled reference cycle (solid lines) and cycle modernizations after adding CCS 
installation 
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The thermodynamic cycle of the examined CHP is presented in Figure 1. The gas cycle consists of a gas 
expander (GT) coupled with air compressor (Cair), an air filter at compressor inlet (F), compressed air 
extraction for first-stage GT blades cooling, combustion chamber (CC), electrical power generator (G). 
Fuel compressor (Cfuel) is added for the purpose of comparing electrical power input for different gaseous 
fuels compression. The heat recovery steam generator (HRSG) consists of two-pressure steam levels. 
The high-pressure section has two steam superheaters (SHHP I, II), an evaporator (EVAP HP), two 
economizers (ECO HPI, II) and water injection for control purposes (WINJ). The low-pressure section 
includes a superheater (SHLP), an evaporator (EVAP LP) and an economizer (ECO LP). Steam turbine 
(ST) is powered with the steam at two different pressures. Steam extraction for heating purposes is also 
made at two levels of pressure, respectively to DH1 and DH2 heat exchangers, heating up the water for 
heat consumers (HC) at temperatures t36=58 and t37=78 °C, for heating water return and supply 
respectively. Condensed water then flows to the deaerator (DEA). ST was modelled using four separate 
components to include different internal efficiencies, resulting from steam extraction and LP steam 
injection losses. The condensed water is pumped using pumps (P). Important technical data of the 
reference CHP, which was used for model validation in Ebsilon®Professional, is shown in Table 1. 

2.2 Amine-based absorption process and modelling 

A schematic diagram of the considered amine-based absorption system is shown in Figure 2. It was 
based on the model presented and calculated in [24, 25]. An optimized model with absorber intercooling 
and lean vapor recompression stripping has been chosen, as the most promising modification resulting 
in significant save of power demand for CCS system, with relatively small costs increase [25]. A 30% 
MEA – water solution has been chosen as the working fluid. The CSS model has been adopted as a 
single component consisting of inputs and outputs, regarding power inputs and medium flows 
characterized at nodal points (8, 9, 25, 26, 29) adopted from [24]. Everything that happens inside the 
model border is modelled through performance inputs from the literature [24, 25]. Main input parameters 
of the CSS installation are shown in Table 2 and correspond to all fuel cases. 

Table 1: Technical data of the reference CCGT plant assumed for model validation 

Parameter Symbol Value Unit 
GT model - F9E PG9171 - 

GT gross electric power output Nel1 126.1 MW 
Flue gas flow �̇�  418 kg/s 

Compressor pressure ratio Π 12.6 - 
GT inlet temperature t3 1100 °C 

GT exhaust temperature t4 543 °C 
ST model - 7CK-65 - 

ST gross electric power output (with considered 
heat extraction) 

Nel2 57.7 MW 

HP turbine inlet temperature 
HP turbine inlet pressure 

EVAP HP pinch point 
LP turbine inlet temperature 

LP turbine inlet pressure 
EVAP LP pinch point 
Condenser pressure 

Mass flow of water injection to HP steam 
 

Gross combined el. power output 
Net electric power output 

Net electric efficiency 
Net heating power output 

Combined cycle net efficiency 

t15 

p15 
δtHP 
t14 

p14 
δtLP 

p19 
�̇�  

 
Nel1 + Nel2 

Nel,net 

ηel,,net 

�̇�  
ηCHP,,net 

505 
72 
8 

217.9 
0.94 
10 

0.051 
1.3 

 
183.8 
177.8 

47 
34.04 

56 

°C 
bar 
°C 
°C 
bar 
°C 
bar 
°C 

 
MW 
MW 
% 

MW 
% 
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The principle of work of the CCS system is as follows. The flue gas (nodal point 8) flowing at 
atmospheric pressure is cooled to 40 °C and blown with a fan to the absorber to overcome the pressure 
drop. In reality it is the same fan as in Figure 1, but here it was divided to cover pressure losses in the 
absorber independently. In the column flue gas contacts the MEA solvent flowing counter-currently and 
reacts with it following the reaction in Eq.(1). 

C H OHNH + H O + CO ➝ C H OHNH + HCO + 𝛥𝑄  (1) 

The reaction is exothermic so absorber intercooling is used to sustain higher driving force of the 
absorption process and capacity of the solvent. The rich amine mass flow rate (loaded with CO2) leaves 
the absorber, is preheated in the heat exchanger (HX) and enters the stripper column. Meanwhile flue 
gas without CO2 leaves the absorber to the scrubber, where some of the liquid water is recycled to the 
absorber, and the rest heads to the atmosphere (nodal point 9). The rich solution is heated in the stripper 
using the heat supplied to reboiler (R) (points 25, 26) and CO2 is stripped out of the solution, following 
the reaction opposite to Eq.(1), leaving at the top of the column (point 29). The lean solution leaving the 
stripper decreases its pressure through a flash valve, so a gaseous phase composed of mainly water vapor 
is achieved. Then it’s recompressed and recycled back to the stripper where heat of condensation can be 
harnessed and heat duty of reboiler is reduced [24]. The lean solution circles back to the absorber and 
the cycle is closed. 

 

Figure 2: Schematic diagram of the considered amine-based absorption system 

From the perspective of modelling the CCS system few assumptions have been made. The demand for 
electric power and heat for the installation to work (pumps, fan, compressor) is described using fixed 
parameters dependent on the captured CO2 mass flow, so the energy balance looks as in Eq. (2) and (3). 

�̇� + 𝑁 + 𝑁 , + 𝑁 + 𝑁 , + �̇� = �̇� + �̇� + �̇� + �̇� ,   [MW] (2) 

�̇� + �̇� ∙ 𝑞 , + �̇� ∙ 𝑞 , = �̇� + �̇� + �̇� ,   [MW] (3) 

The influence of flue gas compositions for different fuels at sorption process has been neglected, as the 
differences are rather small (no more than 1,5% difference) when comparing to coal fired plants [26]. 
The mass fluxes of water �̇�  and MEA �̇�  that need to be replenished are also omitted. An assumption 
of removing water �̇�  after the CO2 capture was made, so the stream heading for CO2 compression is 
pure CO2, even though the real purity for this case is around 96% [24]. Temperatures and pressures at 
inlet and outlet of the CO2 capture are fixed, as the process requires, and are shown in Table 2. 
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Table 2: Main parameters adapted for the modelled amine-based absorption system (based on [24]) 

Parameter Symbol Value Unit 
CO2 capture rate - 0.9 - 

Amount of MEA solvent  - 16.27 
 
 

kg

s
 MEA /

kg

s
 CO ,   

Flue gas pressure drop in absorber 
column  

ΔpA 128.6 
Pa/

kg

s
 CO ,  

Flue gas inlet pressure p8 1.01 bar 
Flue gas outlet pressure p9 1.01 bar 

Flue gas inlet temperature t8 48 °C 
Flue gas outlet temperature t9 45 °C 

Flue gas mass flow �̇�  418 kg/s 
CO2 outlet pressure p29 110 bar 

CO2 outlet temperature t29 30 °C 
Steam to reboiler pressure p25 4 bar 

Steam to reboiler temperature 
Water from reboiler temperature 

t25 

t26 
145 
130 

°C 
°C 

Pressure drop in reboiler ΔpR 0.08 bar 
Electric power demand to the system 𝑞 ,  0.25 MJ/kg  

Heat demand to reboiler 𝑞 ,  2.71 MJ/kg  

CO2 compression was modelled as three stage compressor from 1.01 bar to storage pressure at 110 bar, 
proposed in different papers before [24, 27]. Inter-stage cooling was implemented to reduce the power 
input of compressors, with water cooling to 35 °C as proposed in [28]. The pressure ratios of all three 
stages were similar to achieve close to equal power inputs and temperatures of CO2 after each stage. 
Pressure after first stage of compressor is equal to 5 bar, after second stage – 23 bar, and after the last 
stage it equals 110.1 bar, just slightly more than storage pressure to overcome pressure drop in the last 
cooler.  

2.3 CCS model integration with CHP plant 

To examine the impact of proposed CO2 capture system on the performance of reference power plant 
with different fuels considered, some modifications were implemented. The modifications are shown in 
Figure 1 with a dashed line. They are mostly connected to the steam part of cycle, as there is significant 
demand for steam extraction to the reboiler, to strip the CO2 out of the solution. The steam is extracted 
from the turbine at a pressure over 4 bars, so it reaches the CO2 capture reactor at exactly 4 bars. 
However, the steam needs to be cooled to around 145 °C [24] which is done through applying a heat 
exchanger at the last part of municipal heating water cycle to heat up the water. The condensate leaving 
reboiler at 130 °C is used to heat up the municipal water and is cooled to 80 °C held constant and then 
pumped back to the water cycle of power plant. 

Flue gas leaving the HRSG needs to be cooled to 48 °C before entering the reactor. It is a significant 
amount of heat as the flue gases leaving HRSG have over 130 °C of temperature. Heat recovery from 
the flue gas is proposed and applied to preheat municipal water. Flue gas cooling to 74 °C is assumed 
and held constant, and after-cooling is done in a second cooler. Constant temperature conditions may 
result in different heat outputs of the plant, however no lower than nominal, because steam extraction is 
then used. The concept of recovering flue gas heat is important especially when it comes to higher heat 
demands at winter, and fuels with more carbon content, where more CO2 is produced, and additionally 
steam extraction to DH1 and DH2 is used to cover higher heat demands. This helps maintaining constant 
CO2 capture ratio, without significant redesigning or adding an extra GT for steam production, as 
presented in [26]. 
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2.4 Fuel assumptions 

Fuel compositions and lower heat values (LHV) are presented in Table 3. Besides reference case, pure 
methane, syngas [18], pure hydrogen and a mixture of hydrogen and methane [19] are presented. Only 
a case basing on pure hydrogen was modelled without CCS installation. Fuel compressors have been 
modelled to compare the power outputs for different fuels and mass flow rates, assuming that all the 
fuels are not provided under the right pressure from the gas distribution grid. 

Table 3: Fuel compositions and LHV in [MJ/kg] 

Fuel type Symbol Fuel compositions by volumetric shares LHV 

Nitrogen-enriched 
natural gas 

NNG 87 % CH4, 12.3% N2, 0.3% C2H6, 
0.2% CO2, 0.1% C3H8, 0.1% C4H10 

39.98 
 

Methane M 100% CH4 50.015 

Syngas S 45.17% H2, 25.61% CO2, 13.64% CH4, 

9.09% CO, 3.39% C3H8, 3.1% NH3 

17.086 
 

Hydrogen H 100% H2 120 

Hydrogen + Methane H+M 88.8% H2, 11.2% CH4 86 

2.5 CHP with CO2 capture performance indicators 

The analysis of syngas and other fuels combustion with CO2 capture and hydrogen combustion was 
performed using different indicators. Some of them, such as efficiency, emissivity or SPECCA might 
correspond to local changes (change of value between base plant and after retrofit within the same fuel 
case) or global (change of value between reference plant with nitrogen-enriched fuel and after retrofit 
with any fuel). Thus, a local change refers to the introduction of a different number of devices or their 
position in the scheme and therefore indicates the impact of the retrofit on the performance of the unit. 
A global change, on the other hand, is broader because in addition to changes to the equipment layout 
(retrofit) it also takes into account the introduction of a different fuel, so the global approach indicates 
the impact of all modifications made to the CHP plant. Symbols not explained under the equations refer 
to quantities shown in Figure 1. The indicators are as follows: 

 Gross electrical efficiency: 

𝜂 , =
𝑁 + 𝑁

�̇� ∙ 𝐿𝐻𝑉
∙ 100   [%] (4) 

 Net electrical efficiency: 

𝜂 , =
𝑁 + 𝑁 − ∑ 𝑁 .  ,

�̇� ∙ 𝐿𝐻𝑉
∙ 100   [%] (5) 

∑ 𝑁 .  ,  sum of all electric power demands such as compressors, pumps, fans, CO2 reactor 
electricity demand etc. 

 CHP plant gross efficiency: 

𝜂 , =
𝑁 + 𝑁 + �̇�

�̇� ∙ 𝐿𝐻𝑉
∙ 100   [%] (6) 

 CHP plant net efficiency: 

𝜂 , =
𝑁 + 𝑁 + �̇� − ∑ 𝑁 .  ,

�̇� ∙ 𝐿𝐻𝑉
∙ 100   [%] (7) 

 Electrical power penalty: 
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𝛥𝑁 = (𝑁 + 𝑁 ) − 𝑁 .  ,
.  .

+ (8) 

− (𝑁 + 𝑁 ) − 𝑁 .  ,
  .

  [MW] 

It should be added that ∑ 𝑁 .  ,   with retrofit includes �̇� ∙ 𝑞 , . 

 CHP plant net efficiency penalty: 

𝛥𝜂 , = 𝜂 , .  .
− 𝜂 ,   .

   [%] (9) 

 Specific CO2 emissions [12]: 

𝑒 =
3600 ∙ 𝑋 ∙ �̇�

𝑁 + 𝑁 + �̇� − ∑ 𝑁 .  ,

   
kg CO

MWh
 (10) 

�̇�   stream of CO2 emitted to the atmosphere with flue gases; �̇�  might be used if retrofit is not 
considered [kg/s] 

𝑋   CO2 mass fraction in flue gases [-] 

 Specific CO2 emissions avoided: 

𝑒 , = 𝑒 , . . − 𝑒 ,  .    
kg CO

MWh
 (11) 

 Specific primary energy consumption for CO2 avoided (SPECCA) [12]: 

𝑆𝑃𝐸𝐶𝐶𝐴 = 360000 ∙

1
(𝜂 , )  .

−
1

(𝜂 , ) . .

𝑒 , . . − 𝑒 ,  .
   

MJ

kg
 (12) 

3 Results and discussion 

In this section, several aspects of considered retrofits were presented and discussed, focusing mostly on 
power plant performance and emission related indicators. As stated previously, some results refer to 
local changes, where considered plant before and after retrofit operate at the same fuel, and global 
changes, where the results are compared to reference plant without CO2 capture.  

3.1 Plant performance indicators before and after retrofit 

Electrical and CHP efficiencies were calculated to compare qualitatively the considered fuels with 
combination of CO2 capture technology (except hydrogen), resulting in efficiency penalties of the entire 
cycle. Figure 3 presents CHP net local and global efficiencies of the plant after retrofit. For the reference 
case fuel and methane similar results were obtained, where 6.3% efficiency penalty is achieved 
decreasing the efficiency to 49.6%. Using syngas as a fuel resulted in significantly higher efficiency 
penalties, especially when comparing globally, where 8.6% efficiency loss was calculated. This high 
loss corresponds to electrical power penalty, as can be seen in Figure 4, especially after including 4.8 
MW of heat that was gained for the same temperature conditions. This losses result of higher fuel 
compressor power input (lower LHV than for reference case resulted in 2.3 times higher fuel mass flow) 
and higher CO2 capture and compression power demand, as for the same capture efficiency higher CO2 
mass flow was obtained. Also around 5 MW of electrical power more were lost, when comparing to 
reference plant with CCS, as an effect of bigger steam extraction mass flow to cover reboiler demand.  
Hydrogen and methane combustion present significantly lower CHP efficiency penalty, as the captured 
CO2 stream is over three times smaller than for the reference case, so the previously mentioned power 
demands are lower as well, and 4 MW more of electrical power are generated at the GT, as a result of 
higher LHV value. The best option seems to be pure hydrogen combustion, as the lowest efficiency 
penalty, when globally referring, is achieved – 1.3%, which results in the best CHP net efficiency among 
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all the cases after retrofit. This low penalty is caused by over three times higher demand for fuel 
compression but compensated by gain of 5.5 MW of GT’s electrical power, overall resulting in nearly 
6 MW of power loss. 
Electrical efficiency penalties are slightly higher than CHP efficiency penalties, except of syngas 
combustion, where additional 1.3% efficiency penalty occurred, as an effect of omitting the gain of heat 
for municipal heating. Plants based on hydrogen combustion achieve the highest electrical efficiencies 
among all cases, even though before retrofit they performed noticeably worse than the reference case. 
  

  

Figure 3: Net CHP efficiencies and efficiency penalties of CCGT plant after retrofitting with CCS 
system or hydrogen combustion: a) locally, b) globally 

  

Figure 4: Net electrical efficiencies and efficiency penalties of CCGT plant after retrofitting with CCS 
system or hydrogen combustion: a) locally, b) globally 

3.2  Emission indicators before and after retrofit 

Besides performance results, indicators for CO2 emission reduction need to be studied, taking into 
consideration energy costs for carbon capture. In Figure 5 specific CO2 emissions, corresponding to 
overall CHP power, for all cases are shown. Reference case, as well as methane combustion results are 
very similar, where emissivity at level of 40 kgCO2/MWh with 317 kgCO2/MWh reduction is observed, 
comparing to plant without retrofit. CO2 capture for syngas combustion resulted in huge emissivity 
reduction at the level of 460 kgCO2/MWh locally. However, globally the reduction is slightly lower – 
296 kgCO2/MWh, as higher final emissions of 61 kgCO2/MWh can be seen. Finally, no emissions of 
CO2 for hydrogen combustion are achieved, followed by emissivity of 11.3 kgCO2/MWh for hydrogen 
+ methane combustion. Obviously, the highest CO2 emissions avoided were achieved for these two 
fuels, having the most positive ecological impact on the environment. 
However, specific CO2 emissions provide us information only about the ecological aspect of plants after 
retrofit, with regards to the power produced. As a measure of energy cost related to CO2 capture, a 
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SPECCA indicator is implemented, which was introduced by Campanari et al. [29]. However, authors 
in [29, 30] refer this index to electrical efficiencies, and the reference plants are considered as the state-
of-the-art CCGT plants. For the purpose of this paper, referring to CHP net efficiencies seems to be 
more accurate, as there are some gains in heating power, and it is also a product of the power plant. 
Also, the base plant with nitrogen-enriched gas, without CO2 capture is considered as a reference case, 
so this parameter can correspond more to the quality of proposed retrofits.  
 

 

Figure 5: Specific CO2 emissions before and after retrofit of the plant 

Figure 6 presents SPECCA for all the examined cases. Cost of 2.6 MJ/kgCO2 was obtained for the 
reference case and methane combustion. What is worth noticing, a slight decrease of SPECCA locally 
for syngas was achieved to a value of 2.4 MJ/kgCO2, as a result of heat gain. However, when referring 
to the reference case, the cost stands out from the others at a level of 3.9 MJ/kgCO2. SPECCA indicator 
globally came out the best for hydrogen/hydrogen + methane combustion, 1 MJ/kgCO2 and 0.4 
MJ/kgCO2 respectively. According to [29, 30], SPECCA for CCGT with simple amine-based CO2 
capture considered, was equal to 3.2 – 4 MJ/kgCO2, which is comparable to syngas combustion in this 
case. For methane and reference case, over 0.8 MJ/kgCO2 of savings were made, and 2.2 – 2.8 MJ/kgCO2 

for hydrogen based fuels. However, it is worth noting that equally good results as for the case with 
hydrogen are achieved for the system considered in the work [18], namely for the negative emission 
carbon dioxide power plant. 
 

 

Figure 6: SPECCA indicators for proposed retrofits 

4 Conclusions 

This paper compared different performance and emissions-related indicators for several fuel cases, after 
retrofitting an existing CCGT CHP plant with CCS amine-based system. Few heat recovery systems 
were introduced to limit steam extraction for heating purposes, thus mitigating electrical power losses, 
which were a result of steam extraction to cover reboiler demand. This led to lower efficiency penalties 
and better SPECCA indicators for fuels like methane and nitrogen-enriched gas, when comparing to 
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other authors [29]. Syngas combustion is characterized by the worst results for all the indicators 
examined, mostly because of its high carbon content and low LHV. However, it is important to notice 
that this is an alternative fuel, so perhaps with an increase of prices for CO2 emission allowances and 
conventional fuels, it could be a competitive technology. In addition, syngas can be produced from a 
variety of unfavorable substances, e.g. sewage sludge, and it may then be useful to dispose of the 
resulting fuel [31]. 
Hydrogen combustion and co-combustion leads to the best results, both regarding low plant performance 
penalties and low CO2 emissions to the atmosphere. With the development of power cells and ground-
breaking progress of hydrogen combustion in GT, it may in fact be a future of the worlds energetics. 
There is still a lot to achieve, however the results of this paper show clearly that it makes sense to 
continue research on this technology. 

Nomenclature 

CCGT Combined Cycle Gas Turbine 
CCS

 
Carbon Capture and Storage 

CHP
 

Combined Heat and Power 

GT Gas Turbine 
𝐿𝐻𝑉

 
Lower Heating Value, MJ/kg 

MEA Mono-ethanol Amine 
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Abstract 

One of the main directions of global research areas in the energy sector is the possible option for the 
storage of energy in large quantities. This is due to the necessity to handle intermittent electricity 
generated by renewable energy sources. Large-scale energy storage is increasingly important in the 
development of the energy sector in the context of diversification of energy sources and providing 
energy security. One of the promising storage technologies is power to SNG (PtSNG), which uses 
hydrogen which is converted into synthetic natural gas (SNG) as the energy carrier. This paper presents 
an energy analysis of an integrated PtSNG system based on a solid oxide electrolyzer (SOE). Surplus 
electricity from renewable energy sources is used to split hydrogen and oxygen in the electrolysis. The 
great advantage of solid oxide electrolysis over conventional low-temperature electrolyzers is the 
outstanding efficiency, in excess of 85%. The methanation process converts hydrogen from SOE and 
carbon dioxide into SNG with a high methane content (~90 vol.% dry basis), that can be injected into 
the gas grid and used in the existing natural gas infrastructure. The simulation model of the analyzed 
system, which combines electrolysis and methanation processes, was developed in Aspen Plus. 
According to the sensitivity analysis performed, CH4 content in the SNG increases from the range of 
0.67 - 0.77 for the atmospheric pressure of the methanation process, to the range of 0.81 - 0.87 for the 
overpressure of 5 bar. For the adopted stream of reactants (hydrogen and carbon dioxide) for the 
methanation process (5.5 Ndm3/min, H2:CO2 = 4:1), it was estimated that the minimum power of SOE 
installation should be equal to 0.828 kW to produce and deliver the required amount of hydrogen needed 
for the production of SNG. The results of the estimated efficiency of the considered power to SNG 
system are in the range of 66.51-76.34%. 
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1 Introduction 

Hydrogen production from Renewable Energy Sources (RES) is one of the key elements in achieving 
the goals of the European Green Deal and Europe's clean energy transition. Projections indicate that 
renewable electricity could decarbonise a large part of the EU's energy consumption by 2050 (from the 
current value below 2% to 13-14%) [1]. Hydrogen has a great potential to complement this strategy as 
a carrier for renewable energy storage, together with batteries and transport, ensuring backup for 
seasonal fluctuations and connecting production locations to more distant demand centres. 

Power to Gas (PtG) technology enables energy storage, so it is a solution that allows the use of energy 
from renewable sources and dispatch it to the grid during higher demand [2,3]. The storage of energy 
requires its conversion into a form that is easier to accumulate. The conversion of electric energy into 
chemical energy occurs during the process of water electrolysis, of which products are hydrogen and 
oxygen in the gas form [4].  

The reaction of decomposition of H2O into H2 and O2 is endothermic. Energy called enthalpy of reaction 
ΔH is needed for the reaction which corresponds to the enthalpy of formation of water. The standard 
enthalpy of reaction is equal to 285.8 kJ mol-1 [5,6]. In the gaseous state (beyond 100 °C) the total energy 
demand for H2O electrolysis process increases with higher temperatures but the free energy of reaction 
decreases. This provides the opportunity to use more heat for the H2O decomposition at higher 
temperatures.  

Table 1: Thermodynamic data for water equilibrium (H2O ↔ H2 + ½ O2) at different temperatures 
and 101.325 kPa [6] 

 ΔH  
H2O(l) (20 °C) 285.8 kJ mol-1 
H2O(g) (100 °C) 242.6 kJ mol-1 
H2O(g) (1,000 °C) 249.4 kJ mol-1 

In the most general way, electrolyzers can be divided into high temperature and low temperature ones. 
Descriptions and characteristics based on analyzes of the operation of low-temperature Proton Exchange 
Membrane (PEM) and Anion Exchange Membranes (AEM) are presented in detail in [7-9]. Intensive 
research is also carried out on the possibility of integrating Solid Oxide Electrolyzers (SOE) units with 
energy storage installations such as Power to Gas [10]. The biggest advantage of the high temperature 
electrolyzers is lower demand for electricity compared to low temperature devices. This is possible due 
to the use of heat as the part of energy source necessary for the process, so temperature of the steam 
transported to the SOE electrolyzers has a big influence on their efficiency [11]. The reactions taking 
place during the electrolysis process at the cathode (1) and anode (2) of the SOE electrolyzer can be 
written as [12]: 

H2O + 2e- → H2 + O2- (1) 

O2- → ½O2 + 2e- (2) 

Hydrogen can be further converted to many different chemical compounds or synthetic fuels. Hydrogen-
derivative substances mainly comprise [13]:  

 Liquid derivatives (e-kerosene, e-gasoline, and e-diesel), 

 Methanol (MeOH), Ammonia (NH3), 

 E-gases, such as Synthetic Natural Gas (SNG). 

Synthetic natural gas is produced in methanation process. Feedstock for the process, besides hydrogen, 
is carbon monoxide, carbon dioxide or a mixture of both (depending on the origin of the gas). 
Methanation of CO2 occurs according to the reaction (3) [14]: 

CO2 + 4H2 → CH4 + 2H2O (3) 

Methanation reaction is strongly exothermic, therefore thermodynamic equilibrium directs the reaction 
towards products at higher pressure and lower temperature of the process [15,16]. The use of an 
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appropriate catalyst is also key to the high efficiency of the methanation reaction, as the reaction takes 
place on its surface. The selection of a proper catalyst depends not only on the reactor operating 
parameters, but it is also dependent on the activation temperature of the catalyst.  The catalysts used 
may consist of different types of active metal (e.g. Rh, Ru, Pd, Ni) with different support (e.g. Al2O3, 
SiO2, ZrO2) [17]. 

Various technologies are available that use adiabatic, isothermal or polytropic reactors for the 
methanation process. Other types of methanation reactors include fixed bed reactors, fluidized bed 
reactors, structured and three phase reactors [18]. Adiabatic reactors are characterized by the highest 
technological maturity. The selection of an appropriate SNG production method also depends on the 
source of carbon oxides for the methanation process [19]. 

The great advantage of SNG over hydrogen is that it can be used in existing gas-based energy conversion 
technologies (e.g., gas engines, gas turbines) or introduced into the gas distribution system without major 
restrictions [20]. Also, the storage in pressurized tanks is less problematic than in the case of hydrogen 
[21-23]. Synthetic methane can be actually used in the same infrastructure as the commercial natural 
gas from the grid. It means that this technology requires less operating and maintenance expenditures 
than hydrogen, where conditions of combustion or use in fuel cells cannot be defined as reliable and 
well-established technology [24]. Produced SNG can be used both to heat as well as for electricity 
production [25, 26].  

This paper presents an energy analysis of an integrated Power to SNG (PtSNG) system based on solid 
oxide electrolyzer (SOE). Mathematical model of a combined system was prepared using Aspen Plus 
[27] software. Model was validated using experimental data of SOE testing at the Center for Hydrogen  
Technologies (CTH2) at the Institute of Power Engineering, while the experimental studies on the 
methanation process were conducted at the Department of Power Engineering and Turbomachinery, 
Silesian University of Technology. 

2 Methodology 

2.1 Solid Oxide Electrolysis 

Single SOE cell (SOEC) consists of three basic layers: cathode, anode and electrolyte (Fig. 1). During 
the electrolysis of H2O at the elevated temperature, electricity and steam are delivered to the electrode. 
In the first step the reduction of water molecules to oxygen ions (O2-) and hydrogen occurs in the 
cathodic compartments. Oxygen ions are passing through the electrolyte, and oxygen (O2) molecules 
are formed on the anode by recombining the ions. The SOE stack can operate in three different modes: 
thermo-neutral, endothermic and exothermic, which are strictly correlated with the temperature and 
current applied to the SOEC [28,29].  

 

Figure 1: Single SOE cell principle of operation 
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During the operation, part of the electric power is used for the reaction, while the rest is lost and released 
as heat. As a result, temperature distribution in SOE stack depends on the adjustment between the energy 
consumed by the electrolysis reaction and the generated heat. In exothermic conditions, the amount of 
heat generated in SOE operation is higher than the amount of heat required for the electrolysis reaction 
and the stack temperature increases. While in endothermic conditions, the amount of heat generated in 
SOE operation is lower than the amount of heat required for the electrolysis reaction and the stack 
temperature decreases. Then, additional heat is delivered to the stack [30]. The switching point between 
exothermic and endothermic operation mode is known as thermo-neutral voltage [31]. 

Fig. 2 presents Aspen Plus flowsheet of SOE process and the most important assumptions used for 
simulation were: 

 H2O inlet conditions:   mH2O = 0.05 kg∙h-1, TH2O
 
= 120 °C, pH2O

 
= 1.12 bar. 

 H2 inlet conditions:   TH2= 25 °C, pH2 
= 1.12 bar, xH2 = 0.05 (H2O+H2 stream). 

 Air inlet conditions:   mair
 
= 3.00 kg∙h-1, Tair

 
= 25  °C, pair

 
= 1.12 bar. 

 Reactor’s inlet temperature:  TH2O+H2in 
= 700 °C. 

 

Figure 2: Aspen Plus flowsheet showing the implementation of SOE model 

Electrolysis process in the SOE was modelled considering stoichiometry reactor (RStoic), because the 
simulations for this type of reactor showed the best agreement with the experimental data. RStoic 
element acted like a cathode and broke H2O molecules into H2 and O2. Then, the oxygen was separated 
from the stem-hydrogen mixture and was blended with air feed in a mixer. The absolute pressure for the 
whole process was assumed as 1.12 bar and pressure drops were neglected in the simulation. As the base 
case, the share of hydrogen in the steam-hydrogen mixture was assumed as 5%. In the subsequent 
calculation steps, this value was manipulated to obtain different ratios of steam and hydrogen in the 
outlet gas. 

In order to properly simulate operation in electrolysis mode, it was enhanced with additional in-house 
codes (described comprehensively in [31,32]), which were determined on the basis of experimental data. 
In the simulation, the variable value was the current (I) set for the electrolysis process. Total operation 
area of single SOE cell was equal to 92 cm2. After solving implemented as own codes relations, the final 
formula for the power source voltage was determined using formula presented by Eq. (4): 

𝐸 =  
𝐸 + 𝐼 ∙ 𝜂 ∙ 𝑅

1 + (1 + 𝜂 ) ∙
𝑅
𝑅

 (4) 

Emax   maximum cell voltage, V, 

Imax   maximum current correlated with the amount of steam delivered to the cells, A, 

ηs steam utilisation factor, which is the ratio of the vapor stream at the outlet to the inlet 
of the electrolysis plant, 

R1  ionic resistance, 

R2  electronic resistance, 
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E  voltage, V. 

The formula for maximum voltage of the SOE cell is determined from Nernst equation presented by 
Eq. (5): 

𝐸 =  
𝑅 ∙ 𝑇

4 ∙ 𝐹
𝑙𝑛

𝑝 ,

𝑝 ,
 (5) 

T   absolute temperature, K, 

R   universal gas constant, J∙mol-1∙K-1, 

F  Faraday constant, C∙mol-1, 

pO2, anode  oxygen partial pressure at the oxidant electrode outlet, bar, 

pO2, cathode oxygen partial pressure at the fuel electrode outlet, bar, 

2.2 Methanation 

The lab-scale methanation installation (Fig. 3) used for the experimental research was developed at the 
Department of Power Engineering and Turbomachinery of the Silesian University of Technology within 
the framework of the project Utilization of electrolysis and oxygen gasification processes for the 
production of synthetic natural gas in a polygeneration system (no. 2017/27/B/ST8/02270), funded by 
Polish National Science Centre. The manufacturer of the installation was the Czylok company.  

 
Figure 3: Methanation installation at Silesian University of Technology, Department of Power 

Engineering and Turbomachinery 

The methanation installation consists of the reactor (filled up with catalyst, 3.2 mm pellets of 0.5 wt. % 
Ru/(Al2O3)) with external heating, cooler and water separation tank. The flow of reactant gases, carbon 
dioxide and hydrogen is controlled automatically by mass flow regulators (with the possibility of setting 
the accuracy of the flow equal to 0.1 Ndm3/min), while the flow of the nitrogen, which is used for 
installation purging, is manually controlled by a rotameter valve. At the reactor inlet there is a pressure 
transducer to measure the pressure and a thermocouple to measure the temperature of the gas mixture. 
There are three thermocouples installed in the reactor to measure the temperature at the beginning 
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(160 mm from the inlet), in the middle (310 mm from the inlet) and at the end (460 mm from the inlet) 
of the catalyst bed.  At the reactor outlet there is another thermocouple, a second pressure transducer 
and a manual needle valve to set the pressure in the system. The entire system is connected to the burner 
where the process gas is utilised. The entire installation (except for manual rotameters) of the methane 
generator is connected to a control cabinet with a control panel, displaying process parameters. The 
produced gases are partially burnt and partially introduced to a gas analyzer unit.  

Fig. 4 presents Aspen flowsheet of methanation process and the most important assumptions used for 
simulation were: 

 H2 inlet conditions:   TH2= 20 °C, pH2 
= 1.0 bar, vH2 = 4.40 Ndm3∙min-1. 

 CO2 inlet conditions:   TCO2= 20 °C, pCO2 
= 1.0 bar, vCO2 = 1.10 Ndm3∙min-1. 

 Reactants inlet conditions:  Treac-in
 
= 400 °C, preac-in

 
= 1.1 bar. 

 Temperature of reaction:  Tmethanat = 300 °C. 

 Water condensation temperature: Tsep = 20 °C. 

 

Figure 4: Methanation Aspen Plus flowsheet 

Methanation process modelled considering equilibrium reactor (REquil) as for this type of reactor the 
best agreement with the experimental data was observed. Volumetric streams of hydrogen and carbon 
dioxide were selected in stoichiometric ratio of 4:1. In accordance with the experimental tests, it was 
assumed that the stream of reactants was heated to a temperature of 400 °C before the inlet to the 
methanation reactor. After the methanation reactor, outlet gas was cooled and water content was 
separated. Sensitivity analysis for different gauge pressure in the methanation reactor was performed 
and pressure drops were neglected in the simulation. 

3 Results 

The simulations for SOE and methanation processes were performed using Peng-Robinson equation of 
state with Boston-Mathias alpha functions for all thermodynamic properties. Figure 5 presents model 
validation for single SOE operation. The average prediction error was equal to 2.04%, while the relative 
prediction error did not exceed 5%. Results of stack voltage achieved for model simulation are in line 
with experimental data for current values used. 
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Figure 5: SOE model validation for single SOE cell (at 700 °C) 

Results of sensitivity analysis of steam utilization factor and mass flow of delivered steam on power of 
SOE unit were performed (Fig. 6). As the value of the steam utilization coefficient increases, the SOE 
input power increases (for a constant steam stream). The characteristics are exponential and the 
deviation from the axis is greater for higher values of steam utilization factor. 

 

Figure 6: Sensitivity analysis of steam mass flow and utilization factor on power of SOE unit 

Fig. 7 presents the results of model validation for methanation process. Simulations were performed for 
different methanation gauge pressure values in the range between 0 and 5 bar. The SNG composition 
obtained in the simulation of the methanation process for the shares of methane, hydrogen and carbon 
dioxide corresponded to the experimental data for the reaction temperature of 300 °C. 
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Figure 7: Methanation model validation for different gauge pressure values in the reactor 

As in the high-temperature electrolysis process a mixture of hydrogen and water vapor is obtained at the 
outlet, the influence of water vapor on the parameters of the methanation process was also investigated. 
For the assumed temperature of the methanation reaction, the influence of the share of steam in the 
hydrogen stream fed to the reaction on the share of methane in the SNG for different pressures of the 
methanation reaction was studied. Fig. 8 presents the results of performed sensitivity analysis. The 
proportion of methane in the SNG decreases by about 10% in the case of increasing the proportion of 
water vapor in the inlet stream from 0 to 30%. 

 
Figure 8: Influence of the different proportion of water vapor in the inlet gas to the methanation 

reactor on the methane content in the produced SNG 

According to Figure 9, the chemical energy of the SNG increases with increasing water vapor in the 
inlet mixture and with decreasing pressure in the reactor. These results, however, are not objective as 
they are caused by the worse conversion of hydrogen to SNG and therefore a higher proportion of 
hydrogen in the gas produced. The hydrogen conversion increases in the range of 0.91 - 0.94 for the 
atmospheric pressure of the methanation process, to the range of 0.95 - 0.97 for an overpressure of 5 bar 
in the reactor. This indicator has a significant impact on the composition of SNG, because the proportion 
of methane in the SNG increases from the range of 0.67 - 0.77 for the atmospheric pressure of the 
process, to the range of 0.81 - 0.87 for the overpressure of 5 bar. Figure 9 also defines the share of 
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hydrogen for the considered cases, while the rest is unreacted carbon dioxide. The composition of 
synthetic gas injected into the network depends on the policy of a given country [33], however it is 
generally accepted that the share of CH4 in SNG should be at least 95% and the share of H2 in SNG 
should be 2% or less, so that the SNG can be pumped into the gas network 

 

Figure 9: Influence of the different proportion of water vapor in the inlet gas (xH2O) to the methanation 

process and reaction operating gauge pressure (pg) on SNG chemical energy and composition, and H2 
conversion 

For the adopted stream of reactants (hydrogen and carbon dioxide) for the methanation process, it was 
estimated what power the SOE unit should have to produce and deliver the required volumetric stream 
of hydrogen (4.4 Ndm3/min) needed for the production of SNG. Based on the validation of the SOE 
model presented in Fig. 5, it was calculated that the SOE stack should consist of a minimum of 54 cells, 
and the minimum power supplied to the SOE stack should be equal to 0.828 kW. 

For dry reagent streams, the overall efficiency of the entire power to SNG (PtSNG) system was 
estimated in accordance with Eq. (6). 

𝜂 =
𝐸𝑐ℎ

𝑃 + 𝑃 + 𝑃
 (6) 

EchSNG   SNG chemical energy, kW, 

PSOE   power supplied to SOE stack, kW, 

PHGU  power needs of hydrogen generator unit (steam generation, air and recirculation blower, 
automation and control system, etc.), kW, 

PMU power needs for methanation unit operation (reactor heating at the start-up phase, 
cooling system, automation and control system, etc.), kW. 

The results of the estimated efficiency of the considered system are 76.34% for atmospheric pressure in 
the methanation reactor, 68.83% for an overpressure of 2.5 bar and 66.51% for an overpressure of 5 bar. 
However, it should be noted that the higher efficiency in the case of the atmospheric pressure of the 
methanation process is due to the high content of hydrogen in the SNG (over 16%), which significantly 
affects the LHV value of the produced gas. The performed analysis also assumed unlimited access to 
carbon dioxide for the methanation process, the estimated system overall efficiency value would 
decrease depending on the selected source of carbon feedstock. 
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4 Discussion 

Based on mathematical models of SOE and methanation installations, an energy analysis of the 
integrated Power to SNG system was performed. Mathematical model of the combined system was built 
in Aspen Plus software.  

The content of water vapor in the mixture feeding the methanation process has a negative effect on the 
composition of the SNG produced. Hydrogen conversion significantly decreases with an increase of the 
steam content. As the result, the yield of methane in SNG also decreases and the amount of unreacted 
hydrogen and carbon dioxide remain high. During the atmospheric operation of the methanation process, 
the content of hydrogen in the generated SNG increases from 16% to 25% followed by the increase in 
the share of water vapor in the inlet gas from 0.0 to 0.3. And for the methanation reaction carried out at 
a pressure of 5 bar, H2 content increases from 9% to 14% respectively for the same assumptions of water 
vapor share in inlet gas. Depending on the sensitivity analysis performed, CH4 content in the SNG 
increases from the range of 0.67 - 0.77 for the atmospheric pressure of the methanation process to the 
range of 0.81 - 0.87 for the overpressure of 5 bar. 

For the adopted stream of reactants (hydrogen and carbon dioxide) for the methanation process 
(5.5 Ndm3/min, H2:CO2 = 4:1), it was estimated that the minimum power of SOE installation power 
should be equal to 0.828 kW to produce and deliver the required amount of hydrogen needed for the 
production of SNG. The results of the estimated efficiency of the considered power to SNG system are 
76.34% for atmospheric pressure in the methanation reactor, 68.83% for an overpressure of 2.5 bar and 
66.51% for an overpressure of 5 bar. However, it should be noted that the higher efficiency in the case 
of the atmospheric pressure of the methanation process is due to the high content of hydrogen in the 
SNG, which significantly affects the LHV value of the produced gas. 

In the future, modernization works will be carried out on the methanation installation to maintain 
a higher process operating pressure. This will allow for better conversion of hydrogen and the production 
of SNG with a higher share of methane (as the share of methane in the gas injected into the gas network 
should not be less than 95%, and the share of hydrogen should not exceed 2%). In further steps, system 
integration is also planned, allowing the use of heat generated in the methanation process and water 
separated from SNG for the production of steam for the electrolysis process. Further system analysis 
can also use the second product of the electrolysis process, oxygen, which can be used as a substrate in 
various processes producing carbon feedstock for the methanation process. 
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Abstract 

This article presents the results of a numerical study focused on the investigation of the effects of 
adjusting the microstructure of the supports and functional layers of solid oxide fuel cells (SOFCs). This 
concept was developed in order to improve the distribution of fuel in the structure of the electrode and 
in the reaction zone. The current study includes numerical simulations of the solid oxide cell (SOC) 
using open-source Computational Fluid Dynamics (CFD) code with an electrochemistry module to 
define guidelines for possible improvements of performance by tuning the porosity of selected layers of 
the cell. Based on the experimental data, the porosity of the anode functional layer (AFL) and anodic 
support layer (ASL) was studied using the Modified Fick Model (MFM), which includes the Knudsen 
diffusion. In the modeling, the porosity of both layers was considered in the range of 30% to 60%. It 
was determined that cell performance is sensitive to changes in the microstructure of both parts  
of the fuel electrode. The proposed approach delivered a qualitative assessment of the potential of fine-
tuning microstructure to improve SOC performance. This work presents insight into the physics of the 
gas diffusivity in the support and anode functional layer. The analysis revealed that appropriate 
adjustment of the porosity of anode layers has a major impact on SOFC performance. 
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1 Introduction 

The decarbonization of industry and deployment of hydrogen as a primary energy carrier has become 
high profile issues in recent years. Starting with Japan in 2017, by 2022 more than 30 countries have 
developed strategies to implement hydrogen in their economies [1]. Following this example, the 
hydrogen strategy of the European Union (EU) considers the use of hydrogen, for example, in transport, 
energy, and heavy industry [2]. To reduce harmful emissions, hydrogen must be produced in 
an environmentally friendly manner e.g. through electrolysis powered by RES. In the period 2020-2024, 
the total capacity of installed electrolyzers in the EU should exceed 6 GW and green hydrogen 
production will reach 1.0 Mt. Between 2025 and 2030, electrolysis capacity should increase to 40 GW 
and production in the EU will reach 10 million tons of green hydrogen [3].  

Hydrogen as a primary energy carrier can be utilized in fuel cells. For some types of electrochemical 
cell, hydrogen can be produced onsite when the cell is operated interchangeably as an electrolyzer. Fuel 
cells have one of the highest energy conversion efficiencies, enabling the reduction of both CO2 and 
NOX. An additional advantage of fuel cells is the direct conversion of chemical energy into electrical 
and thermal energy, which allow these devices to operate in cogeneration without major technical 
modifications. By 2018, more than 800 MW stationary fuel cell-based systems with rated power output 
greater than 200 kW had been built around the world for power production or combined heat and power 
applications. Currently, the United States and South Korea dominate in the global deployment of large-
scale fuel cells, accounting for over 95% of installed capacity. In this type of application, the most 
common types of fuel cells are molten carbonate fuel cells (MCFCs), solid oxide fuel cells, and 
phosphoric acid fuel cells (PAFCs). SOFC appears to be the most promising technology and achieved 
the highest increase in installed capacity between 2010 and 2017 [4]. Many units with installed capacity 
up to 1 MW were built in California in particular [5–7]. In 2019, contracts were signed in Korea for two 
installations with a capacity of 80 MW and 100 MW [8]. 

Currently, research is aimed at boosting SOFC performance, extending cell and stack lifespan, and 
lowering cell production costs. Various techniques have been proposed and applied, including 
modifications to the composition and design of both air and fuel electrodes. One method to increase 
SOFC performance is to adjust the microstructure of the cell, particularly in the active areas. Lee et al. 
[9] investigated the impact of the microstructure of the anode substrate on the performance of unit cells 
in terms of electrical conductivity, power generation, and gas permeability. Those studies show the 
amount of inactive pores (closed pores) has a detrimental influence on cell performance. Holtappels 
et al. [10] describe the process of making graded porosity on NiO-YSZ anode substrates, which should 
improve gas flow through the substrate, while maintaining high electrochemical activity. Control of the 
electrochemical performance of cell may be achieved by precise adjustment of the electrode 
microstructure ‒ the size and distribution of pores ‒ as shown in the literature for solid oxide cells 
working in fuel cell mode. The amount of pores, their size, distribution, and tortuosity in the electrode 
influence the length of the triple phase boundary (TPB) and its percolation network. That directly 
impacts the chemical reaction rate and, through it, cell performance. Aside from the microstructure of 
the functional layers, the support microstructure may alter the electrochemical characteristics of SOCs 
in electrode-supported cells. A lack of open porosity could obstruct gas migration through the electrode 
(increase in the concentration overpotential) [11]. Weng et al. [12] studied the effect of electrode 
porosity on the reduction of temperature in SOCs that functioned in both fuel cell and electrolysis modes. 
In other studies [13,14] the relation between microstructure and performance was examined in the SOFC 
and SOE modes. Increased porosity may reduce gas diffusion resistance, but it may also affect the 
mechanical resilience of the cell, potentially resulting in mechanical failure during cell or SOC stack 
operation. Recent studies on degradation of SOE revealed that sub-optimal microstructure of SOC can 
narrow the operating envelope of the cell, leading to rapid delamination due to bad distribution of species 
at the level of pores [15]. Moreover, microstructural properties relate to the temperature distribution of 
the PEN under off-design and dynamic operation of SOEs [16]. 

In our previous studies, an increase in solid oxide electrolyzer performance was obtained by fine-tuning 
the porosity of the electrodes [17]. It was concluded that the highest current densities were achieved for 
anode support layer with open porosity around 50%. Yang et al. [18] reported that the highest efficiency 
was achieved in both fuel cell and electrolysis mode for 40% porosity. The aforementioned works show 
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that the experiments do not completely overlap with each other. Evidently, many indicators have an 
impact on that difference (suchas materials and layers preparation) and numerical modeling can suggest 
promising areas for modification. 

Numerical modeling of fuel cells is complicated because the chemical energy is directly converted to 
electricity with the simultaneous release of heat. This means that many processes have to be investigated 
at the same time, which increases the computational requirements and convergence problems. There is 
a choice of commercial fuel cell modeling software available, for example, COMSOL Multiphysics® 
and ANSYS® Fluent, and they found agreement with experimental data [19–23]. Fuel cell CFD analyses 
can also be performed in OpenFOAM® open source software. OpenFuelCell (OFC) libraries have been 
developed for SOFC modeling [24,25]. 

In the solvers referred to above the numerical models are based on steady state mass conservation 
equation, Butler-Volmer equation for activation overpotential estimation, and Nernst equation for 
voltage estimation. For diffusion, different approaches are adopted. Hussain et al. [21] used the 
Maxwell-Stefan Diffusion and Convection model for SOFC modelling in COMSOL Multiphysics®. 
There are two common types of Maxwell-Stefan models: General Maxwell-Stefan and Mean Transport 
Pore Model. The former is described for the multicomponent system but excludes the Knudsen 
coefficient and viscous transport, which makes it unsuitable for SOC modeling, as viscous transport is 
important in microstructure [26]. The second type of Maxwell-Stefan Diffusion model is Mean 
Transport Pore Model, which includes the viscous term given by the Darcy equation and Knudsen 
coefficient together with the permeation coefficient of individual mixture species. Whereas it is 
an accurate model for modeling mixtures, it requires higher computational requirements [27]. In 
COMSOL Multiphysics® the Maxwell-Stefan Diffusion and Convection model can be modified by the 
Mixture-average diffusion model or Fick’s law [21,28].  

Ghorbani et al. [22] used a similar approach in ANSYS®. The Stefan-Maxwell equation generalized by 
Fick’s law includes binary mass diffusion and modification described by the Chapman-Enskog formula. 
In that case, the diffusion coefficient also contains tortuosity and porosity. In OpenFuelCell a simpler 
approach is applied: the Stefan-Maxwell equations are replaced by the Modified Fick Model based on 
molecular diffusion. This model is the simplest, but still well-defined, for gas mixtures [27]. In OFC 
Fick's law is modified by the Fuller, Schettler, and Giddings correlation  [24]. Since it is even more 
accurate at high current density than more complex mathematical models [29] and has relatively low 
computational demand, it seems to be one of the best solutions for 3D fuel cell modeling. 

In fuel cell CFD simulations, there is a lack of analysis of impact-related changing microstructure 
properties. The reason may be the insufficient ability to reproduce the microstructure. Additionally, 
there is no information about the TPB length. Another issue is that the properties of the microstructure 
are interdependent. Lichtner et al. [30] showed that tortuosity is related to the porous phase. For 
tortuosity greater than 1, pores have sophisticated shapes with random direction, whereas in the above-
mentioned approaches the microstructure is approximate with porous medium, with numerically defined 
porosity, tortuosity, and grain size. It would take too much calculation time to solve the numerical 
problem for a mesh with nanosized elements that accurately reflect the structure of an industrial fuel 
cell. That said, other numerical and analytical models showed that improving the microstructure brings 
real profits to fuel cells. Zheng et al. [31] showed that performance can increase by up to 62% when 
tortuosity is manipulated. Zouhri et al. [32] showed that the highest SOFC exergy can be established for 
cathode tortuosity of around 3.0, porosity around 0.38 and pore mean radius around 2×10−4 cm. In 
reference [33] the maximum length of TPB was obtained for a composite porosity of 30%; in that case 
increasing porosity may decrease fuel cell performance, but as shown by Lichtner et al. [30] both TPB 
length and TPB axes impact the fuel cell. Therefore, it is not true that the highest TPB length always 
translates into the highest fuel cell performance. Referring to the publication by Yang et al. [18] where, 
as mentioned, the best results were obtained for the longest TPB, it can be seen that attempts to boost 
cell performance by manipulating the microstructure still yield mixed results. Accordingly, it was 
decided to perform analyses with tortuosity equal to 1, to check how manipulation of porosity alone 
influences SOFC regardless of other microstructure factors. This approach will determine whether 
porosity itself is an element that researchers should focus on particularly or whether the approach should 
be more holistic. 
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The clue in this work is to determine the dependence between the performance of the SOC in fuel cell 
mode and the change in porosity of the Ni-8YSZ-based support and functional layer. An open source 
CFD solver with a 3D model was used, enabling analysis of species transport including diffusion in 
porous medium, conjugate heat transfer, and electrochemistry. The proposed model has been validated 
with the experimental data. 

2 System design 

The mathematical model of fuel cells adopted in the study presented in the publication is based on the 
conservation of mass, momentum and energy, coupled with the transport  
of species and electrochemical reactions [24]. In the study, mixtures of three species (N2, H2, H2O) on 
the anode side and two species (N2, O2) on the cathode side were considered. 

Conservation of mass and momentum is described by the continuity equations (1) and the 
incompressible steady-state Navier-Stokes equations (2): 

 ∇ ∙ (𝜌𝒖) = 0 (1) 

 ∇ ∙ (𝜌𝒖𝒖) = −∇𝑝 + ∇ ∙ (𝜇∇𝒖) −
𝜇𝒖

𝜅
 (2) 

where 𝒖 = (𝑢, 𝑣, 𝑤) is a fluid velocity vector (m/s), 𝑝 is pressure (Pa), 𝜇 is dynamic viscosity (Pa·s), 
𝜅  is permeability m2 and, 𝜌 is mixture density kg/m3. The last term  
in equation (2) is a source term representing the porous zone with a given permeability. 

The energy conservation equation for incompressible flow (1,2) can be expressed in the form of the 
convection-diffusion equation for the temperature: 

 𝜌𝑐 𝒖 ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇) + �̇�  (3) 

where 𝑐  is specific heat capacity (J/m/K), 𝑘 is heat conductivity (W/m/K), �̇� is an electrochemical heat 
source, and 𝑇 is temperature (4).  

 
�̇� = −

1

2𝐹
Δ𝐻(𝑇) − 𝑉

𝑗

𝛿ℎ
  (4) 

where 𝐹 = 96485 C/mol is the Faraday’s constant, 𝑉 cell voltage, Δ𝐻(𝑇) – formation enthalpy of species, 
𝑗 – local current density (A/m2), 𝛿𝒉𝑬 –thickness of an electrolyte, (m)  

In the current studies the dynamic viscosity 𝜇, specific heat capacity 𝑐  and heat conductivity 𝑘 used in 
the equations (1, 2, 3) were defined individually for every considered species by means of Todd Young 
polynomials [34]. 

Transportation of the species is modeled using the steady-state convection-diffusion equation. 

 ∇ ∙ (𝜌𝑢𝑦 ) = ∇(𝜌𝐷 ∇𝑦 ) (5) 

where 𝑦  – species mass content, 𝐷  – diffusion term based on Modified Fick’s Law [24,26,27]. 

The normal mass flux 𝑚′′̇ = 𝜌𝒖 at the boundaries of the electrodes is calculated as the sum of the 
individual normal fluxes of reactants and products, in that case H2 and H2O: 

 �̇� = �̇� ′′ (6) 

The mass of the individual species taking part in the electrochemical reaction is calculated on the basis 
of Faraday’s law: 

 
�̇� = ±

𝑗𝑀

𝑛 𝐹
 (7) 

where 𝑛  is the molecular charge number.  
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The positive sign in the equation (7) indicates products and  the negative sign indicates reactants. 
Considering the above equations, the following identity can be written: 

 
�̇� −

𝜕

𝜕𝑛
𝜌𝐷 𝑦 = �̇� ′′ (8) 

from which the boundary fluxes needed for the individual diffusion equations of the species can be 
calculated. In that case, inert gas mass flux also participates in the solving of equation (8). 

In the current studies, the binary gas diffusion coefficients are calculated using the correction proposed 
by Fuller, Schettler, and Gidding [24].  

 

𝐷 =

10 𝑇 . 1
𝑀

+
1

𝑀

.

𝑝 𝑉 + 𝑉
 (9) 

where 𝑀 and 𝑉 is molar mass and volume of species 𝑖, 𝑗 respectively. 

The binary gas diffusion coefficient 𝐷  is calculated from the formula 

 
𝐷 =

𝜖

𝜏

1

𝐷
+

1

𝐷
 (10) 

where 𝜖 is the porosity, 𝜏 is the tortuosity and 𝐷  is Knudsen diffusion coefficient calculated as follows 
[34]: 

 
𝐷 =

1

3
𝑑

8𝑅𝑇

𝜋𝑀
 (11) 

where 𝑅 is the gas constant.  

The characteristic length 𝑑  from the equation (11) was associated with pore diameter and was obtained 
by porosimeter measurements. The mixture diffusion coefficient 𝐷  can be estimated from the effective 
binary coefficient based on Wilke’s formulation for open channels [35] (12), where 𝑥 , 𝑥  is molar 
fraction of species 𝑖, 𝑗.  

 

𝐷 = (1 − 𝑥 )
𝑥

𝐷
 (12) 

The electrochemical reactions present in the fuel cells take place on the active layers of the electrodes, 
and it is assumed that they occur at the surface between the electrode and the electrolyte. The ideal 
Nernst potential for the reaction (13), can be evaluated from: 

 
𝐸 = 𝐸 +

𝑅𝑇

𝑧𝐹
ln 𝑄 (13) 

 
𝑄 =

𝑝𝐻  𝑝𝑂 .

𝑝𝐻 𝑂 
 (14) 

where 𝐸  is standard electrode potential, z is the number of electrons transferred per fuel molecule (for 
water splitting reaction 𝑧 = 2), and 𝑝 is partial pressure of each component. 

The standard electrode potential can be expressed by the formula (15), where Δ𝐺(𝑇) is Gibbs free energy 
associated with the reaction in temperature T.  

 
𝐸 =

Δ𝐺(𝑇)

𝑧𝐹
 (15) 

The cell voltage U is equal to the Nernst potential of the cell reduced by overpotentials at the anode 
(𝜂 _ ) and cathode (𝜂 _ ) and ohmic overpotential, which is equal to the product of the local 
current density 𝑗 (A/m2) and the ohmic resistance 𝑅 (Ω) in the electrolyte: 
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 𝑈 = 𝐸 − 𝜂 _ − 𝜂 _ − 𝑗𝑅  (16) 

The overpotentials 𝜂 _  and 𝜂 _  from the equation (16) can be obtained by iteratively solving the 
Butler-Volmer equation [36], [37].  

3 Experiment and description of numerical models 

Characterization of the performance of solid oxide electrochemical cells 

Experimental data were gathered for the SOC with the following configuration: NiO-
8YSZ/8YSZ/GDC/LSCF. Cell preparation and the testing equipment are described in [16]. The study 
presented in this work focused on two parts of the anode electrode: (i) the anode support layer, and (ii) 
the anode functional layer. Electrochemical characteristics were experimentally evaluated with a single 
solid oxide cell with an active area of 16 cm2. The anodic compartments were fed with a mixture of 
hydrogen and nitrogen, while the air side was fed with air. The experiment was divided into four phases: 
(i) start-up, (ii) NiO reduction to Ni, (iii) electrochemical characterization with registration of the 
current-voltage curve, and (iv) cooling. In the benchmark, only part of the electrochemical measurement 
was taken into account. The tests were carried out at 800 °C and mixture of H2 and N2 with a volumetric 
ratio of 50:50 (100 Nml H2/min and 100 Nml N2/min). 800 mlAir/min was supplied to the cathode. 
Measurements were carried out using the Zahner IM6ex test station equipped with a PP240 interface. 
The uncertainty of measurement based on the device accuracy defined by the producer is equal  
to 0.1% and 1% for 2 µA < I < 100 mA and I < 2 µA and I > 100 mA respectively. 

Characterization of the numerical experiment of solid oxide fuel cell 

The experiment was divided into two parts: a benchmark and a numerical analysis  
of SOFC with various pore content in the anode layers. In both models, mean pore sizes were assumed 
based on porosimeter measurements. The thermophysical properties of Ni / YSZ materials, such as the 
coefficient of thermal conduction, density, and specific heat capacity were estimated based on [38–40]. 
Table 1 presents the properties assumed in the benchmark. Numerical analyses were made in 
galvanostatic modes. Figure 1 shows the benchmark of the numerical model. 

Table 1: Microstructure properties for validation calculations. 

Properties ASL AFL Unit 
pore diameter 0.65 0.15 µm 
porosity 0.3 0.3 - 
tortuosity 3.0 3.0 - 
thermal conductivity 15 7.0 W/m/K  
specific heat capacity 530 550 J/kg/K 

 
Figure 1: Numerical model benchmark. 
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Since OpenFuelCell describes a porous medium as a fluid domain with special microstructural 
properties, it is impossible to define real pore structure and material connections. This limitation means 
there is an unknown direction of porous channels through which the gas is transported. This leads to 
a situation where defining a tortuosity greater than 1 does not represent the flow of real gas. In that case, 
in order to investigate the physical impact of the porosity on gas flows, spherical pores were assumed. 
This assumption made it possible to use the advantages of OFC as a 3D CFD solver for a simplified 
microstructure in which the gas flow is defined by a modified Fick's law through the homogenous 
domain.  

In the numerical analysis a steady-state model including electrochemistry was used.  
A mesh-independent study was performed in order to select an appropriate size of elements. The coarse 
mesh includes 127,072 elements, normal 285,912 and the dense mesh includes 508,288 elements. Target 
calculations were made for a cell size of 1.9 x 1.9 cm2. Fluid flow is in channels 2.0 mm and 1.5 mm  
in width and height, respectively. The anode functional layer and the anode support layer have  
a thickness of 7 µm and 1,000 µm respectively. In calculating the domain, AFL is placed between 5.035 
and 5.042 mm in the z direction, and ASL is placed between 5.042 and 6.042 mm. The domain including 
interconnectors, AFS, ASL, cathode, gas channels, and electrolyte is shown in Figs. 2a and 2b. The 
porosity of AFL and ASL from 30% to 60% was selected and defined in the names of the cases, for 
example, AFL45-ASL30, which means anode functional layer with porosity 0.45 and anode support 
layer with porosity 0.30. The thermal conductive coefficient varies from 15 to 3.0 W/mK and from 7.0 
to 1.0 W/mK for ASL and AFL respectively, and it decreases for higher porosity.  In Table 2 the 
boundary conditions are described. At 0 time, the current density was assumed to be a uniform value 
equal to 0.7 A/cm2 at the interface between the AFL and the electrolyte. Numerical simulations were 
performed until the difference between the analytically calculated FU based on electrochemistry did not 
differ from the numerical results based on the composition of the outgoing gas on the anode side at the 
level of 1%. 

Table 2: Model assumptions 

Parameter ASL Unit 
Inlet air temperature 773 K 

Inlet air velocity 0.53 m/s 
Inlet fuel temperature 773 - 

Inlet fuel velocity 0.53 W/mK 
Fuel content (H2/N2) 50/50 - 

Fuel cell temp 973 K 
Current 0.7 A/cm2 

FU 0.7 - 
Fuel cell pressure 1 bar 

 
Figure 2: Description of geometry a) visualization of calculating domain, b) side and front view of the 

3D model 
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4 Results and discussion 

A mesh sensitivity study shows (Figure 3a,b) that the differences between normal and dense mesh 
resolution are negligible (lower than 1%), in terms of predicted mole fraction distributions.  Note the 
differences between the solid curve for dense (d) mesh resolution and the fine-dashed curve for normal 
(n) mesh resolution. The higher impact of the mesh resolution can be established based upon the velocity 
profiles within the fuel channels (see Figure 3b). For the coarse mesh, triangular profiles were obtained, 
which is non-physical. The dense mesh profile was used in simulations, because it is the closest to the 
expected parabolic profile, which is typical for laminar flow patterns. The model was also analytically 
verified by estimating the Reynolds number; the numerical simulation values for Reynolds number 
differ from the analytical calculations of Reynolds number by about 6% and by less than 1% for the air 
and the fuel channels, respectively. 

 
Figure 3: Mesh independent study a) comparison of hydrogen mole content distribution in ASL under 

two middle channels (d - dense, n - normal) b) velocity profiles inside fuel channels 

In the case of using a dense mesh, the impact of porosity changes of the ASL and AFL on the hydrogen 
distribution was observed. Figure 4 presents a summary of the results obtained for three different values 
of both ASL and AFL porosity for a cell operated at FU equal to 0.7. An increase in the porosity of 
either the ASL or AFL causes an increase in the hydrogen content inside the anode after the same number 
of iterations which were needed to achieve the convergence criterion It can be seen that the impact of 
the change of ASL porosity from 0.45 to 0.60, however, does not significantly affect the mole fraction 
distributions in the position below the channels, but that it does impact fuel mole fraction distribution 
overall. The influence of porosity changes of both ASL and AFL are most noticeable in the sections of 
the anode below the land of the interconnect plate (see Fig. 4). Creating a more uniform fuel distribution 
is important because this may lead to a reduction in concentration losses. 

As can be observed in Figure 5a, increasing the porosity of the AFL from 0.30 to 0.60 improves gas 
distribution in the support layer (at Z = 5.545 mm). A more homogeneous impact of porosity 
manipulation upon hydrogen mole fraction is obtained for the AFL (Figure 5a) than for ASL (Figure 
5b). As was mentioned for ASL (Figure 5b) the greatest influence of increasing porosity on hydrogen 
distribution in that layer is visible in the selected section of the anode between the channels. The 
maximum difference of the hydrogen mole fraction is around 0.007 and 0.006 for the AFL and ASL 
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porosity increases, respectively, which is responsible for about 3% and 2.5% of the beneficial increase 
in the supplied fuel with the change of porosity. The greatest increases in hydrogen mole fraction are 
clearly achieved with a 30% change of either ASL or AFL porosity (from 0.30 to 0.60), when the second 
layer has the smallest porosity (0.30). Another interesting fact is that porosity manipulation of the ASL 
has a similar impact (around 2.5%) for AFL porosity equal to 45% and 30%. For the AFL, increasing 
porosity from 30% to 60% achieves the highest beneficial impact on hydrogen mole fraction when ASL 
porosity is at its lowest (30%). This leads one to conclude that the manipulation of ASL is more flexible. 

  

    
Figure 4: Molar content of H2 predicted by the model under two middle channels in the ASL, Z = 

5.545 mm. 

It is important to note that the AFL and ASL porosities have a similar impact on mole fraction 
distribution (around 2-3%) when the AFL is more than 150 times thinner than the ASL. All of the 
reactions take place in the AFL, therefore increasing the volume of pores in the immediate vicinity of 
the triple phase boundaries where the electrochemical reactions consume and produce species is most 
important for the effective diffusion of gases. Note that increasing porosity in the AFL may have a 
negative effect on the electrochemistry since it may reduce in the length of TPB by reducing amount of 
functional materials in favor of void space [33]. However, long TPB length does not always result in 
improved fuel cell performance [30]. On the other hand, since the ASL provides the mechanical support 
for the entire cell one cannot manipulate porosity to the same extent that it can be manipulated for the 
AFL. So for the case for the fixed parameters of ASL the fine tuning of the AFL microstructure may be 
desired. 

  
Figure 5: Influence of porosity of the anode layers on the hydrogen mole fraction at Z = 5.545 mm,  

a) difference between AFL porosity of 0.60 and 0.30 at stable ASL porosity, b) difference between ASL 
porosity of 0.60 and 0.30 at stable AFL porosity  
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The maps (Figure 6a) provide a visualization of hydrogen distribution along the anode. It is clearly 
visible that at the fuel inlet at the position Z1 = 6.042 mm there is a much higher difference between the 
content below the channels and the space between them than in the outlet. The impact of porosity occurs 
along the whole layer toward the electrolyte, by unifying the molar distribution of hydrogen in a given 
cross-section. As is clearly visible in Figure 5, the increase in ASL porosity has a visible impact on the 
space between the channels and can reduce this difference. It can have a major influence on the AFL 
because the gas is supplied in a more uniform way to the reaction space. It can be seen that in the AFL 
(Figure 6c, Z3 = 5.039 mm) even if the difference between the maximum and minimum value of the 
hydrogen content is not as high as for the Z1, it is still visible – the non-homogeneous fuel distribution 
through the layer. Due to this fact, local heat stresses may occur, which can promote cell degradation 
and reduce its lifetime. Hence, it makes sense to manufacture cells where porosity gradually increases 
toward the electrolyte, allowing hydrogen to be distributed more uniformly in the reaction space. Also, 
it agrees with Figure 7a where it is visible that the AFL has a similar impact for gas distribution 
regardless of whether ASL porosity is 45% or 60%. 

The mean values of hydrogen distribution along the lines in Z1, Z2, and Z3 and the differences between 
them were calculated. In Figure 8 it is clearly visible that an increase in the porosity of the ASL of 30% 
increases the fuel content within the AFL by around 6% and has about 3.5% greater effect than the 30% 
increase in the AFL (Figure 8b). The transition from AFL30-ASL30 to AFL60-ASL60 results in 
an average increase in fuel content of around 7.5-8.0%.  

Inside the ASL (Z2=5.545 mm), fuel distribution increased by around 2% through ASL microstructure 
manipulation. For the cross-section near the channels, the value is negative because the fuel distribution 
is more uniform, as is clearly visible in Figure 6a. So even if fuel content is lower under the channels 
globally, the gaining layer has a more homogeneous distribution, which leads to better fuel delivery to 
the AFL. Moreover, the ASL increment for each AFL has a similar impact: for AFL higher increases 
are visible for a low porosity support and mainly in the cross-section of the functional layer. It is clearly 
visible that the impact of AFL layer thickness has a global meaning for fuel distribution in the anode.  

 

  a) 
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Figure 6: Hydrogen distribution maps for different positions in anode layers; a) in ASL below 
channels (Z1); b) in the middle of ASL (Z2); c) in AFS (Z3) 

 

 

Figure 7: Impact of porosity increment on mean fuel distribution in different anode cross-sections  
a) impact of ASL porosity increment b) impact of the AFL porosity increment 

 

c) 

c) 

b) 
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Performance of the fuel cells is dependent on the microstructure. Increasing porosity has the greatest 
impact at high fuel utilizations, hence in the concentration losses area. In Figure 11a, it can be seen that 
higher porosity increases the voltage at high currents. This is to be expected, because a more intense 
electrochemical reaction occurs at higher loads. More space facilitates gas transport of hydrogen to the 
TPB, and water out of the functional layer. It results in a better concentration of fuel in the AFL and 
lower losses due to a lack of fuel. In Figure 11b, differences between the voltage for three cases are 
shown. Difference between the results for AFL30-ASL30 and AFL60-ASL60 indicates that the voltage 
increases around 35% (Δ1). ASL has the greatest influence (at least 85%) on the voltage increase,  
as illustrated by Δ2 (difference between AFL30-ASL30 and AFL30-ASL60). In Figure 8b difference 
between AFL30-ASL30 and AFL60-ASL30 (Δ3) is presented. This confirms that the increase  
in porosity toward the electrolyte (lowering it in the channels) does not have a major impact  
on the reaction. Moreover, increasing the porosity will reduce the concentration losses,  
so higher power loads can be obtained, which can lead to higher fuel cell electrical efficiency 

 
Figure 8: a) Fuel cell performance for extreme porosity values b) voltage increases relative to AFL30-

ASL30, Δ1 - AFL60-ASL60, Δ2 – AFL30-ASL60, Δ3 - AFL60-ASL30 

5 Summary 

The study confirmed that the porosity of the support and functional layers impacts the performance of 
solid oxide fuel cells. It was possible to quantify the impact of porosity of each of the layers using the 
model which was proposed and applied. Additionally, manipulation of the microstructure can be used 
to reduce the concentration losses. In this aspect, the study presented in the paper can be used as a guide 
to optimal microstructural porosities for a given design and construction of SOFC. It was observed that 
the anode support layer accounts for at least 85% of the voltage increase in the cell, while it is 
approximately 150 times thicker than the anode functional layer. 

 The presented model can be used for preliminary microstructure study of SOFC as an 
introduction to experiments. In addition, it is an novel approach, as it affords an opportunity to 
analyse the influence of the microstructure inside the fuel cell during operation, which is simply 
not possible in experiments. 

 The authors believe this research has investigated for the first time the influence of 
microstructure on the gas distribution in fuel cell anode layers. It has been shown that the 
increase in cell performance is directly related to the unification of the fuel distribution delivered 
to the functional layer. 

 For FU equal to 0.7 the fuel distribution can be improved by around 5% by increasing porosity. 
The main influence is related to the improvement of the ASL. However, it was also noted that 
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the AFL may also be important, and increasing the porosity in this layer has a global impact - 
in both anode layers. 

 The increase in porosity results in better cell performance, mainly in the concentration losses 
area, which are caused by the limited fuel supply to the functional layer. Higher voltage, by as 
much as 35%, was obtained for an increase in ASL and AFL porosity from 0.3 to 0.6 in both 
layers. As presented, essential impact on the performance has increase of ASL porosity. 
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Abstract 

The paper presents the thermodynamic model of the GE LM6000-PF gas turbine with a heat recovery 
hot water boiler. The maximum electrical power output of the unit is 50 MWe. The turbine is a part of 
a real cogeneration heat and power plant. The model was developed in the Ebsilon Professional 
software. The operating parameters of the gas turbine strictly depends on the off-design conditions such 
as the air flow properties. The outcome from the model can be used to short-term planning of energy 
production in the plant. Basic production parameters such as electric power, heat production in the 
recovery boiler, fuel consumption are needed to be forecasted for the upcoming day in an hourly 
resolution. In this paper, the procedure for validating was presented. The method uses the correction 
coefficients, determined based on the real data aggregated during the operation of the unit. Correction 
for electricity production, heat rate, mass flow rate and temperature of flue gas was proposed to increase 
the accuracy of the model. The accuracy of the calculation of heat output produced in the boiler was 
increased by correcting the coefficient of heat transfer in off-design conditions. The results in the form 
of an hourly gas turbine parameters were presented and compared with real ones coming from several 
months of the system operation. The mean percentage error of the model was reduced with the use of  
corrections factors to approximately 0.8% and 1.3% for electric power and recovered heat, respectively. 

1 Introduction 

Gas turbines are commonly used in the modern cogeneration heat and power plant (CHP). It is expected 
that gas-fired units will be gradually replaced by distributed systems with renewable energy resources. 
However, in the coming years CHP plant will still play a leading role during decarbonisation of the 
district heating systems (DHS). In Central and Eastern Europe, relatively large and centralized systems 
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of heat production are still popular. Gas turbines are very reliable and allow for flexible load regulation, 
thus they work well with district heating networks, where the heat demand changes frequently, both on 
a seasonal or daily scale. For a conceptual analysis and designing the system with gas turbines, 
thermodynamic modelling is used. Likewise, during the operation of the plant, mathematical models are 
often used for controlling and management of the production process. One of the applications is the 
short-term production planning in CHP plant. Here, the model is used to simulate operation of the 
production units in off-design conditions for a day-ahead time horizon  [1,2]. For simulating relevant 
parameters and scheduling the CHP plant, the accurate and validated model is needed. Żymełka et al. 
[3] modelled a gas-fired CHP plant for optimization of gas turbines cooperation with a heat accumulator. 
Aminov et al. [4] presented a method for determination of the total operating costs considering the 
deterioration of the gas turbine equipment under varying duty and start–stop conditions. Madejski et. al. 
[5] presented the concept of a tool for monitoring and optimizing heat and electricity production in a 
gas-fired plant supplying the district heating network. The problem of optimization of the CO2 emission 
in combined-cycle power plant including both electrical and thermal loads, was considered by Rigo-
Mariani et al. [6].  

Mohamed et al. [7] distinguished three approaches in modeling the operation of gas turbines. The first 
is a physical modeling that provides process interpretation in the form of mathematical equations, to 
describe the system behavior. Here, the principles of mass and energy conservation are used. The 
problem is often reduced to analyze energy balance in a steady-flow process. There are many available 
software for building thermal cycles and modelling thermodynamic processes. These programs are 
equipped with components reflecting the physical models of machines and devices, included in typical 
technological systems of energy production. Kowalczyk et al. [8] used this approach to model a real 
CHP plant with district water heaters supplied with flue gas from gas turbines.  

The second approach is empirical modeling (black-box and grey-box models) [9]. Empirical models 
depend heavily on system data coming from operation of the plant. There are no mathematical 
derivations rooted in the physical laws involved in developing empirical models. Therefore, the training 
algorithm is supplied with data. Artificial intelligence, machine learning algorithms (such as neural 
networks ANN) have been adopted to many solutions for problems concerning monitoring, predictions, 
fault diagnosis, and control gas turbines [10,11,12]. Data-driven models are also used for predicting gas 
turbine performance and production parameters such as electricity and heat generation, fuel 
consumption [13, 14].  

The third approach, is a simplified method. Here, detailed physical model of gas turbine components 
(compressor, fuel chamber, turbine) is replaced by correction curves given by manufacturer of a specific 
unit [15]. Correction curves can be used to predict full-load or part-load performance at any operating 
condition, including off-design [16]. The characteristics of a gas turbine can be integrated into a detailed 
thermodynamic model of the power plant. The characteristics of a gas turbine are based on the input 
data such as the air parameters at the compressor inlet and ambient properties [17,18]. The correction 
curves may not be accurate enough in predicting off-design behaviour of a gas turbine. Due to the 
gradual degradation of the unit, there may be discrepancies between the data from the manufacturer and 
the actual performance of the turbine. Szega et al. [19] proposed a procedure for calibrating simulation 
model of gas turbine based on manufacturer’s correction curves. The generalized likelihood ratio method 
was used to separate the steady-state periods of gas turbine operation and then, the cross-validation 
method was applied for a determination of empirical functions.    

In this paper, the thermodynamic model of the GE LM6000-PF gas turbine with heat recovery boiler 
hot water is presented. The unit is installed in a real CHP plant. The off-design operation of the turbine 
(electric power, heat rate, temperature and mass flow rate of flue gas) was simulated using correction 
curves from manufacturer. The results were compared with a real data. In order to increase the model 
accuracy, correction factors (in addition to correction curves from manufacturer) for relevant parameters 
of the gas turbine in were determined as a linear function of the air inlet temperature. Overall heat 
transfer coefficient was corrected by multiple linear function of cold water and hot flue gas mass flow 
rate. In the next paragraph, the developed model as well as the procedure for validation are presented. 
In the third paragraph, the accuracy of the proposed method was discussed.  
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2 Thermodynamic model of the gas turbine with heat recovery boiler 

The diagram with the analysed gas turbine is presented in the Figure 1. The unit is installed in CHP plant 
which consists of two identical turbines (GT), heat accumulator (HA) and four heat-only boilers (HOB). 
The maximum power output of one gas turbine is 50 MWe (42 MWe at ISO condition). The heat is 
produced in the heat recovery hot water boilers (HRHWB) with a supplementary burner system (SF). 
Each gas turbine cooperates with a separate boiler. Maximum thermal power is 52 MWth and 118 MWth, 
with and without the supplementary boiler, respectively. Each boiler consists of the same subsystems: 
water cycle, flue gas duct between the turbine and the boiler, cold stack with a throttle, circulation 
pumps, supplementary gas burners, gas and airflow heaters.  

 

Figure 1: Fluidic scheme of the gas turbine (GT) with hot water recovery boiler (HRHWB) with 
supplementary firing (SF)  

The design point corresponds to ambient temperature of -20 °C. In this condition, the mass flow rate of 
flue gas exiting the turbine is 140 kg/s. The water is heating from 60 °C to 135 °C and SF is on at full 
load. The temperature at the stack is about 90 °C.   

During the operation of the plant, the returning water from the DHN is delivered to the booster pumps 
section. The cold water (line 6 on the Figure 1) is delivered to the HRHWB, consisting of two heating 
surfaces. The water at the inlet side to the boiler is mixed with the recirculation line to preheat and 
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maintain the inlet temperature at a desired level. If the GT are out of the operation or heat demand in the 
DHN is higher than the output of two HRHWB, the heat can also be produced in the HOBs. Produced 
heat can be stored in the HA which is used mainly in the summertime to maximize electricity production 
by the GT. During this period, when the heat demand is lower than the production, the HA is charged 
(usually during the day). In the night, the heat is discharged and GT is out of the operation.  

2.1 Thermodynamic model  

The model of one GT with HRHWB was developed to predict the heat and electricity production in the 
day ahead horizon, in an hourly resolution. In this research, Ebsilon Professional was used to build the 
model. Other technological systems in the plant, such as heat exchangers, pumps, etc., were modeled 
with dedicated components with physical equations.   
Based on a data set under specified reference conditions, the following GT parameters are determined 
from correction curves by linear interpolation between characteristic lines:  

 net output (power at generator terminals) - 𝑁 , kW 

 heat rate - 𝐻𝑅, kJ/kWh 

 exhaust gas flow - �̇� , kg/s 

 exhaust gas temperature - 𝑇 , K 

The deviation between the rating under reference conditions and the current operating point is calculated 
as a function of the following parameters: compressor inlet temperature, ambient pressure, inlet pressure 
drop between ambient and compressor inlet, outlet pressure drop between turbine exit and ambient, 
humidity at compressor inlet, fuel lower heating value, load.  

The modelling of the analysed thermal cycle with gas turbine and all other technological systems is 
carried out with the aid of a non-linear system of equations, which is solved iteratively to calculate the 
remaining unknown parameters and performance variables [20]. The decisive variables of the equation 
system are mass flow, pressure and specific enthalpy. 

The mass and energy conservation is used to determinate air and fuel mass flow rate to the gas turbine:  

�̇� = �̇� − �̇�  (1) 

where: 

�̇�  air mass flow rate, kg/s 
�̇�  natural gas mass flow rate, kg/s 
�̇�   flue gas mass flow rate – obtained from correction curves, kg/s 

 

Fuel mass flow rate is calculated using the Equation (2). The enthalpy of flue gas exiting the GT, 
necessary for the calculation of the heat output from HRHWB is given by Equation (3).  

�̇� =
𝑁

3600
𝐻𝑅 ∗ 𝑁𝐶𝑉

 (2) 

where: 

𝑁𝐶𝑉 fuel net calorific value, kJ/kg 
𝑁  electricity generation, kJ/s 
𝐻𝑅 heat rate – obtained from correction curves, kJ/kWh 

ℎ = 𝑓(𝑇 , 𝑝 ) (3) 

where: 

𝑇  temperature of the flue gas exiting the turbine – obtained from correction curves, K 
𝑝   pressure of the flue gas in the duct, kPa 

The heat added to the flue gas stream �̇� − �̇� , from the supplementary firing is calculated using 
following equations:  

686



�̇� − �̇� = �̇� + �̇� + �̇� 𝑁𝐶𝑉 (4) 

�̇� = �̇� + �̇� + �̇�  (5) 

where:  

�̇�   sensible heat input by the natural gas, kJ/s 
�̇�  heat input by the airflow, kJ/s 
�̇�  fuel mass flow rate to the supplementary burner  
�̇�  flue gas mass flow rate after the supplementary burner  
 

The following equations for HRHWB are based on the physical law of conservation of energy and heat 
transfer (the subscripts correspond to the numbers on the Figure 1):   

 

�̇� = (𝑘𝐴)𝐿𝑀𝑇𝐷 = �̇� (ℎ − ℎ ) = �̇� (ℎ − ℎ ) (6) 

𝐿𝑀𝑇𝐷 =
(𝑇 − 𝑇 ) − (𝑇 − 𝑇 )

𝑙𝑛
𝑇 − 𝑇
𝑇 − 𝑇

 (7) 

where: 

�̇�  thermal power of HRHWB, kW  
(𝑘𝐴) overall heat transfer coefficient, kW/k 
𝐿𝑀𝑇𝐷 logarithmic mean temperature difference, K  

Table 1: Input data 

No. Input data Symbol Unit 
1 Air inlet temperature to the compressor 𝑇  K 
2 Air inlet pressure to the compressor 𝑝  kPa 
3 Air inlet humidity to the compressor 𝑅𝐻  % 
4 Ambient pressure 𝑝  kPa 
5 Pressure of the flue gas exiting the turbine  𝑝  kPa 
6 Oxygen concertation (dry) in the flue gas exiting the turbine 𝑂2  vol. % 
7 Natural gas temperature delivered to the turbine 𝑇  K 
8 Natural gas pressure delivered to the turbine 𝑝  kPa 
9 Gas turbine load 𝐿𝑂𝐴𝐷 % 
10 Natural gas temperature to the supplementary gas burner 𝑇  K 
11 Natural gas pressure to the supplementary gas burner 𝑝  kPa 
12 Thermal power of the supplementary gas burner - setpoint �̇�  kW 
13 Water temperature after the booster pumps section 𝑇 ,  K 
14 Water temperature to the HRHWB – set point  𝑇  K 
15 Water temperature after the HRHWB – set point 𝑇  K 
16 Water temperature after gas heaters – set point 𝑇 ,  K 
17 Water temperature after air heater – set point 𝑇 ,  K 
18 Air chemical composition 𝑁 , 𝑂 , 𝐴𝑟, 𝐶𝑂  vol. % 

19 Natural gas chemical composition 
𝐶𝐻 , 𝐶 𝐻 , 𝐶 𝐻 ,  

vol. % 
𝐶 𝐻 , 𝑁 , 𝐶𝑂  

Logarithmic mean temperature difference is calculated with the assumption that the heat exchanger 
operates in the counter current flow mode – Equation (7) [21]. Enthalpy in the Equation (6) was 
calculated with thermodynamic tables as a state function of temperature and pressure. For the off-design 
calculation of heat transferred to the cold side, (𝑘𝐴) coefficients is scaling using the nominal value 
obtained for design point and correction factor 𝐶𝐹 . The detailed method of determining the correction 
is discussed in the next subsection.  
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For the off-design calculations, the parameters listed in the Table 1 are needed as an input values. These 
are data related to thermodynamic parameters of air, exhaust gas and water at selected points in the 
system (Figure 1).  In addition to the input data for the individual systems in the analyzed thermal cycle, 
the setpoint values must also be entered. On this basis, other parameters are calculated, such as mass 
flow rates (e.g. the required fuel flow to ensure the SF thermal power or the required water flow of 
district water to maintain the required temperature level at the boiler outlet).  

2.2 Calculation of correction factors 

The thermodynamic model was validated based on the real data coming from 6 month of the system 
operation. During the validation procedure, correction factors for relevant parameters were determined 
with the use of adaptation function in relation to the air flow temperature at the inlet side to the 
compressor. The correction factors were determined for electric power – Equation (8), heat rate – 
Equation (9), flue gas mass flow rate – Equation (10). The relation for the flue gas temperature at the 
turbine exit (correction offset) is presented in the Equation (11). The adaptation functions were 
calculated using the actual values of key parameters (recorded from the operation of the plant) as an 
input to the thermodynamic model. The all input parameters were listed in Table 1 in the subsection. 
The simulation was carried out for the off-design mode, for a dataset with an hourly averaged values. In 
the analysed period, the gas turbine was always operated at full load (𝐿𝑂𝐴𝐷=100%). Differences in the 
generated electric power and other parameters resulted from changes in air flow parameters, gas 
composition, etc. The setpoint temperature of the water in the HRHWB, was maintained by regulating 
the mass flow rate in the recirculating and feeding line. The temperature was  
𝑇  = 60 °C and 𝑇  = 135 °C, at the inlet and outlet side from the boiler, respectively. The natural gas 
parameters and composition came from an analyzer which continuously measured the content of 
individual components. The oxygen concentration in the flue gas exiting the turbine was maintained at  
𝑂2  = 15% vol. 

𝐶𝐹 =
𝑁 ,

𝑁 ,
= 𝑓(𝑇 ) (8) 

𝐶𝐹 =
𝐻𝑅

𝐻𝑅
= 𝑓(𝑇 ) (9) 

𝐶𝐹 ̇ =
�̇�

�̇�
= 𝑓(𝑇 ) (10) 

𝐶𝑂 = 𝑇 − 𝑇 = 𝑓(𝑇 ) (11) 

where:  

𝐶𝐹  – power correction factor, -  

𝐶𝐹  – heat rate correction factor, -  

𝐶𝐹 ̇  – exhaust flow correction factor, - 

𝐶𝑂  – exhaust temperature correction offset, - 

The actual value of the heat rate can be calculated based on the measurement of natural gas mass flow 
rate to the turbine’s combustion chamber and net electric power, as is presented in Equation (12). The 
required net calorific value of the fuel was determined using Equation (13). Equation (14) describes 
relation for exhaust gas mass flow rate, which is needed for calculation of its correction factor 𝐶𝐹 ̇ .  
The number of moles of exhaust gas and the gas composition (mole fraction) are related to the unit of 
dry gaseous fuel. The composition of exhaust gas was calculated on the basis of the mass conservation 
of substances delivered and outgoing from combustion chamber (air and natural gas), assuming 
complete and total combustion [22]. Equations (17) – (29) lead to the determination of the required 
number of moles of wet exhaust gas 𝑛 . 

𝐻𝑅 =
3600𝑁𝐶𝑉 �̇� ,

𝑁 ,
 

(12) 
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𝑁𝐶𝑉 =
∑ 𝑁𝐶𝑉 𝑧

𝑀
 

(13) 

�̇� , =
𝑀 𝑛 �̇� ,

𝑀
 

(14) 

𝑀 = 𝑀 , 𝑧 ,  
(15) 

𝑀 = 𝑀 , 𝑧 ,  
(16) 

where: 

𝑁𝐶𝑉   net calorific value of natural gas, MJ/kg 
𝑀   natural gas molar mass, kg/kmol 
𝑀   flue gas molar mass, kg/kmol 
𝑧 ,   content of i-component in natural gas, kmol/kmol 
𝑧 ,   content of i-component in flue gas, kmol/kmol 
𝑟𝑒𝑎𝑙  real value 
𝑠𝑖𝑚  simulated value 

The amount of individual substances of gaseous fuel was obtained using stoichiometric calculations (17) 
–  (20), based on the measurement of the molar fraction of each component in the gas fuel. The general 
hydrocarbon symbol 𝐶 𝐻  is used in the equations. Apart from the methane content, the proportions of 
ethane, propane, butane, isobutane, pentane and isopentane were also measured. 

𝑛 = 𝐶𝑂 + 𝐶𝐻 + 𝑚𝐶 𝐻 + 𝐶𝑂  (17) 

𝑛 = 𝐻 + 2𝐶𝐻 +
1

2
𝑛𝐶 𝐻  (18) 

𝑛 = 𝐶𝑂  (19) 

𝑛 = 𝑁  (20) 

The theoretical amount of atmospheric air to be supplied to the combustion chamber was calculated 
according to Equation (21). The theoretical content of oxygen needed for burning the fuel was calculated 
using the Equation (22). Another Equation (23) was used to obtain the excess air coefficient 𝜆, where 
𝑂2 is the oxygen content (mole fraction) in the exhaust gas. This value was measured. 

𝑛 , =
1

0.21
𝑛   (21) 

𝑛 , = 𝑛 +
1

2
𝑛 − 𝑛  (22) 

𝜆 =
21

21 − 𝑂2
=

𝑛

𝑛 ,
 (23) 

The amount of exhaust gas components was determined on the basis of Equations (24) – (28). The 
relative humidity in Equation (29) – 𝜑 corresponds to the saturation pressure 𝑝  for a given air 
temperature. After performing the above-mentioned calculations, the number of moles of wet exhaust 
gas per fuel can be calculated by formula (29). Then, it is possible to calculate the exhaust gas mass 
flow in order to validate the calculation of the gas turbine from the correction curves. 

𝑛 = 𝑛  (24) 

𝑛 = 0.21(𝜆 − 1)𝑛   (25) 

𝑛 = 𝑛 + 0.79𝑛  (26) 
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𝑛 =  𝑛 + 𝑋 𝑛  (27) 

𝑋 =
𝜑𝑝

𝑝 − 𝜑𝑝
 (28) 

𝑛 = 𝑛 + 𝑛 + 𝑛 +𝑛  (29) 

where: 
𝑋 𝑛  the humidity coming from the air, - 
𝑋   the molar degree of air humidity, kmol/kmol  

Correction factors – Equation (30) and correction offset – Equation (31) for the gas turbine calculation 
were expressed as a linear function of air inlet temperature for turbine compressor. Another Equation 
(32) was used to correct the off-design heat transfer coefficient (𝑘𝐴) for HRHWB. The relation for 
𝐶𝐹  was expressed as a linear with two dependent variables – mass flow for the hot (flue gas) and cold 
(water) side. 𝐴, 𝐵 coefficients were calculated by fitting the linear function to the correction factors and 
the measured inlet temperature. The Figure 2 shows the scatter plot of the correction factors and air inlet 
temperature. It can be noticed, that correction factors decreases with increasing temperature. For 
temperatures above 10 °C, the trend is reversed. For this reason, the coefficients in Equation (30) were 
determined separately for the two temperature ranges. As a result of the fitting procedure, a good level 
of fitness to the data was obtained (R-square coefficient ranging from 0.80 to 0.85). 

𝐶𝐹 = 𝑓(𝑇 ) =
𝐴 , + 𝐵 , 𝑇 , 𝑇 < 10

𝐴 , + 𝐵 , 𝑇 , 𝑇 ≥ 10
 (30) 

𝐶𝑂 = 𝑓(𝑇 ) = 𝐴 , + 𝐵 , 𝑇  (31) 

(𝑘𝐴)

(𝑘𝐴)
= 𝐶𝐹 = 𝐴 , + 𝐵 , �̇� + 𝐵 , �̇�  (32) 

where: 

𝐶𝐹   correction factor, separately for 𝑁 , 𝐻𝑅 and �̇� , - 
𝐴, 𝐵  regression coefficients obtained from fitting procedure, - 

Correction of heat transfer coefficient for HRHWB was calculated based on the (𝑘𝐴)  value for design 
run. Actual off-design values (𝑘𝐴) were calculated from Equation (6) and Equation (7), knowing the 
transferred heat and temperatures of the flue gas and water side. These values were known from 
measurements. The temperatures were needed for calculating the logarithmic mean temperature 
difference. In Figure 3, the calculated correction factor for heat transfer coefficient was plotted as a 
function of flue gas and water mass flow rate at the inlet side. In the analyzed period of time, the 
HWHRB operated with heat output below the design point (design corresponds to total heat output of 
118 MWt). The maximum thermal power of the supplementary gas burner was 51 MWt and value of 
(𝑘𝐴)/(𝑘𝐴)  was below 1. 
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Figure 2: Correction factors and correction offset for GT in the function of air inlet temperature  

a) b) 

 

Figure 3: Correction factor for HRHWB heat transfer coefficient in the function of (a) water mass 
flow rate (b) flue gas mass flow rate 

3 Results  

The proposed method of calculating the correction factors of the thermodynamic model was evaluated 
by comparison the simulated parameters with its actual values. The period of 7 month was included 
during which the turbine was in operation in a heating season as well as in summertime (from January 
to July). The analyzed dataset covering a different period of time (the correction coefficients were 
determined in the preceding period). In Figure 4 the corrected GT electric power, heat recovered in 
HRHWB and heat rate were compared with real ones for the selected 48 hours. It can be noticed that 
maximum residual for electric power is about 0.3 MW, which corresponds to relative error at 0.67%. 
A slightly larger error is for the thermal power (approximately 1 MW).  

The accuracy of the model with the correction factors, was assessed for the whole analyzed period. The 
GT always worked at full load. During winter, the supplementary burner system was launched in order 
to increase the produced heat to the required demand by the district heating network.  
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a) b) c) 

 

Figure 4: Comparison between real and simulated parameters after the correction (a) GT electrical 
power (b) HRHWB thermal power (c) heat rate for the two selected day of operation.  

The accuracy of the method over the entire analyzed period was evaluated with the Mean Absolute 
Percentage Error (MAPE) and Root Mean Square Error (RMSE) metrics, given by Equation (33) and 
(34), respectively. The calculations concerned the hourly resolution. The outcome of the analysis is 
presented in Table 2 and Table 3, where the metrics for gas turbine parameters were aggregated. The 
model with and without corrections was compared. 

𝑀𝐴𝑃𝐸 =
1

𝑛

𝑦 − 𝑦

𝑦
 (33) 

𝑅𝑀𝑆𝐸 =
(𝑦 − 𝑦 )

𝑛
 (34) 

where: 

𝑦 – real value 

𝑦 – simulated value  

n – number of observations 

Table 2: Accuracy of the model with correction factors for electric power, heat rate, mass flow rate 
and temperature of flue gas 

Para-
meter 

Real, averaged 
value with standard 

deviation 

MAPE error – 
after 

correction 

RMSE error – 
after correction 

MAPE error 
– before 

correction 

RMSE error – 
before 

correction 

𝑁  

 
44.13  

+/- 2.18 MW 
 

0.81 % 0.42 MW 2.94 % 1.03 MW 

𝐻𝑅 
8451.83  

+/- 81.63 kJ/kWh 
 

0.45 % 52.96 kJ/kWh 2.28 % 79.90 kJ/kWh 

�̇�  
125.44  

+/- 4.53 kg/s 
 

0.61 % 0.91 kg/s 5.16 % 1.38 kg/s 

𝑇  
456  

+/- 11.54 °C 
1.51 % 11.71 °C 4.99 % 22.51 °C 

It can be noticed that correction factors significantly improves the model accuracy for the gas turbine 
parameters calculated from the manufacturer's correction curves. RMSE error for electricity production 
was 0.42 MW, while the actual average electric power was 44.13 MW. The application of the corrections 
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factors increases the accuracy by 1.32 percentage points for electricity production. Other parameters 
such as heat rate, exhaust gas mass flow rate and temperature are also calculated more accurately. This 
allowed to avoid inaccuracies in the calculations of the boiler heat output.  

Table 3 presents the results of the heat produced in HRHWB, after applying the correction factor to heat 
transfer coefficient. The RMSE error was 0.77 MW and 0.75 MW with and without the SF operating, 
respectively. The accuracy was importantly improved, compared to the calculation without the 
correction procedure.  

Table 3: Accuracy of the model with correction factors for thermal power of heat recovery hot water 
boiler 

Para-
meter 

Real, averaged 
value with 

standard deviation 

MAPE error – 
after 

correction 

RMSE error – 
after correction 

MAPE error 
– before 

correction 

RMSE error – 
before 

correction 

�̇�  
with SF 

on 

 
62.01  

+/- 13.82 MW 
 

1.33 % 0.77 MW 5.22 % 1.15 MW 

�̇�  
with SF 

off 

48.61 
+/- 1.52 MW 

 
1.32 % 0.75 MW 5.02 % 0.84 MW 

4 Conclusions 

In this paper, the thermodynamic model of a gas turbine with heat recovery hot water boiler was 
presented. The production unit is a part of a real CHP plant. The gas turbine model is based on the 
approach based on the input curves data comes from manufacturer. The procedure of correction the 
characteristics as well as correction the heat transfer coefficient in the boiler was depicted. The method 
is based on the analysis of a real data coming from off-design operation. The correction factors are 
expressed as a linear function of air intake temperature. Overall heat transfer coefficient was corrected 
by multiple linear function of cold water and hot flue gas mass flow rate. As a result, the accuracy of 
the thermodynamic model was increased for the off-design conditions by approx. 3.5 and  2 percentage 
points, for heat production and electricity, respectively. The method can be used for other systems, e.g. 
for different gas turbines with higher electrical output. A procedure for calibrating simulation model is 
relatively easy to implement since empirical functions are based on coefficients determined from linear 
fitting. During the operation of the system, the accuracy of the proposed method should be monitored 
by comparison the simulated parameters with real data. If required, the correction factors should be 
updated. The developed method can be useful for short-term planning of the CHP plant operation, where 
the accurate forecasts of production parameters are needed.  
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Abstract 

Low temperature melting alloys are very attractive heat transfer medium. Especially, when high 
temperature or extremely high heat flux application are considered, like in case of nuclear power 
stations, cooling of industrial furnaces to recover waste heat, concentrating solar power stations, just to 
mention a few. The main advantages of low temperature melting alloys are high heat capacity, 
conductivity, and resistance. Therefore, for high temperature applications they are considered as a 
considerably safer heat transfer medium than water or air. The article presents the development of 
Computational Fluid Dynamics (CFD) model of flow and heat transfer in the LBE alloy. The developed 
mathematical model was used to design an original experimental stand for investigating heat transfer in 
low temperature melting alloys. Especially, the mathematical model allowed us to choose crucial 
elements of the experimental stand: a heating chamber of the liquid metal, a heat exchanger: liquid metal 
-water, in which the process of receiving heat from the liquid metal takes place, and an air pump driving 
the process of liquid metal flow through the stand. Moreover, the CFD model was used to verify the 
parameters of the experimental stand: dimensions of individual elements, mass flows of fluids involved 
in heat transfer, operating temperature ranges, flow resistance, rated power of the LBE heat exchanger. 
The main aim of carrying of the CFD simulations was to validate the correctness of main assumptions 
standing behind the experimental stand. The paper presents results of the CFD simulations and their 
influence on the final design of the rig.  
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1 Introduction 

According to the forecasts included, inter alia, in [1], global energy consumption is expected to increase 
almost twice by the end 2050. The developing countries and fast increase of their industrial potential 
will be responsible for a significant part of this growth. The report cited predicts that the share of 
electricity in the basket of energy consumption will increase from the current 19% to 30% in the middle 
of the century. It also assumes that by 2036 almost half of all global energy supplies will come from 
renewable sources, mainly solar and wind.  

The analysis also predicts that green hydrogen will become cost competitive with fossil fuels by 2030. 
As a result, the 'indirect' power demand for electrolysis will account for around 40% of the increase in 
electricity demand in 2035–2050, mainly in transport and industry. These predictions seem to be 
consistent with the expectations of the climate policy drawn up by world leaders and articulated, inter 
alia, in the Paris Agreement. In accordance with the assumptions of the Agreement, the following have 
been outlined, namely, specific goals of the climate policy of the European Commission of the EU. One 
of them is the assumption that the EU net greenhouse gas emissions should be reduced by at least by 
55% by 2030 compared to 1990 emissions.  

In view of the above, technologies using liquid metals as heat transfer fluids are gaining increased 
importance. Thanks to its unique thermal properties, such as high thermal conductivity and high specific 
heat, they are used in places with very high heat loads. Historically, the first and most important area of 
application of liquid metals as heat carriers is nuclear energy. At present, the use of liquid metals in 
concentrating solar power - CSP technologies, is gaining importance, specifically in combined 
thermodynamic cycles enhancing their efficiency, and direct hydrogen production (at operating 
temperature > 900 °C). In addition to applications in the power industry, liquid metals are also used in 
various industrial processes, such as the production process of Float glass (in which a glass pane is 
poured over the surface of liquid tin) or in direct methane pyrolysis. Parallel to purely industrial 
applications, liquid metals are used to cool the processors of high-performance computers, high-power 
LEDs and in nuclear research installations. 

The article proposes the use of liquid low temperature melting metals for the recovery of waste energy 
in industrial processes, resulting in e.g., lowering their energy consumption. In particular, the work 
includes research on the possibilities of using liquid metals for cooling metallurgical units. Cooling with 
liquid metals can be used in places where the use of standard cooling media, such as air, water, thermal 
oils, or evaporative cooling, is dangerous or limited by the thermal properties of the coolant. 

2 Description of the experimental stand 

As part of the research, a technological scheme was developed and then the energy balance of the 
research stand was prepared. The Pb-Bi eutectic alloy (LBE) was selected as the working medium for 
the experimental stand. The scheme was used to develop a 3D geometric model and the final design of 
the test stand and heat exchanger. Geometric details of the stand elements were subjected to thermal and 
flow analysis using CFD methods. 

In the finally adopted solution, the test stand will consist of the following elements: (cf. Fig. 1 and 2) 

1. High-temperature heating chamber in which the tested reference exchanger will be heated by 
radiation. The heating power of the chamber was estimated at 27 kW in the case of double-sided 
heating or 13.5 kW in the case of one-sided heating. 

2. The reference exchanger where the heat transfer phenomenon in liquid Pb-Bi alloy will be 
investigated. The exchanger has been designed as a steel box of dimensions of 300 x 300 x 60 
mm, made of 6 mm thick sheet metal, inside which a solid aluminum block is mounted. Inside 
the aluminum block there are embedded steel pipes through which the liquid metal flows. 

3. Heat exchanger: liquid metal - water, in which the process of receiving heat from the liquid Pb-
Bi alloy and transferring it to the cooling water will take place.  
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After cooling, the molten metal will be directed back to the heating chamber. One of the CFD 
calculations will be carried out to determine whether there are any areas of the exchanger where 
there is a risk of the temperature fall below the freezing point (123 ºC at normal pressure). 

The exchanger is designed as a shell and tube one in which the cooling water first flows into 
four internal pipes 26.9x3.2, from which it is then passed into the outer shell made of pipe 
114.3x6. 

The water from the outer shell is collected and discharged through a drainpipe 48.3 mm. The 
liquid metal is introduced into the exchanger, depending on the version, from the bottom (co-
current version) or from the top (counter-current version) and flows through the 88.9x4 pipe 
to the outlet on the opposite side of the exchanger. Inside the pipe 88.9 there are four pipes 
26.9 described earlier through which the cooling water flows. 

4. A gas pump, in this device, the process of mixing liquid metal with nitrogen (or argon) bubbles 
emerging from gas nozzles will take place. As a result of the above phenomenon, in one of the 
arms of the station there will be an apparent reduction in the density of the metal, driving its 
flow in the loop. The pump will be placed above the heating chamber with the exchanger. 
Appropriate two-phase flow modeling methods will be used in the analysis of the above 
phenomenon. 

5. A melting-separation vessel that acts as a gas and liquid metal separator. The tank will also act 
as an expansion vessel. 

6. The arrangement of pipes connecting the individual elements into a functional device. 

The geometric design of the stand is presented in the figures below.  

Figure 1: Elements of the test stand 
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Figure 2: Elements of the test stand - cross-section  

3 Thermo-hydraulic properties of liquid metals  

The main factor that distinguishes liquid metals in terms of heat transfer mechanisms from other liquid 
heat transfer fluids, such as e.g., water is a very low value of the Prandtl number (Pr),  see Table 1. The 
above number expresses the ratio of the fluid viscosity to its thermal diffusivity which, from a physical 
point of view, can be interpreted as the ratio of the momentum diffusion rate to the heat diffusion rate. 
Considering above, it can be concluded that the low value of the Prandtl number for liquid metals means 
that the heat transfer by conduction is much greater than its convective counterpart. 

Table 1 summarizes the comparison of the convective heat transfer coefficient of air, water and the 
liquid Pb-Bi alloy. As can be seen, under comparable heat flow conditions, the liquid alloy Pb-Bi has 
the highest value of the heat transfer coefficient . The value of the heat transfer coefficient a was 
calculated using the well-recognized empirical correlations available in literature. 

 

(1) 

Table 1: Comparison of physical and thermal properties of air, water, and the liquid Pb-Bi alloy  

Coolant - Air Water Pb-Bi alloy 
Working temp. range  °C -0,25 0 / 100 200 / 600 
Temp. referen. °C 0 20 200 
Density,  kg / m3 1,293 998 10470 
Specific heat cp kJ / kgK 1,005 4178 148 
Thermal conduct.,  W / m K 0,0242 0,604 11,05 
Dynamic viscosity, mPa s 0,017 1 2,04 
Prandtl number Pr – 0,71 7,03 0,034 
Reynolds  number at w = 3 m/s – 5600 75000 264482 
Nusselt number at w = 3 m/s  – 20 348 43 
Heat transfer coefficient   for pipe 25 mm W / m2 K < 60 - 70 8420 22250 

Based on research by Grötzbach, Roelofs et al. (2015) it is known that the commonly used Reynolds 
analogy between the momentum and the thermal boundary layer via the Prandtl number does not apply 
to liquid metals [10]. 
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4 CFD modeling of heat flow on an experimental stand 

The mathematical model of heat transfer at the experimental stand was prepared using the Ansys Fluent 
package and comprised two elements of the stand. The first was the tested reference exchanger in which 
the temperature of the liquid metal increased. The second was the exchanger, in which the reverse 
process took place, i.e., heat discharge to the cooling water, resulting in a drop in the temperature of the 
liquid metal. 

The mathematical model of the test bench uses the Reynolds Average Navier-Stokes (RANS) equation 
set. It was assumed that the flow is non-isothermal, steady state and turbulent. Based on the literature 
review of liquid metal flow modeling, a turbulence model of k-e and k-ω SST was implemented [10, 
11].  

The 3D geometry of the exchangers was imported from the CAD software where it was designed. In the 
next step, the CAD geometry was modified to meet all the requirements of the geometry dedicated to 
the construction of the numerical grid using the SpaceClaim software, which is part of the Ansys 
package. The final geometry for the CFD computations is presented in Figure 3. 

 

Figure 3: Geometric model of the liquid metal-water exchanger prepared to be meshed 

Based on the obtained geometry, a numerical mesh of over 11 million mixed (polyhedral and 
hexahedral) volumetric elements was generated. The mesh sensitivity study was conducted then. 
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Figure 4: The numerical grid of the reference exchanger in the version with the pipe inserted along 
the axis of the cooling channel (metal flow through the ring section)  

 Figure 5: The numerical grid of the heat exchanger: liquid metal - water in the design with connect-
ing ribs 

The physical properties of the Pb-Bi alloy were assumed to be a function of temperature and appropriate 
polynomial functions were used [12]: 

 density ρ (T) = 10981.7 -1.1369 T (2) 

 specific heat cp (T) = 160 - 0.0239 T (3) 

 viscosity LBE (T)=(1.702−6.612⋅10-3+1.064⋅10-5⋅T2 −7.751⋅10-9⋅T3+2.118⋅10-

12⋅T4)⋅10-3 
(4) 

 thermal 
conductivity LBE (T) = 6.86 + 0.0102 T (5) 
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Standard boundary conditions configuration Velocity Inlet / Pressure Outlet was adopted in the 
calculations. 

5 CFD calculation results 

5.1 Reference exchanger model 

The process of heating the front plate of the exchanger in the heating chamber was simulated by the 
boundary condition of a constant heat flux per its front surface: 155 kW / m2 or 311 kW / m2. The above 
unit power corresponds to the power of the heating chamber of 14 kW or 28 kW concentrated on the 
surface of the exchanger of dimensions 0.3 x 0.3 m. To simulate the insulation of the remaining walls 
of the exchanger, the boundary condition of zero heat flux was adopted. 

As described earlier, the exchanger was simulated as a steel box, inside which there is a solid aluminum 
block. In the calculations, various configurations of the pipes were analyzed, changing their spacing, 
diameters or introducing filling rods axially into their interior, influencing the velocity distribution (the 
flow of liquid metal takes place through a cross-section with a ring outline). Regarding the study of 
operational factors, the influence of variability of parameters such as volumetric flows of liquid metal 
and set temperatures was investigated. 

As a result of the calculations, the distributions of temperatures, pressures and velocities were obtained. 
Moreover, the values of heat transfer coefficients on the surfaces of cooling pipes were determined. 
Selected calculation results are shown in the figures below. 

Figure 6: Temperature distribution on the sur-
face of the reference exchanger depending on 
the velocity of the liquid metal in the annular 

channel 

Figure 7: Temperature distribution - the heated 
surface of the reference exchanger & the outlet 

cross-sections of liquid metal at various flow ve-
locities 
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Figure 8: Temperature distribution of the liq-
uid Pb-Bi alloy in the outlet cross-section at 

various flow velocities 

Figure 9: The temperature distribution of the liq-
uid Pb-Bi alloy in the outlet cross-section of the 

channel no.3 

Figure 10: The temperature distribution of the 
liquid Pb-Bi alloy in the outlet cross-section of 

the channel no.3 - graphic interpretation 

Figure 11: Heat transfer coefficient on the sur-
face of cooling pipes 

5.2 Liquid metal-water exchanger model 

The second element of the measuring station, in which the heat exchange process takes place, is the heat 
exchanger: liquid metal - water. In this exchanger, the process of heat removal from the previously 
heated Pb-Bi alloy takes place to cool it and return to the investigated heat exchanger. 

In computations, various design variants of the exchanger were analyzed. Among others, concurrent and 
counter-current flow heat exchanger, made of stainless steel and carbon steel, with ribs connecting the 
exchanger internal pipes. The influence of the variation of the operating factors, such as liquid metal 
and water flowrates as well as the temperature at the entrance to the exchanger, was also analyzed. As 
expected, the calculations showed, inter alia, dependence of heat absorption and temperature distribution 
on the flowrate of the Pb-Bi alloy. 

As a result of the calculations, the following results were obtained: values of heat transfer coefficients 
on the surfaces of pipes and shell taking part in heat exchange. The coefficient values were determined 
both on the liquid metal side and on the cooling water side. The above values will be confronted with 
the values calculated with the use of traditional formulas based on criterial numbers and with the results 
obtained from measurements carried out on the experimental stand. Selected calculation results are 
shown in the figures below. 
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Figure 12: Temperature distribution - longitudinal 
section of the countercurrent exchanger - carbon 

steel 

Figure 13: Temperature distribution - longitu-
dinal section of the countercurrent exchanger. 

Version with carbon steel ribs. 

Figure 14: Spatial temperature distribution - countercurrent exchanger, water velocity - 1 m/s, liquid 
metal velocity - 1 m/s 
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Figure 15: Temperature distribution - cross-section 
countercurrent heat exchanger - carbon steel 

 Figure 16: Temperature distribution - cross-sec-
tion countercurrent heat exchanger with ribs - car-

bon steel 

Figure 17: Velocity distribution - cross-section of 
the countercurrent heat exchanger - carbon steel  

Figure 18: Speed distribution - cross-section coun-
tercurrent heat exchanger with ribs - carbon steel  
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Figure 19: Temperature distribution - longitudinal 
and outlet section - cocurrent exchanger - carbon 

steel 

Figure 20: Temperature distribution - longitudinal 
and outlet section – counterflow exchanger - car-

bon steel 

 

Figure 21: Temperature distribution in the outlet 
cross-section. Counter-current heat exchanger with-

out ribs - carbon steel 

 

Figure 22: Temperature distribution in the outlet 
cross-section. Counter-current heat exchanger 

without ribs - stainless steel  

 

 

Figure 23: Temperature distribution in the outlet 
cross-section. Co-current exchanger without ribs - 

carbon steel 

Figure 24: Temperature distribution in the outlet 
cross-section. Countercurrent heat exchanger with 

fins - carbon steel. 
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6 Conclusions 

The results of the CFD calculations showed good compliance with the 
expectations resulting from the laws of physics. The computations showed, 
among others, correct behavior of the exit temperatures when changing the 
mass flow rates of the fluids taking part in heat transfer, etc. On this basis, it 
was assumed that they reflect a sufficiently well modeled physical 
phenomenon and can be used to carry out parametric studies which would be 
a basis to select the heat exchange surface as a function of mass flowrates and 
initial temperatures. Various variants of geometry (variable length of the 
exchanger, variable diameters) were tested with a given mass flowrates of 
liquid metal and different sets of initial temperatures. The critical parameters 
for optimization were to avoid (even on a local scale) the solidification point 
of the metal and to maintain the same mass flow rates resulting from the heat 
balance of the entire experimental stand (the need to maintain the same heat 
and mass flowrates at different geometries on both exchangers of the stand). 
The local heat transfer coefficients were determined (example for the outer 
shell in Fig. 25), whose orders of magnitude for simple geometries (at least in 
the run-up sections of the channels) were in agreement with the calculations 
carried out with the use of empirical correlations in the literature [2 - 8]. The 
developed mathematical models will also be used in terms of minimizing the 
flow resistance of liquid metal and determining the required head of the gas 
pump. These values will be the input parameters in the modeling process of the 
above-mentioned gas pump.  

 
 
 

Figure 25: Heat transfer 
coefficient -  [W/m2K] 
countercurrent heat ex-
changer with ribs – car-

bon steel. Outer shell 
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Abstract 

This paper describes results of an entropy analysis for grasping characteristics of entropy balances in 
the multiple-layer structure consisting of a human body and a residential thermal environment under 
heat-stroke onset. Followings were found. In case of air conditioning, entropy generation rate within 
room air and walls are 1.24W/K and 37.38W/K, respectively. Entropy generation rate in the room air 
and walls are 0.23W/K and 10.2W/K, in case of heat stroke onset. Differences in entropy disposal 
between air conditioning and heat stroke onset are 0.10W/K from the human body, 3.52W/K from the 
room air, and 27.89W/K from walls. The larger the systems of the multiple-layer system is, the larger 
the entropy generation rate is. Because it is essential for these working systems to ensure all entropy 
disposal with sufficient amount in order to avoid dysfunction originated from excessive entropy 
accumulation within systems. 

1 Introduction 

1.1 Background  

In recent decades, energy problem has been discussed and numerous energy problem-oriented research 
has been continuously conducted. Reduction of CO2 emission has essentially little difference from 
reduction of primary energy use, because that can be derived by multiplying global warming coefficient 
to amount of primary energy use.  

On the other hand, environmental issue contains not only resource input issue, but also waste and waste 
heat output issue. Sustainable activity of working system is disturbed not only by resource input issue, 
but also by waste and waste heat output issue. We can regard heat island and onset of indoor heat stroke 
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by shortage of discarding waste heat as such “output issues”. Tsuchida and Kachiki who are Japanese 
physicists suggested that discarding entropies from system forming multiple-layer structure can 
maintain the sustainability of working as an index of physiological evaluation systems [1] [2]. 
Bienertova-Vasku evaluated entropy generation as a measure of physiological stress in human body[2]. 
Satish adopted not only exergy consumption but also entropy accumulation in human body [3]. In 
addition, Angel described relationship between entropy accumulation and deterioration of human body’s 
activity [5]. Takahashi found and denoted the multiple-layer structure in entropy disposal realized in 
wood biomass circulation and water circulation accompanied with it [6]. There is no research focusing 
on entropy disposal and multiple-layer structure for it except reference [1] [2] and [6]. 

1.2 Purpose 

The authors think that it is essential to grasp a certain principle regarding waste output issue and to apply 
it into existing such problems, because entropy disposal structure can characterize sustainability of 
working systems [1] [2]. The purpose of this paper is to grasp the quantitative characteristics of the 
multiple-layer structure in entropy balances of a human body and a house thermal environment under 
heat stroke onset. The authors expect that such a trial might lead a principle in “design of discarding”. 

2 Methodology  

2.1 Outline of numerical simulation 

The authors calculated room air temperatures, wall temperatures, space cooling loads and heat 
transmissions through building skins by means of a numerical simulation software, AE-Sim/heat 
(Architecture Environment Solutions Corporation, Japan).  

Figure 1 shows the plan of the target house in the numerical simulation. The target room, namely Room1 
is located on the 2nd floor in a wooden house. The authors assumed the UAvalue of the house and the 
air change rate in Room1 to be 0.48W/m2K and 0.5 times/h, respectively. The site was assumed to be in 
Kumagaya city, Saitama prefecture, Japan, and evaluation target date was August 15th, 2019. Room air 
temperatures, wall surface temperatures and cooling loads were applied into calculation with following 
entropy and energy balances shown later.  

Secondly, the authors set entropy balances with reference to the calculation method of human body 
exergy balance using The two-node model by Shukuya [7]. Entropy and energy balances were calculated 
in two cases which are heat stroke onset and no risk of that with using an air conditioner. The target 
human body was set as an elderly woman [8], and her height, weight, and coefficient of blood were 
given 146cm, 48.0kg, and 104 respectively. In case of air conditioning, clothing and metabolism were 
assumed to be 0.3 clo and 0.7 met, respectively. Clothing and metabolism were assumed to be 0.3 clo 
and 0.8 met in case of heat stroke onset. The authors assumed that sweating function was restricted if 
dehydration rate of human body became 6.2% based on the reference [9] only in case of heat stroke 
onset. 

 
Figure 1: Plan of the target house (left) and example of calculated values (right) 
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2.2 Entropy balances equations in the human body 

Equation (1) denotes the entropy balance of the core in the human body. Figure 2 shows the image of 
entropy balance in the human body. Calorific substance is input for human body and its combustion heat 
was regarded as the input for energy and exergy balances in previous works [2][3][4][7]. However, it is 
essential to articulate phenomenon that entropy is generated through the process from electrostatic 
energy contained by calorific substance to heat in the core of the human body. Therefore, the authors 
gave the absolute entropy of calorific substance as the entropy input to the core.   
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(1) 

 
Entropies relating breathing deal not only with thermal dispersion but also with material diffusion (O2 
or N2 and H2O) in this paper. Human body takes in oxygen and nitrogen (N2) gas through respiration. 
Nitrogen gas whose concentration is about 78% in the atmosphere is taken in human body, and it is 
discarded to the outside of the human body as exhaled air without being used. Oxygen gas whose 
concertation is 20.8% in the atmosphere is taken in the human body, and it is discarded with its 
concentration being 16.8% to the outside of the human body as exhaled air with its concentration 4% to 
be used. Carbon dioxide being generated in the human body is discarded to the outside of the human 
body. Concentration of oxygen has difference between input and output to the human body, and those, 
therefore, simply can’t be subtracted. In addition, the authors ignored respiratory inhibition due to heat 
stroke.   

2.3 Entropy balance equations in room air, walls and an air conditioner 

Equation (2) and equation (3) show the entropy balances of walls and the air conditioner, respectively. 
In these equations, entropies in humid air incoming and outgoing from the system are expressed. These 
entropy balance equations are in case of air conditioning. The authors assumed net radiant heat transfer 
among surrounding walls in Room1 are offset, because surrounding walls were assumed to be as one 
system. The exterior wall, three interior wall, the ceiling and the floor discard thermal entropies by both 
radiant and convective heat. The authors assumed that supply air temperature of the indoor unit in the 

 
Figure 2: An image of entropy balances at human body 
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air conditioner was 10oC lower than the room air temperature [9]. Supply air temperature of the outdoor 
unit in the air conditioner was calculated based on reference [10].  
 

𝑠 _ + 𝑠 + 𝑠 + 𝛿𝑠 = 𝑠 _ + 𝑠 _ + 𝑠 _  (2) 

 

𝑐 𝜌 𝑉 ln
𝑇

𝑇
+
𝜌 𝑉 𝑥

𝑀
𝑅ln

𝑃

𝑃
+
𝜌 𝑉

𝑀
𝑅ln

𝑃

𝑃
+ 𝛿𝑠 = 𝑐 𝜌 𝑉 ln

𝑇

𝑇
 (3) 

3 Results and discussion 

3.1 Entropy balances of the human body 

Figure 3 shows body temperatures (a)) and entropy disposal by blood flow (b)). Figure 4 shows entropy 
and energy outputs from the human body the in two cases. The red dotted line in figure 4 shows the time 
when temperature of the core in the human body reaches at 38oC. Japanese industrial standards 
committee defined that the occupant never avoid onset of heat stroke [10] in case of the core temperature 
getting 38oC and more. In case of heat-stroke onset, entropy disposal from the human body becomes 
maximum until 80 minutes after bedtime. Entropy disposal by sweating changes to decrease 80 minutes 
after bedtime, because sweating function is limited in case cumulative sweating amount to be 143g [9]. 
As a result, shares of radiant and convective entropy in the total entropy disposal after 80 minutes are 
larger than those before 80 minutes after bedtime. 

 
Figure 3: Room temperatures and human body temperatures(left) and entropy output from the human 

body by blood flow 
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Figure 4: Entropy and energy output from the human body 

 
Eighty minutes later, as amount of energy output by sweating decreases as shown in following Figure 4 
b) and the shell temperature increases rapidly, temperature difference between the core and the shell 
starts to decrease. Entropy disposal by blood flow is increasing in order to avoid no temperature 
difference (thermal equilibrium), but this amount is extremely small as 0.7W/m2K at most.  

Figure 4 shows entropy and energy outputs from the human body. In case of heat stroke onset, 429 
minutes after bedtime, entropy disposal is decreasing in 30% with comparison to the peak (64 minutes 
later), and energy disposal is decreasing in 40% with comparison to the peak. The decrease ratio in 
entropy disposal is larger than that in energy disposal. This is caused by that there are material dispersion 
terms in entropy balances and energy balances can’t contain such ones.  

Figure 5 shows that thermal entropy accumulation rate in the human body. Thermal entropy 
accumulation rate in the human body is below 0.02W/K in case of air conditioning, and drastically 
changes from 0 to 0.18W/K in case of heat stroke onset.  

Figure 6 shows entropy generation rates in the core and the shell in the human body in case of heat 
stroke onset. In case of heat stroke onset, entropy generation rate in the core decreases from 0.08W/K 
to 0.03W/K within 60 minutes of passing time. From 60 minutes to 429 minutes after bedtime, entropy 
generation rate increases from 0W/K to 0.05W/K.  

In case of air conditioning, entropy generation rate in the core of the human body decreases from 
0.12W/K to 0.11W/K within 60 minutes of passing time. Entropy generation rate in the shell of the 
human body is decreasing from 0.10W/K to 0.09W/K within 60 minutes of passing time. Entropy 
generation rate in the shell of the human body from 429 minutes to 570 minutes after bedtime has no 
remarkably larger change. It is because entropy disposal by sweating occurs 429 minutes after bedtime. 
Entropy generation rate in the shell of the human body is changing in order to make the change of 
entropy generation rate in the core small.  

Reflecting these results, entropy generation rate in the shell might have to change in order to make 
entropy generation rate in the core mostly constant. 
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Figure 5: Thermal entropy accumulation rate in the human body 

 

 
Figure 6: Entropy generation rate in the core and the shell of the human body 

 
Figure 7 shows entropy and energy balances of the human body 429 minutes after bedtime. In case of 
air conditioning, entropy disposal to walls (radiation) is 18.2% of the total entropy disposal, and entropy 
disposal to the room air (convection + sweating + O2 exhalation) is 81.8% of the total. On the other 
hand, energy disposal to walls (radiation) is 26.9% of the total energy disposal, and energy disposal to 
the room air is 73.1% of the total. This is because material entropy is dealt in entropy analysis, so that 
the ratio of entropy disposal to the room air in the total entropy disposal is larger than the ratio of energy 
disposal to the room air in the total energy disposal. There are differences in fluxes from the human 
body to the indoor space between energy and entropy balances.  
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Figure 7: Entropy and energy balances of the human body 429 minutes after bedtime in case of air 

conditioning a) and heat stroke onset b) 

3.2 Entropy balances in room air, walls and an air conditioner 

Figure 8 shows entropy balances in the room air, walls and the air conditioner 429 minutes after bedtime. 
In case of air conditioning, the ratio of entropy disposal from the human body to the room air and walls 
in the total entropy disposal are 12.7% and 2.9%, respectively. In case of heat stroke onset, the ratio of 
entropy disposal from the human body to the room air and walls in the total entropy disposal are 63.3% 
and 9.8%, and those are larger than case of air conditioning. In case of heat stroke onset, a smaller 
capacity to accept entropy disposal from the human body is left in the room air and walls than case of 
air conditioning.  

In case of air conditioning, entropy contained by the room air is discarded to the outdoor space by 
ventilation and the air conditioner. However, in case of heat stroke onset, entropy of 0.42W/K is 
discarded only by ventilation, and entropy which couldn’t be discarded remains as thermal storage in 
the room air. Therefore, in case of air conditioning, the air conditioner discards larger entropy to the 
exterior than entropy from the room air to the exterior. There is a multiple-layer structure playing “baton 
relay of entropy disposal” in order to guarantee the sustainability of the human body as the innermost 
system of systems. 
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Figure 8: entropy balances in the room air, walls and the air conditioner 429 minutes after bedtime in 

case of air conditioning (a)) and heat stroke onset (b)) 
 

Figure 9 shows entropy generation rate in the room air, walls and the air conditioner. Natural 
phenomenon changes in the direction of increasing entropy. Entropy is accumulated within the system, 
if entropy disposal becomes smaller than the healthy state. The room air and walls accept entropy 
disposal from the human body by means of increasing entropy disposal, because sufficient capacity for 
accepting entropy input has to be ensured. Therefore, it is necessary to create non-equilibrium states by 
making differences in temperature and humidity within systems.  

Entropy generation expresses how large a non-equilibrium state is created in natural phenomenon. In 
case of air conditioning, entropy generation rate in the room air and walls are 1.24W/K, 37.38W/K, 
respectively. On the other hand, in case of heat stroke onset, entropy generation rate in the room air and 
walls are 0.23W/k and 10.20W/K. Entropy generation rates in case of air conditioning are much larger 
than those in case of heat stroke onset. The air conditioner creates much larger non-equilibrium state in 
the built environment for avoiding heat stroke onset. 

Entropy generation rate in walls is the largest among the three systems in both the two cases. Because 
exterior walls distinguish between indoor and outdoor spaces by means of their large thermal resistance, 
and thereby, they can bring large temperature difference between them. In case of air conditioning, the 
air conditioner generates entropy of 1.08W/K. In case of air conditioning, healthy state of the human 
body being the innermost system in the multiple-layer structure is maintained by entropy disposal and 
generation in the room air and walls without entropy accumulation. It is necessary to ensure adequate 
quantity of entropy generations by means of mechanical equipment such as an air conditioner and 
building skins for avoidance of entropy accumulation.  
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Figure 9:  Entropy generation rate of room air, walls and an air conditioner 429 minutes after 

bedtime 
 

Figure 10 shows entropy disposal structure 429 minutes after bedtime. Entropy disposal from the human 
body to the room air are 0.33W/K in case of air conditioning and 0.26W/K, and in case of heat stroke 
onset, respectively. Entropy disposal from human body to walls are 0.09W/K and 0.07W/K, in case of 
air conditioning and heat stroke onset, respectively. In case of air conditioning, entropy disposal from 
the human body to the room air and walls are larger than case of heat stroke onset.  
On the other hand, entropy disposal from the core to the shell in case of air conditioning and in case of 
heat stroke onset are 0.066W/K and 0.074W/K, respectively.  

In case of air conditioning, entropy disposal from the core to the shell is smaller than in case of heat 
stroke onset. The reason why, in case of onset of heat stroke, entropy can’t be discarded from the shell 
to the room air and walls, and the core tris to discard entropy eagerly for maintaining the human body’s 
activity. In this case, multiple-layer structure is not established in the human body.  

In case of air conditioning and in case of heat stroke onset, entropy disposal to the surrounding air is 
0.26W/K and 0.16W/K, respectively. Difference in entropy disposal to surrounding environment 
between air conditioning and heat stroke onset is 0.10W/K, and it is never large enough. In case of air 
conditioning, entropy disposal from the room air and walls are 3.68W/K and 37.97W/K, respectively. 
In case of heat stroke onset, entropy disposal from the room air and walls are 0.42W/K and 10.61W/K 
There is difference in entropy disposal of 3.26W/K from the room air between in case of air conditioning 
and heat stroke onset. Difference in entropy disposal from walls between case of air conditioning and 
case of heat stroke onset is 27.36W/K, and it is not small. Therefore, outer system discards larger entropy 
in order to make human body being the innermost part of the systems sustain, thus, and the multiple-
layer structure of entropy disposal is established and is working in case of air conditioning.   

 

 
Figure  10: Entropy disposal structure 429 minutes after bedtime 
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4 Conclusion 

This paper describes results of entropy analysis on the multiple-layer system consisting of a human 
body, room air, walls with considering onset of heat stroke. The findings are followings. 
In case of heat stroke onset, after exceeding the limitation of accumulative sweating amount, entropy 
generation rate in the core of the human body continues to increase and that in the shell decreases due 
to the decline of temperature difference from the core. On the other hand, there are small changes in the 
entropy generation rate in the core, and the shell arranging to decrease or increase the entropy generation 
rate corresponding slight down or up of the core’s temperature in case of air conditioning. The shell is 
working in order to avoid breaking the core’s steady state. 

In case of air conditioning, entropy generation rate in the room air and walls are 1.24W/K and 37.38W/K, 
respectively. On the other hand, at the onset of heat stroke without air conditioner use, entropy 
generation rate in the room air and walls are 0.23W/K and 10.2W/K, respectively. The air conditioner 
creates much larger non-equilibrium state in the built environment for avoiding heat stroke onset. It is 
necessary for indoor thermal systems to ensure adequate quantity of entropy generations by means of 
mechanical equipment such as an air conditioner and building skins for avoiding entropy accumulation. 
Therefore, entropy disposal in all the layer in case of air conditioning are larger than heat stroke onset. 
Differences in entropy disposal between case of air conditioning and heat stroke onset are 0.05W/K 
from the human body, 3.26W/K from the room air and 27.36W/K from walls. 

The larger the subsystem (the layer) of the multiple-layer system is, the larger the entropy generation 
rate is. The larger subsystem such as the shell, the building skin and the air conditioner change their 
entropy generation rate dynamically. Because it is essential for these working systems to ensure all their 
entropy disposal with sufficient amount in order to avoid do not dysfunction of systems originated from 
excessive entropy accumulation.   

Therefore, entropy disposal and entropy generation rate in working system might be influenced by 
change of environment state. 

To grasp the quantitative characteristics of the multiple-layer structure in entropy balances might be one 
of the indices for evaluating system’s sustainability. For instance, not only the core temperature of 
human body but also characteristics of balance might be a determinant. 

Nomenclature  

𝑛 molar flow rate, mol/m2s, 

𝑆
 

absolute entropy, J/K･mol,  
𝑐 specific heat capacity, J/kgK, 
𝑇

 
standard temperature (=298K), K, 

𝑚 mass flow rate, kg/m2s, 
𝑀

 
molar mass, kg, 

𝑅
 

gas constant, J/K･mol, 

𝑃
 

pressure, Pa, 

𝑄
 

heat capacity, J/K･mol, 

𝐶
 

energy flow coefficient obtained from blood circulation, W/m2K, 
𝑣

 
volume flow rate per unit area, m3/m2s, 

𝑠
 

entropy, W/K, 
𝑉

 
volume flow rate, m3/s 

𝑥
 

absolute humidity, kg/kg(DA) 
𝜌

 
density, kg/m3 

 
Subscripts and superscripts 
𝑔𝑙

 
glucose 

𝑐𝑟
 

core 
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𝑤𝑖𝑛
 

liquid water generated in the body core, which turns into water vapour and is inhaled 
through the nose and mouth 

𝑤
 

water 
𝑎

 
dry air 

𝑣𝑟𝑠
 

room saturated vapor tension 
𝑣𝑟

 
water-vapor pressure in the room space 

𝑔𝑐𝑟
 

generation rate of core  
𝑚_𝑐𝑜𝑟𝑒

 
vapor generation from core to room air 

𝑣𝑜𝑢𝑡
 

vapor to move by exhalation 
ℎ𝑏𝑑

 
between body core and skin layer 

𝑏𝑙𝑜𝑜𝑑
 

blood 
𝑟𝑎𝑑_ℎ𝑏𝑑

 
radiation from human body 

𝐷𝑁
 

direct solar radiation 
𝑆𝐻

 
diffuse solar radiation  

𝑐𝑣_𝑤𝑎𝑙𝑙
 

convection from inside wall surface 
𝑜𝑢𝑡𝑐𝑣_𝑤𝑎𝑙𝑙

 
convection from outside wall surface 

𝑜𝑢𝑡𝑟𝑎𝑑_𝑤𝑎𝑙𝑙
     

radiation from outside wall surface 
𝑔𝑤𝑠

 
generation rate of walls 

𝑎𝑐
 

air blown from the air conditioner 
𝑠

 
outdoor unit 

𝑎𝑟
 

dry air in room air 
𝑔𝑎𝑐

 
generation rate of air conditioner 

𝑎𝑣𝑜𝑢𝑡
 

the air blown from the outdoor unit 
𝑐𝑜

 
the outlet of the compressor unit 
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Abstract 

This paper describes the results of the field measurement and numerical simulations on the multi-family 
house realizing both radiant cooling and natural ventilation. The following were found. Both radiant 
cooling and natural ventilation can keep the CO2 concentration mostly less than 1000 ppm and the room 
air temperatures and the MRTs 28℃ or less. Radiant cooling combined with natural ventilation used 
electric power of 150 ~ 300W. On the other hand, air conditioning requires electric power being 1.13 ~ 
1.69 times that of the heat pump for radiant cooling in order to the same room air temperatures as 
measured ones in the room being realized in both radiant cooling and natural ventilation. 

1 Introduction 

Since 2020, sufficient ventilation in rooms has been required for the prevention of COVID-19 
transmission and its infection. Space cooling is almost entirely done by air conditioners in houses in 
Japan. However, if space cooling is done together with sufficient ventilation, that makes both increases 
in electric power use of air conditioners and decreases in cooling efficiency, because the increase of 
ventilation rate causes the cooling load to increase. On the other hand, in radiant cooling, radiators 
absorb not only convective heat from room air, but also radiant heat from indoor radiant environments 
such as walls, floors, and so on. Therefore, we can expect that the decline in cooling effect due to the 
combination with natural ventilation is not as large in radiant cooling as in air conditioning. 

From such a background, for example, Song conducted numerical simulations of combining radiant 
cooling with natural ventilation in an office building in summer [1]. Iwamatsu made subject experiments 
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relating to combining high-temperature radiant cooling with natural ventilation in an experimental house 
[2]. Most recently, Aviv confirmed the energy reduction effect of the system of combining radiant 
cooling suppressed vapor condensation by infrared permeate film with natural ventilation [3]. However, 
it is still very rare for houses to have a radiant cooling system, and houses realizing both radiant cooling 
and natural ventilation are even more unusual. Therefore, it is not clear whether combining radiant 
cooling with natural ventilation achieves thermal comfort, safe air quality, and low energy use at the 
same time.  

From such a point of view, the purpose of this paper is to grasp the actual condition of air and thermal 
environments in the multi-family house realizing both radiant cooling and natural ventilation, and its 
energy performance. 

2 Methodology 

First, the authors conducted a field measurement relating the actual air and thermal environments and 
living style in the multi-family house realizing both radiant cooling and natural ventilation as shown in 
2.1. Second, the authors made a couple of numerical simulations: estimating ventilation rate (2.2.1) and 
electric power use of air conditioning realizing the same room air temperatures as measured values in 
radiant cooling with natural ventilation (2.2.2).  

2.1 Field measurement 

Table 1 shows the measurement items and sensors. Figure 1 shows the floor plan of the measured house 
(house A) and sensor positions, and the dimensions of the plastic multi-tubular radiator in the bedroom. 
House A is located on the second floor of a 5-story multi-family house in Setagaya, Tokyo. This building 
has an iron-reinforced concrete structure and no thermal insulation due to about 30 years after 
construction. Windows have a single glass and aluminum sash. The first story part under house A’s 
kitchen and study is a piloti. The resident of house A is a man in his 60s alone and realizes both radiant 
cooling and natural ventilation in summer. 

The measurement period was from August 24th to September 27th, 2021, and radiant cooling system 
was used from 3:00 pm on August 24th to 1:00 pm on September 1st. The bedroom and the study have 
a plastic multi-tubular radiator respectively and the living room has a steel multi-tubular radiator. The 
size of the radiator is W310mm×H1800mm×D59mm in the bedroom, W410mm×H2050mm×D59mm 
in the study, and W870mm×H2000mm×D22mm in the living room. The radiator in the bedroom has a 
structure in which 15 in 2 rows, 30 in total, polypropylene tubes (diameter 10mm, thickness 1.5mm) are 
connected to the polypropylene header (diameter 20mm). Its heat transfer area is 2.24m2. 

Small DC fans are installed on the back of each radiator, and their maximum power use is 5.4W and 
their maximum air flow rate is 100m3/h. It is possible to enhance convective heat transfer around the 
tubes by blowing air from the bottom to the top with DC fans’ working. There are four levels of air flow 
rate in a DC fan: the average of measured air velocities around the radiator is 0.22m/s at “light wind” 
level, 0.41m/s at “weak wind” level, 0.74m/s at “medium wind” level, and 0.87m/s at “strong wind” 
level. There is a ceiling fan which can make air flow direction between upward and downward in the 
living room. 

The heat source machine is an electric heat pump. Its maximum cooling capacity is 3kW and its COP 
based on JIS (Japan Industry Standard) is 3.59. The pipe for circulating cold and hot water is cross-
linked polyethylene (diameter 10mm) and is insulated with a polystyrene foam whose thickness is 
10mm. 

The authors asked the resident to operate the radiant cooling system, DC fans, the ceiling fan, and 
windows as usual as daily life during the field measurement period. The authors also asked him to record 
radiator temperatures, the setting of DC fans, the state of windows opening, the occupant number in 
rooms, and so on into the excel file sent from us. 
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2.2 Numerical simulations 

2.2.1 Estimating ventilation rate 

Figure 2 shows the conditions of the radiator in numerical simulations. The authors calculated room 
temperatures using the room-temperatures simulation software, AE-Sim/Heat ver.4.0.2 (Architectural 
Environment Solutions Co., Ltd., Japan) based on the numerical simulation method in Reference [4]. 
Radiator temperatures were given to the set-point temperatures of the air conditioner which was a 
function installed in the software. For reproducing thermal behavior of the actual radiator on the 

Table 1: Measurement items and sensors 

 
 

 
a) Floor plan of house A                    b) Radiator dimensions in the bedroom 

Figure 1: a) Floor plan of house A and b) radiator dimensions in the bedroom 

Measurement items Sensors

Air temperature and humidity Thermometer & Hygrometer

Globe temperature Globe thermometer (φ38mm, black)

Vertical temperature distribution
(F.L.+0.0m, +0.4m, +0.8m, +1.2m, +1.6m, +2.0m, +2.4m)

Thermometer

Surface temperature of radiators Thermocouple

CO₂ concentration CO₂ densitometer

Electric power use of the heat pump Clamp type ammeter

Wind speed Anemometer

Heat absorbed by radiant panel Heat flow sensor

＊All the sensors were connected to small portable data-loggers

Table 2: Overview of the numerical simulation 

 
 

Figure 2: Radiator on the simulation 
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simulation software, the air conditioner was set to be in the box with the same height and depth, and 
thermal characteristics as the actual radiator and the width giving the same heat transfer area as the 
actual radiator as shown in Figure 2. The authors assumed that the convective heat transfer coefficient 
on the inner surface of the box was 99 W/m2K, the radiant heat transfer coefficient on the outer surface 
was 6.1 W/m2K, and the convective heat transfer coefficient on the outer surface was 24.4 W/m2K. 

Table 2 shows the overview of the numerical simulation for estimating the air change rate in rooms of 
house A. The authors used meteorological data at Komae City, Tokyo measured in 2021 for the 
simulation. The ventilation rate that brought the air temperature difference of the bedroom between 
calculated values and measured ones was within 1℃ was estimated through the numerical simulation. 

2.2.2 Estimating electric power of air conditioning 

The cooling load of an air conditioner was calculated by the simulation software in case that air 
conditioning was done under the same room air temperatures as the measured ones, and the electric 
power uses of three air conditioners were estimated by equation (1), equation (2), and equation (3) with 
calculated space cooling loads (the sum of sensitive and latent heat) in air conditioning [5].  

Er and E are the real electricity use of an air conditioner and the standard electricity use of that. Lr and 
L are the real cooling load of an air conditioner and the maximum cooling load of that. rE and rL are a 
ratio of standard electricity use to real one, and a ratio of standard cooling load to real one. Equation (4), 
equation (5), equation (6), equation (7), and equation (8) were used to obtain the constants a, b, c, d, and 
e in equation (3). 

 

𝐸 = 𝑟 𝐸 (1) 

𝑟 =
𝐿

𝐿
 (2) 

𝑟 = 𝑎𝑟 + 𝑏𝑟 + 𝑐𝑟 + 𝑑𝑟 + 𝑒 (3) 

𝑎 = −1.08𝜃∗ + 0.274𝜃∗ − 0.0086 (4) 

𝑏 = 1.513𝜃∗ − 0.3023 (5) 

𝑐 = −2.375𝜃∗ + 1.0841 (6) 

𝑑 = 9.6𝜃∗ − 0.846𝜃∗ − 0.2997 (7) 

𝑒 = −0.102𝜃∗ + 0.0927 (8) 

 

Three air conditioners were assumed to be installed in the bedroom, the living room, and the study in 
house A on the simulation software. Set-point temperatures of air conditioners were given in the same 
values as the measured room air temperatures during the field measurement period and set-point relative 
humidity was assumed to be 50%.  

In the bedroom and living room, ventilation fans were installed and given the estimated ventilation rate 
during the field measurement.  

Calculations were done with two different types of air conditioners. The rated capacity of a typical air 
conditioner is 2.2kW, its rated power use is 0.61kW, and its COP based on JIS is 3.61. The rated capacity 
of an air conditioner with dual compressors is 2.2kW, its rated power use is 0.425kW, and its COP based 
on JIS is 5.18. These values of COP in the air conditioners and the heat pump for radiant cooling are 
published ones based on JIS’s static test results. 

Figure 3 shows the relationship (the center of the bedroom while windows are closed) between measured 
and calculated values in room air temperatures and MRTs in the bedroom. In either the room air 
temperature or the MRT, the maximum difference between calculated and measured values is 1.5℃, 
and the majority of that is below 0.5℃. Therefore, the authors judged that the estimated accuracy of the 
simulation model is sufficient for the purpose of this paper. 
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3 Results and discussion in the field measurement 

3.1 Actual living style in the house realizing both radiant cooling and natural ventilation 

Figure 4 shows the schedule of using radiators, opening windows, and so on during the field 
measurement period. Photo 1 shows the state of opening windows. The resident usually operated the 
radiant cooling system so that the interior surface temperatures of walls were 28℃ or less. The 
temperatures of the three radiators can be set individually. All the radiators and DC fans were set to run 
at all times. The air flow rate of DC fans was basically at “weak wind”, but “medium wind”, when the 
amount of his metabolism was large, such as immediately right after returning home. 

 
Figure 3: Relationship between measured and calculated values in room air temperatures (left)  

and MRTs (right) in the bedroom 
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Figure 4: Recorded results of the living style in house A 

 
Photo 1: State of opening windows 
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The window was always open 5 ~ 10cm in the bedroom and 10 ~ 15cm in the study, as shown in Photo 
1. Yoshizu which is a traditional exterior shading and made of two-meter bamboos was leaning against 
the outside of the windows of the bedroom and the living room. The ceiling fan in the living room was 
basically operated upward, and after meals, returning home, and taking a bath, downward. 

3.2 Air environment 

Figure 5 a) shows CO2 concentrations in the bedroom and the living room. CO2 concentration in the 
bedroom was below 1000 ppm except for about 10 minutes each day, with the maximum being 1040 
ppm. CO2 concentration in the living room was mostly below 1000 ppm, with the maximum being 1244 
ppm. CO2 concentration in the living room often exceeded 1000 ppm around noon due to the use of a 
gas stove for cooking in the kitchen. Most of the time, the number of occupant remained one. 

3.3 Thermal environment and electric power use 

Figure 5 b) shows the thermal environment in the bedroom. Both the room air temperature and the MRT 
were in the range from 26℃ to 31℃, while the outside air temperature varied from 25℃ to 37℃. The 
room air temperature didn’t rise suddenly corresponding to the rise of outside air temperature and was 
kept below 28℃ except August 27th and 30th. The room air temperature and MRT exceeded 30℃ on 
August 27th and 30th, because the Yoshizu covering the bedroom’s window fell down due to strong 
winds and it took some time for the resident in the living room to notice and put it back. The wind speed 
in the center of the bedroom was 0.1 ~ 0.4m/s due to opening the window 5 ~ 10cm all the time as 
mentioned above. 

Figure 6 a) shows relative humidities and SET* [6] in the bedroom and the living room. The relative 
humidity in each room was kept at 76% or less, while the outside relative humidity varied from 51% to 
99%. Excluding August 27th and 30th when the Yoshizu fell down, frequency percentages of the SET* 

in the bedroom are 0.2% in the SET* below 26℃, 47% in the SET* from 26℃ to 28℃, and 53% in the 
SET* over 28℃. Those in the living room are 0.9% in the SET* being below 26℃, 70% in the SET* 

being from 26℃ to 28℃, and 29% in the SET* over 28℃.  
Figure 6 b) shows the power use of the electric heat pump for radiant cooling and the air conditioners. 
The power use of the heat pump represents the hourly average of values recorded at 5-minute intervals. 
Power uses in Figure 6 b) were calculated with equation (1), not with static COP values such as 3.59, 
3.61, and 5.18. The electric heat pump used 156 ~ 303W power to supply cold water at 19 ~ 21℃ to the 
three radiators. Meanwhile, the total electric power use of three air conditioners was 191 ~ 335W to cool 
three rooms with the same room air temperatures as measured values. There is a small difference in 
published values of JIS static test results of COP between the heat pump for radiant cooling (3.59) and 

 
a) CO2 concentration       b) Thermal environment 

Figure 5: a) CO2 concentration in the living room and the bedroom, b) thermal environment 
in the bedroom 
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the air conditioners with its COP being 3.61. The total power use of the heat pump for radiant cooling 
was equivalent to 82 ~ 90% of that of the three air conditioners in the case of air conditioners’ COP 
being 3.61. For three air conditioners with dual compressors with their COP being 5.18, the total electric 
power use was 133 ~ 234W. The air conditioner with dual compressors uses less power and is more 
energy-efficient than the heat pump for radiant cooling, because it has two compressors in order to 
correspond to both small and large cooling loads. Even among air conditioners, the difference in power 
use is 1.17 ~ 1.29 times greater depending on the difference in COP. The heat pump might use less 
electricity if it had the same COP as the air conditioner with dual compressors. These results show 
radiant cooling is more resource-saving than air conditioning in case of space cooling combined with 
natural ventilation in house A. 

3.4 Vertical temperature distribution in the bedroom 

Figure 7 shows the vertical temperature distribution in the bedroom at the time of the highest outside air 
temperature (Aug. 25th) and the next day during the field measurement period. The air temperature 2.4m 
above the floor was 2℃ higher than the air temperature right on the floor surface shown in Figure 7. 
The high-temperature outside air flew into the room and moved near the ceiling without falling down to 
the occupant’s height. There was a maximum air temperature difference of 1.5℃ between 2.0m above 
the floor and the floor surface. The maximum air temperature difference between 1.6m above the floor 
and the floor surface was 0.4℃. The cooling effect below the position of 1.6m above the floor didn’t 
decrease, because the high-temperature outside air was moving over the position of 2.0m above the 
floor. Moreover, cold air didn’t stay near the floor surface due to the DC fan’s blowing upward.  

The temperature difference between near the ceiling and the floor was within 3.0℃ during the field 
measurement period. That can’t cause thermal discomfort originated from the vertical temperature 
difference. Therefore, it is unlikely that the resident will experience thermal feel discomfort caused by 
temperature differences in house A realizing both radiant cooling and natural ventilation at the same 
state of opening windows. 

3.5 Natural ventilation 

Figure 8 shows the results of estimated air change rates in the bedroom and the relationship between the 
calculated values and the measured ones in the bedroom air temperature. Calculated room air 
temperatures reproduce measured ones with temperature difference being 0.7℃ and less. Ventilation 
rates are derived to be 1 ~ 15 times/h from August 24th to September 1st in 2021 through trial and error 
in numerical simulations.  

 
a) Relative humidity and SET*              b) Electric power use 

Figure 6: a) Relative humidities and SET* in the bedroom and living room (0.33clo, 1met) 
 and b) electric power use of the heat pump and air conditioners  
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The combination between radiant cooling and natural ventilation realized room air temperatures below 

28℃ and a sufficient ventilation rate for the avoidance of COVID-19 infections, namely over 30m3/(h･
capita) [6] is recommended by SHASE (The Society of Heating, Air-Conditioning and Sanitary 
Engineers of Japan) without a few exceptions. The volume of the bedroom is 25.65m3 and the number 
of occupants is mostly one as shown in Figure 4. 

4 Conclusion 

In this paper, the actual conditions of the air and thermal environment were quantitatively grasped in the 
multi-family house (house A) realizing both radiant cooling and natural ventilation. The followings are 
the findings.  

1) The resident operates radiators’ temperatures from 19℃ to 21℃ and DC fans behind radiators to 
enhance convective heat removal so that room air temperatures are mostly 28℃ and less. Moreover, 
he covers windows with Yoshizu (Japanese traditional external shading, bamboo screen) and opens 
windows about 10cm in the bedroom and the study.  

2) The window in the bedroom is opened about 10cm all the time. Therefore, the CO2 concentration 
in the bedroom is below 1000 ppm. The estimated air change rate varies from 1 to 16 times/h and 

those are equivalent to more than 30m3/(h･capita). 

 
Figure 7: Vertical temperature distribution in the bedroom 
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a) Estimated air change rate      b) Relationship between the calculated value 

and measured one in the room air temperature 
Figure 8: a) Estimated air change rare and b) relationship between the calculated value and 

measured one in the room air temperature 
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3) The room air temperatures and MRTs are kept below 28℃ under the outside air temperature being 
25 ~ 37℃ due to the combination between operating the radiant cooling and opening windows in 
about 10cm all the time. 

4) This value is equivalent to 82 ~ 90% of the estimated electric power used by three air conditioners 
whose COPs are quite close to that of the electric heat pump for the radiant cooling system and 
room air temperatures are the same as the measured ones. The radiant cooling system combined 
with natural ventilation uses electric power of 156 ~ 303W, and air conditioning used 191 ~ 335W 
of electric power. Therefore, radiant cooling is more resource-saving than air conditioning, in this 
case. 

5) In house A, while both radiant cooling and natural ventilation are realized, the high temperature 
outside air is moving near the ceiling due to its small density and there is a temperature difference 
at most 0.4℃ between 1.6m above the floor and the floor surface. The cooling effect below the 
position of 1.6m above the floor can’t be disturbed by the warm outside air moving near the ceiling. 
The temperature difference between the ceiling and the floor surfaces is within 3.0℃ so that it does 
not cause thermal discomfort. 

Nomenclature 

E standard electricity use of an air conditioner, W, 

Er real electricity use of an air conditioner, W, 

L maximum cooling load, W, 

Lr real cooling load, W, 

𝜃∗ hundredth of outside air temperature, ℃, 

rE ratio of standard electricity use to real one, 

rL ratio of maximum cooling load to real one. 

 

Subscripts and superscripts 

E electricity use, 

L cooling load, 

o outside air, 

r real value. 
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Abstract 

This article deals with optimal control strategy of a fuel cell (FC) stack in order to minimize the hydrogen 
fuel consumption of a trolleybus hybrid propulsion. Trolleybuses are used to a high extent in the public 
transport due to their high tank-to-wheels efficiency. They are powered by electricity from the grid 
which requires complex infrastructure. Moreover, their autonomy depends on this infrastructure – they 
cannot operate outside the grid. This study proposes implementation of a PEMFC/battery range extender 
in a trolleybus – a propulsion strategy that allows both operation with electricity from the grid, and 
outside the grid by means of hydrogen energy. The propulsion system consists of a PEMFC stack with 
85 kW nominal power and a battery with 26.6 KWh capacity. The study was conducted over a trolleybus 
real driving cycle on an existing public transport line in Sofia, Bulgaria. The instantaneous power 
demand was estimated by means of a vehicle dynamics model and by considering the electrical 
propulsion efficiency, and two control strategies for the FC stack power were proposed – an adaptive 
control strategy with constant stack power support for concrete vehicle mass, and a switching control 
strategy depending on the battery state of charge. The first strategy showed better results as it guaranteed 
lower fuel consumption, while the second one guaranteed easier control, as the mass of the vehicle 
(number of passengers) is harder to estimate for the first strategy. It was additionally proven for the 
second strategy, that the narrower the range between the maximum and minimum power switching 
values, the lower the fuel consumption, with a minimum of only 0.8% higher fuel consumption than the 
first strategy achieved. 

1 Introduction 

Transportation of goods and people is already an intrinsic part of our fast-paced lives. And even though 
it brings many advantages, it is also to a great extent responsible for the occurrence of serious problems, 
such as global warming and environmental pollution (transport accounts for about a quarter of the EU’s 
greenhouse gas emissions as of 2019 [1]). In order to suppress some of the negative footprint of 
transportation, a great many technological advancements have been adopted in recent years in all types 
of transport means, especially in ground vehicles. For example, various types of fuels, fuel mixtures, 
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and fuel additives have been tested and used in modern internal combustion engines [2–8]. Additionally, 
an alternative propulsion type - the electrical one, has been embedded and heavily prioritized in the mix 
of newly produced vehicles, being also bound to the rapid growth of electricity production from 
renewable energy sources (RES) [9–14]. This occurs simultaneously with the surge in the development 
of vehicle autonomy and energy management strategies [15–17], as well as the improvement in the 
utilization of real-world driving cycles [18–21] - all of them as a means to higher the efficiency and 
safety of everyday transportation. 

Public transport in urban areas in particular plays a significant role in the environment quality. An 
important effort has been made over the past years to replace the conventional buses driven by diesel 
engines with such powered by electric motors, which is within the frame of the EU target to reduce the 
greenhouse gas (GHG) emissions by at least 50% towards 55% until 2030 compared to the ones in 1990 
[1,22]. An alternative that is also sustainable and ecological, are the electric buses powered by a 
hydrogen fuel cell (also known as fuel cell buses-FCBs) – they are intriguing due to their on-board 
electricity production, fast refueling times and higher level of autonomy. Because of these reasons, 
employment of FCBs is often supported by urban authorities and FCBs have already been operating in 
many European countries, including Poland, Netherlands, Sweden, Ireland and UK [23–27].  

Trolleybuses are designed for long-term operation which is comparable to that of trams, and a trolleybus 
which is powered by the electricity from the overhead grid, but is also equipped a range extender, can 
guarantee more versatile, reliable, and most importantly – more ecological, urban transportation, in 
comparison to standard diesel-run busses. The effective and cheap electric propulsion can be applied for 
the existing infrastructure, and in cases where it is lacking or is out of service, the range extender ensures 
uninterrupted operation of the vehicle. Even when electricity is unavailable for long time periods, 
operation is not problematic as fuel for the extender is available and filled fast at hydrogen stations. 
However, until now almost all range extenders to have been used are ICE-diesel ones [28]. Thus, in 
order to further reduce in-city pollution, and to lower the CO2 emissions to a minimum, a hydrogen FC 
range extender replaces the diesel one. 

It is, though, very important to optimize the FC operation in terms of fuel consumption and cell 
degradation [29–31]. Different energy management strategies (EMS) were studied in this field in order 
to minimize fuel consumption based on pre-defined configuration restrictions. There are two general 
approaches – rule-based strategies and optimization-based strategies. In rule-based strategies a specific 
set of rules defines the input and output power of each system component.  A variant of the rule-based 
strategy focuses on predictions of the energy consumption [32]. Another rule-based strategy is the fuzzy 
logic strategy that uses functions to decide the output parameters based on the input values [33]. On the 
other hand, optimization-based strategies adopt an active algorithm which change the rules in real time 
on the basis of the dynamic behavior of the system, or of saved previous parameter values from similar 
system scenarios. The Model predictive control (MPC) strategy is an example of such a strategy [34] – 
its algorithms closely mimic the real drive scenarios in order to predict the output values of the 
parameters. 

The aim of this study is to determine the optimal fuel cell control strategy of a FCB running on 
grid/electricity with a FC/battery range extender, in order to minimize the fuel consumption over a real 
driving cycle. The strategy focuses on setting the lowest fuel consumption depending on the mass of the 
vehicle (set number of passengers) and on the cycle type. As it is complex to constantly count the 
passengers’ flow, an alternative strategy is proposed which manages to give satisfying results near the 
values of the strategy with a set number of passengers in the vehicle. The driving cycle was determined 
experimentally and it represents urban transport line number 6 in the city of Sofia, Bulgaria. The route 
of the line is presented in Figure 1, while the speed and elevation profiles are in Figure 2 and Figure 3 
respectively. 
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2 Trolleybus range extender topology based on a fuel cell 

2.1 Hybrid driveline topology 

The topology for the hybrid range extender is shown in Figure 4. It consists of the FC stack coupled 
with a one-directional DC/DC converter, and a battery with a bi-directional DC/DC converter. The 
electricity flows from the FC and the battery are supplied to the AC electric motor though a bi-directional 
DC/AC inverter. The electric motor can also operation in generator mode (M/G – motor/generator), 
hence the necessity of bi-directional converters. According to Tazelaar et al. [35] this configuration 
enables independent and flexible control of both the fuel cell (FC) and the battery depending on the 
vehicle energy requirements. As the powers from these two energy sources should match the demanded 
power, a suitable management of both DC/DC convertors is needed. This topology allows for tight 
control of the DC-bus voltage, therefore large voltage swings on DC-bus can easily be avoided, resulting 
in less stringent requirements of the DC/AC inverter for its DC-voltage. 

 

 

Figure 1: Real driving cycle route – transport line №6 in Sofia, Bulgaria  

 

Figure 2: Typical speed profile of the route 
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Figure 3: Elevation profile of the route 

 

 Figure 4: Propulsion topology of the trolleybus 

2.2 Trolleybus main parameters and mass variation over the cycle 

The main parameters of the trolleybus related to the vehicle dynamics used in the simulations are listed 
in Table 1, where 𝑚 is the gross mass of the trolleybus, 𝑓  is the rolling resistance coefficient, 𝐴  is the 
frontal area of the vehicle, 𝐶  is its drag resistance coefficient, 𝛿 is the inertia coefficient of rotating 
parts, 𝑟  is the rolling radius of the wheel, and 𝑖  is the gear ratio. In order to optimize the FC control 
strategy in regards to the energy consumption, it was also important to determine the change of the 
vehicle gross mass during the cycle. This mass depends on the number of on-board passengers which 
was experimentally studied during midday hours. It should be noted that the measurements were 
performed during the COVID19 pandemic outburst, thus many people worked from home and this 
lowered the passenger numbers. Based on the experimental results for midday hours, and on other 
statistical data regarding passenger numbers, the values for rush hours were generated. The generated 
data is presented in Figure 5 for both direction of the transport line. 

 

Table 1: Main parameters of the trolleybus for the vehicle dynamic model 

Par. 𝑚, 𝑘𝑔 𝑓 , − 𝐴 , 𝑚  𝐶 , − 𝛿, − 𝑟 , 𝑚 𝑖 , − 

Value 
13700-
22500 

0.012 6.5 0.65 1.0 
0.475 

(275/70
R22.5) 

7.16 
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Figure 5: Number of passengers on the trolleybus transport line №6 – experimental data during 
midday and calculated data in both directions during rush hours 

3 Component models 

3.1 Traction electric motor model 

In order to estimate the amount of electricity needed to drive the vehicle, a numerical model of the power 
losses of the M/G was used. Since the losses in the modelled motor are unknow, A good way to calculate 
them is via (1) which adopts an approximation of the needed losses based on the scaling of the losses of 
another similar electric motor in terms of torque 𝑀  and angular speed 𝜔  [36].  

 

𝑃 =
𝑀 . 𝜔

𝑀 . 𝜔
. 𝑘 . 𝑀 .

𝑀

𝑀
+ 𝑘 . 𝜔 .

𝜔

𝜔
+ 𝑘 . 𝜔 .

𝜔

𝜔
+ 𝐶  (1) 

 

In the correlation presented above, 𝑀  and 𝜔  are the maximum torque and angular speed of the 
motor with known power losses, while 𝑀  and 𝜔  – those of the motor to be approximated. The 
loss coefficient are as follows: 𝑘   is the electrical losses coefficient, representing the resistance in the 
brushes and coils of the motor;  𝑘  is the coefficient which accounts for the magnetic hysteresis and eddy 
current losses; 𝑘  is the aerodynamic losses coefficient; and 𝐶 represents all the constant losses existing 
independently in the different motor operating points.  

By using (1) the maximum torque and speed of the modelled motor can be scaled up and down in order 
to alter its power. Based on the available characteristic with known losses, angular speeds, torque and 
loss coefficients of a given M/G, the coefficients in (1) can be selected appropriately, therefore 
generating a plausible and effective new characteristic for the modelled electric motor. For this particular 
case, the loss coefficients are estimated based on the Nissan Leaf motor – an induction electric machine, 
with rated power of 80 kW, which offers maximum efficiency of around 97 % [37].  

The reference data for electric motor Nissan Leaf with its efficiency curves is presented in Figure 6. It 
is visible that at launching of the vehicle after a stop – low speeds and high torque, and also across the 
whole map at very low torque, the efficiency is low. Nonetheless, is at its highest value at nominal torque 
and speed, and generally the efficiency curves are wide and show high efficiency across the whole map 
as the lowest values are about 0.75-0.80. The reference data is presented in Table 2 

. 
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Figure 6: Characteristics of the known electric motor from Nissan Leaf [37] 

Table 2: Data of the referenced electric motor for Nissan Leaf  [38] 

Par. 𝑃 , 𝑘𝑊 𝑀 , 𝑁𝑚 𝑛 , 𝑟𝑝𝑚 𝑘 , 𝑁 . 𝑚  𝑘 , 𝑠. 𝑟𝑎𝑑  𝑘 , 𝑠 . 𝑟𝑎𝑑  𝐶, − 
Value 80 280 10300 0.14 2.3 6e-7 500 

 

Based on above-mentioned data an electric motor with 𝑃 = 240 𝑘𝑊, 𝑀 = 2500 𝑁𝑚, 𝑛 =
915 𝑟𝑝𝑚 as rated speed and 𝑛 = 2500 𝑟𝑝𝑚 is modelled – Figure 7 above the abscissa shows its 
efficiency graph. The considered topology of the propulsion system requires the main traction motor to 
also work in generator mode for regenerative braking, but there is no available experimental data for its 
efficiency in this operation mode. In order to overcome this issue, the idea for mirror values of the 
inverted energy flows is used, where also symmetrical local efficiency is applied [39]. Thus, the 
generator values are generated under the abscissa – the negative sign indicates the generator. The 
obtained results show very good coincidence in the area of nominal torque, shown by the blue and red 
solid curves in Figure 7, and acceptable concurrence in the area bounded by the maximum torque, 
presented by the dashed curves in the same figure.  

 

 

Figure 7: Characteristics of the simulated electric motor based on the ones of the Nissan Leaf motor 

The proposed model in the study and all the figures generated with it, including Figure 7, were developed 
using the MATLAB software. 
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3.2 Inverter and converter models 

The model of the DC/AC inverter depends on the operation modes of the considered hybrid propulsion 
system. For the DC/AC inverter that is coupled with the traction M/G and through which the entire 
energy passes, the efficiency can be calculated based on the M/G working points defined by its torque 
and speed, as it is shown in Figure 8.  

The efficiency of DC/DC converter that is connected to the battery pack, depends on the battery SoC 
and efficiency, described by the corresponding current and power of the battery pack – Figure 9, for the 
modelling the data reported by Zhang et al. in [40] is used. The data is from the response surface model 
calculated as a function of two parameters, current flow I  and power P  through the converter. The 
authors state that the presented efficiency map may be slightly different from a real DC/DC converter 
yet it is still accurate enough to evaluate the converter’s performance. 

The DC/DC converter from the FC side is considered as a pass-through device and its modelled 
efficiency is presented as a function of the necessary FC power, shown in Figure 10. The characteristics 
of the bus connections in the topology are considered constant, without investigating the dynamics on 
an electrical level.  

 

 

Figure 8: DC/AC inverter efficiency as a function of the working points of the traction motor 

 

Figure 9: Battery DC/DC converter efficiency as a function of the battery parameters 
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Figure 10: Fuel cell DC/DC converter efficiency as a function of the FC power 

3.3 Battery and fuel cell models 

Battery state of charge 𝑆𝑜𝐶  is considered as the main parameter for determination of the battery 
condition. A simplified Thevenin battery cell model is adopted, where the battery parameters such as its 
open circuit voltage, internal resistance, and efficiency, are considered as power series of its state of 
charge. The state of charge can be determined by using (2) [41]: 

 

𝑆𝑜𝐶 = 1 − 𝑘 , . 𝐼𝑑𝑡 (2) 

 

where 𝐼 is the current through the battery and 𝑘 , =  is a functional coefficient of the model. 𝑄  

is the nominal capacity of the battery, which for this model is 26.6 kWh. The current is positive when 
charging, and negative when discharging. It can be calculated by (3) [36]: 

 

𝐼 =

−𝐸 + 𝐸 + 4𝑅𝑃 ,

2𝑅
 

(3) 

 

where 𝐸, 𝑅 and 𝑃 ,  are the open circuit volage, the internal resistance and the power of the battery 
respectively. 

A simplified model of the PEM fuel cell working on hydrogen fuel is used in order to estimate the fuel 
consumption. The model considers the FC operation at nominal temperature and pressure. It is based on 
the equivalent circuit as the parameters of the model can be modified by using the polarization curve. 
Based on the steady state operation modes of the cell stack, a polynomial expression for the hydrogen 
consumption is obtained: 

 

𝑚 = 5.753𝑒 (𝑃 ) − 1.575𝑒 (𝑃 ) + 8.479𝑒 (𝑃 ) − 3.105 (4) 

 

where 𝑃 , k𝑊 is the power of the cells’ stack. In cases when 𝑚 < 0 according to the calculation, it 
is actually 𝑚 = 0. The hydrogen consumption and efficiency of a PEM fuel cell stack with nominal 
power of 85kW is presented in Figure 11. The data for the efficiency is experimental, while the 
consumption data is modelled, both available from older studies of the authors. 

738



 

Figure 11: FC stack hydrogen consumption and efficiency as a function of the power 

As the battery is used as an energy buffer, it is reasonable to assume that  𝑆𝑜𝐶 = 𝑆𝑜𝐶 ,i.e., the 
battery state of charge at the end of the cycle is equal to its initial state. The necessary FC power that 
would fulfil the condition for the battery’s SoC at the end of the cycles, for a given trolleybus mass, 
could be found by solving the system of equations (5)-(8): 

 

𝑑

𝑑𝑡
𝑆𝑜𝐶 = −𝑘 ,

𝐸 ± 𝐸 ± 4𝑅. 𝑃 ,

2𝑅
 

(5) 

 

Equation (5) is obtained by combining (2) and (3). 

 

𝑃 = 𝑣(𝑚𝛿�̇� + 𝑓 𝑚𝑔 + 𝑊𝑣 ) (6) 

 

Equation (6) represents the power of the bus my examining the forces applied on it. The first member 
in the brackets is the inertia force generated by the rotating parts in the vehicle. The inertia coefficient 
is given in Table 1. The second member in the brackets is the rolling resistance force with the rolling 
resistance coefficient also given in Table 1. The last member of the brackets is the drag force, 𝑊 =
0,5𝜌𝐶 𝐴  being the drag flow factor. The required power of the battery to achieve equal initial and final 

SOC is given in (7). 𝜂 is the efficiency of the DC/DC converter connected to the battery, while 𝜂 - 

of the one at the FC side.  

The minus sign resembles acceleration mode, thus discharging, while the plus sign – deceleration mode, 
thus regenerative braking with charging of the battery. The same is applied in (5), but the signs of the 
open circuit voltage before the square root are inverted as given by the reference literature. 

 

𝑃 , = 𝜂
±

𝑃 . 𝜂 / .
± 𝜂± − 𝑃 . 𝜂  (7) 

𝑆𝑜𝐶 = 𝑆𝑜𝐶  (8) 

 

739



4 Simulation results 

4.1 Cycle differentiation and an adaptive control strategy for concrete vehicle mass 

Four cycles with different speed profiles are considered. These separate profiles depict typical variations 
in the traffic flow on the trolleybus route over a single driver shift. The first cycle a) represents early 
morning traffic with relatively higher speeds with number of passengers below the average value. The 
next two cycles b) and c) capture the morning traffic jams with main commuter flow toward the center 
of the city, the last cycle d) represents the calm and normal loaded traffic around lunchtime with an 
average number of passengers on the bus. The same cycles but in reverse order should be used to capture 
afternoon and evening traffic, corresponding to the second driver shift but with different commuters’ 
distribution. Using the equations (5)-(8) the battery state is modelled over the described cycles and the 
obtained boundary results for empty and fully loaded trolleybus are shown in Figure 12 a) to d). 
Resemblance between battery behavior for a given speed profile is evident independent on the used M/G 
efficiency models. The chosen value for the initial and final state of charge is  
𝑆𝑜𝐶 = 𝑆𝑜𝐶 = 0.6. 

For any given speed profile and trolleybus load there is a unique value for 𝑃  which exactly fulfils the 
condition for the battery as an energy buffer 𝑆𝑜𝐶 = 𝑆𝑜𝐶 , while keeping the lowest possible 
hydrogen consumption. This leads to the idea, that every trolleybus mass deviation will generate a state, 
which lies in the area bounded by maximum battery state of charge 𝑆𝑜𝐶  and its minimum state 

𝑆𝑜𝐶 , corresponding to an empty and a full trolleybus respectively, with their respective FC power 
backing 𝑃 (𝑚 ) and 𝑃 (𝑚 ). As every cycle has a different speed and gradient profile, it 
requires different FC backing for keeping the condition 𝑆𝑜𝐶 = 𝑆𝑜𝐶 , the related FC 
consumption is given in Table 3. 

Table 3: Cycles characteristics, necessary fuel cell power backing and corresponding fuel cell 
consumption for M/G efficiency based on Nissan Leaf data 

cycle 
duration 

𝑡 , 𝑠 𝑃  , 𝑊 
 

𝑃  , 𝑊 
 

consumption: approx. 𝐻 ,  ltr 

𝑃  , 𝑊  (𝑃  , 𝑊) 

a) 4624 31804 50178 20742 35095 
b) 5381 30197 44737 22817 35533 
c) 4432 29050 45237 18025 29656 
d) 4665 30653 48783 20104 34197 

Different necessary FC power backing values depict the influence of the overall efficiency of the 
considered hybrid propulsion system and the estimated FC consumption. Higher M/G efficiency at 
higher M/G power requests, determines low FC support 𝑃 , with a corresponding fuel consumption. 
On the contrary, the lower M/G efficiency at lower power requests leads to high necessary FC power 
support 𝑃 , and thus higher fuel consumption. 

The simplest and most direct approach for evaluation of the required FC power support is an adaptive 
control strategy of the FC power proportional to the overall trolleybus mass (proportional to the number 
of passengers). In Figure 13 are depicted the SoC battery values for a fully loaded and for an empty 
vehicle. If a trolleybus mass variation according to the experimental commuters’ data is considered, for 
example for the morning rush hours, an equivalent FC power support 𝑃 (𝑚 + 𝛥𝑚) should be evaluated 
and applied for each trolleybus mass variation 𝛥𝑚, i.e., for each number of passengers on the bus there 
is a concrete 𝑃  applied which guarantees fulfilment of the condition in (8). The SoC for such a scenario 
is also shown in Figure 13, labelled as a corrected variable load. As a result, the battery 𝑆𝑜𝐶  keeps 

its values into the permissible area between 𝑆𝑜𝐶  - an empty trolleybus and 𝑆𝑜𝐶 - a fully 
loaded vehicle, as it is shown in the figure. For comparative purposes this FC backing value is named 
as case 0 further in the study. 
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Figure 12: Boundary battery 𝑆𝑜𝐶  for empty/full trolleybus over different speed profiles on the 
route 

4.2 A switching control strategy withing a power range 

The main disadvantage of the adaptive FC power control strategy, presented above, is that there are no 
suitable means for the evaluation of the chosen variable parameter (overall trolleybus mass 𝑚). For this 
reason, a different strategy is applied – a switching control algorithm that depends on the measured 
battery 𝑆𝑜𝐶 . Such a deterministic strategy for control is applicable for the considered trolleybus 
commuting on a prescheduled route.  
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Figure 13: System state over cycle a) with corrected commuter flow for morning rush hours (top) and 
adaptive FC support (bottom) 

In order to apply the switching control algorithm strategy, the conditions for changing of the FC stack 
backing power should be determined. Three defined states have been chosen – an idle state with zero 
FC power support; a state of minimum power support, which equals to 26.5 kW and corresponds to an 
empty trolleybus; and a state of maximum power support equaling to 57.6 kW for a fully loaded 
trolleybus. This logic is depicted as follows using battery state model, trolleybus dynamics model, and 
internal power splitting with battery state limitation as an energy buffer with following conditions:  
 

condition 1:                𝑆𝑜𝐶 < 𝑆𝑜𝐶  :𝑃 =  0, 𝑖𝑓 𝑆𝑜𝐶 < 𝑆𝑜𝐶  

                                                                                      𝑃 = 𝑃   𝑖𝑓 𝑆𝑜𝐶 < 𝑆𝑜𝐶 < 𝑆𝑜𝐶  

                                                                            𝑃 = 𝑃  𝑖𝑓 𝑆𝑜𝐶 < 𝑆𝑜𝐶  

 

condition 2:                𝑆𝑜𝐶 < 𝑆𝑜𝐶 :𝑃 = 0, 𝑖𝑓 𝑆𝑜𝐶 < 𝑆𝑜𝐶    

                                                                             𝑃 = 𝑃   𝑖𝑓 𝑆𝑜𝐶 < 𝑆𝑜𝐶 < 𝑆𝑜𝐶  

                                                      𝑃 = 𝑃  𝑖𝑓 𝑆𝑜𝐶 < 𝑆𝑜𝐶  

 

Results for cycle a) and a corrected variable commuter flow for morning rush hours, are discussed in 
detail here as case 1, again using M/G efficiency model according to the Nissan Leaf data. In this case, 
two values for FC power backing are considered, 𝑃   which corresponds to minimum passenger 
capacity (minimum vehicles mass), and 𝑃   that resembles maximum passenger capacity (maximum 
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vehicle mass). The frequency of the switching FC power support follows the adaptive values from the 
previous case 0. In spite of the more realistic control strategy relied on 𝑆𝑜𝐶  measurement instead of 
overall trolleybus mass variation, this strategy leads to an inevitable consumption increase. In Figure 14 
is presented the logic described by the conditions, while Figure 15 depicts the system behavior in cycle 
a) with the necessary power support from the FC stack for the current strategy.  

 

Figure 14: Discrete logic for FC power support as function of current battery SoC and its boundary 
values over a prearranged covered mileage 

 

Figure 15: FC stack power backing according to the switching control strategy over cycle a) with a 
corrected commuter flow for morning rush hours 

4.2.1 Optimization of the range of maximum and minimum FC backing for the switching 
control strategy 

The next substrategy solves the optimization problem: determination of the values for fixed  𝑃  and 
𝑃 , which guarantee minimum FC consumption. The system behavior is again described over the 
cycle a). The permissible range for the couples 𝑃 , 𝑃  is limited in the area of high FC efficiency 
above 50%, therefore, according to Figure 11 between 10kW and 80kW. The optimization procedure 
includes seeking for such couples 𝑃 , 𝑃 , which minimize the FC consumption 𝐽 =

∫ 𝑚 𝑑𝑡. The hydrogen consumption is a monotonic function of the requested FC power, as 
depicted in Figure 11, which places the minimum consumption at the boundary of the accepted 
permissible range. However, the surface, which represents the FC consumption as a function of the 
working points 𝑃 , 𝑃 , shows three specific areas, marked by three separate points, as shown in 
Figure 16.  
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Figure 16: FC consumption at different fixed 𝑃 , 𝑃  power support 

The first area covers high values of 𝑃  over the entire  𝑃  range – the point with coordinates 
X:5e+04 and Y:6e+04 in Figure 16 lies within this area. This area is labelled as case 2. For any fixed 

point 𝑃 , 𝑃  within case 2, the battery state 𝑆𝑜𝐶  tends to its high boundary 𝑆𝑜𝐶 , see 
Figure 17 – case 2. From a control point of view, those points describe an unstable state, and this 
condition requires an increased FC power switching frequency. Moreover, the FC predominantly 
switches between idle and the higher power mode. This keeps the overall energy state of the hybrid 
system at unnecessarily high levels, which leads to higher FC consumption to fulfil the end condition 
for the battery 𝑆𝑜𝐶 = 𝑆𝑜𝐶 = 0.6.  

 

Figure 17: System behavior for case 2 (left) and case 3 (right) 

The second area covers the entire 𝑃  range, but with lower value for 𝑃  – the point with coordinates 
X: 6e+04, Y:3e+04 in Figure 16 is representable for this area – labelled as case 3. For any fixed point 
𝑃 , 𝑃  in this area, the battery state 𝑆𝑜𝐶  tends to its low boundary 𝑆𝑜𝐶 . The FC 

working points are evenly distributed among idle, the medium power state, and the high-power state. 
This case is also presented in Figure 17 (right), and it offers a stable switching mode of operation. 
Considering the monotonic relation between the requested FC power and FC consumption, it is easy to 
assume a reduction in FC consumption compared to case 2, which is also evident in Figure 16. In this 
case the maximum and minimum FC support values are 60 kW and 30 kW respectively. 

As it is seen from Figure 16, there is a third area situated between the aforementioned areas, which 
includes 𝑃 , 𝑃  points with minimum specific FC consumption – the point with coordinates 
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X:3e+04, Y:3e+04 is within this area. As this “extremum” area is of a specific interest, it is considered 
in more detail. 

4.2.2 A local extremum in the optimized range  

As the consumption is a monotonic function of the requested power – Figure 11, an additional penalty 
function is added to the optimization criteria, which evaluates final battery 𝑆𝑜𝐶   deviation compared 
to its initial state. In this case, labelled as 4, the requirements for the final battery state are reduced to 
almost equal values 𝑆𝑜𝐶 ≈ 𝑆𝑜𝐶 . The proposed penalty function has the following form: 

  

𝑃 , 𝑃 : 𝑚𝑖𝑛(𝐽);  𝐽 = ∫ 𝑘 𝑚 𝑑𝑡 (9) 

𝑘 = 1 + 𝑘𝛥𝑆𝑜𝐶  (10) 

𝛥𝑆𝑜𝐶 = 𝑆𝑜𝐶 − 𝑆𝑜𝐶  (11) 

 

With the additional conditions: 

for 𝑆𝑜𝐶 ∈ 𝑆𝑜𝐶 ± 1.5%: 𝑘 = 0; 

for 𝑆𝑜𝐶 ∈ 𝑆𝑜𝐶 ± 10%: 𝑘 = 5. 

As the main element of the proposed function is the hydrogen consumption, it is clear that the considered 
function has the same shape as the surface discussed above. The penalty additive changes the monotonic 
behavior, which leads to existence of extremum into the permissible range for the couples 𝑃 , 𝑃 . 
Both cases 2 and 3 are shown again on the FC consumption surface in Figure 18, but the FC consumption 
extremum is also shown as case 4, the zoomed version of the optimization function in Figure 18 - right. 
Comparing the values for 𝑃 , 𝑃 , it is clear that the minimum FC consumption is situated in the 
third “extremum” area. 

 

Figure 18: Functional criteria for consumption minimization over cycle a) for corrected commuter 
flows – case 2 and 3 (left), case 4 optimum consumption (right) 

 

Figure 19: FC stack power backing with case 4 values – extremum values 
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In Figure 19 is presented the FC power backing of case 4 where the maximum power support is 36.5 
kW, and the minimum – 31 kW. The FC consumption for all described cases is quoted in the Table 4. 
The idealized case 0 with an adaptive FC power support strategy is considered as 100%. By using the 
optimization control strategy over a specifically formulated function, an overconsumption of below 1% 
for case 4 in comparison to case 0 is achieved, but with a more realistic control scheme, which relies on 
battery state of charge 𝑆𝑜𝐶 , rather on the overall trolleybus mass. In order to further lower the % of 
overconsumption in comparison to case 0, the couple 𝑃 , 𝑃  needs to become even narrower in 
terms of its values, and eventually it would become limited to 𝑃 = 𝑃  which coincides with the 
fixed 𝑃  value for each different passenger count (different mass of the vehicle). 

Table 4: FC fuel consumption: comparative analysis for the cases 0 to 4 

case 𝑃  , 𝑊 𝑃  , 𝑊 approximated 𝐻 ,  ltr.𝑚𝑖𝑛  variation 
0 adaptive values 23778 100% 
1 26566 57660 24957 104.7% 
2 -(idle) 60000 26637 107.3% 
3 30000 60000 24766 104% 
4 31000 36500 23976 100.8% 

5 Conclusion 

This study focuses on fuel cell control strategy optimization for a hybrid range extender implemented 
in trolleybus. The driveline consists of a fuel cell with nominal power of 85kW and battery with capacity 
of 26.6 kWh. The fuel cell/battery behavior was simulated over an experimentally determined speed and 
elevation profile on a line number 6 in public transport of Sofia. The number of passengers and vehicle 
mass variation were also evaluated. Based on a vehicle dynamics model, traction motor efficiency, 
motor inverter efficiency and battery efficiency the traction power and energy demand from the power 
source were estimated. Then, different fuel cell control strategies were implemented and evaluated, as 
the condition is to have equal initial and final value for the state of charge of the battery – 0.6. The first 
strategy includes presetting a concrete FC stack power backing dependent on the mass of the trolleybus, 
thus on the number of passengers – it guarantees the lowest cumulative fuel consumption. The second 
strategy changes algorithmically the stack backing power according to the value of battery’s state of 
charge, and examines the different possibilities for maximum and minimum backing power values and 
the shifting between them in order to achieve lowest possible hydrogen consumption. However, it 
showed higher fuel usage when compared with the first strategy. The last examined strategy is a 
substrategy of the second one that uses the values for the backing power from an extremum area 
guaranteeing this way lower hydrogen consumption. Nonetheless, the substrategy consumes 0.8% more 
hydrogen for the same cycle when compared with the first one, but it enables easier control that is 
dependent on the SoC values, instead of having the need to count the passengers on the trolleybus.   

Nomenclature 

𝐴  frontal trolleybus area, m2, 
𝐶 coefficient, representing all constant losses in the electric motor, -, 
𝐶  drag resistance coefficient, -, 
𝐸 battery open circuit voltage, V, 
𝑔 gravity acceleration, m.s-2, 
𝐼 battery current, A, 
𝑖  drive gear ratio, -, 
𝐽 minimum of the FC stack hydrogen consumption function, ltr.min-1, 
𝑘 penalty coefficient, -. 
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𝑘  copper losses coefficient, representing the resistance in the brushes and coils of the electric 
motor, N-2m-2, 

𝑘 ,  functional coefficient of the battery model, kWh-1, 
𝑘  iron losses coefficient, representing the magnetic hysteresis and eddy current losses in the 

electric motor, s.rad-1, 
𝑘  penalty function, -, 
𝑘  windage losses coefficient, representing the aerodynamic losses in the electric motor, 

s3.rad-3, 
𝑚 gross mass of the trolleybus, kg, 
𝑚  FC stack hydrogen consumption, ltr.min-1, 
𝑀  torque of the electric motor, Nm, 
𝑀  maximum torque of the electric motor (approximated motor), Nm, 
𝑀  torque of the reference electric motor, Nm, 
𝑛  maximum speed of the referenced electromotor, rpm, 
𝑃 ,  battery power, W, 
𝑃  trolleybus power, W, 
𝑃  FC stack power, W, 
𝑃  power loses of the electric motor, W, 
𝑃  power of the referenced motor, W, 
𝑅 battery internal resistance, Ω, 
𝑟  wheel rolling radius, m,  
𝑆𝑜𝐶  state of charge of the battery, -, 
𝑊 drag flow factor, kg.m-1, 
𝛿 inertia coefficient of rotating parts, -, 
𝑓  rolling resistance coefficient, -,   
𝜂  efficiency of the AC/DC invertor, -, 

𝜂  efficiency of the DC/DC converter to the battery, -, 

𝜂  efficiency of the DC/DC converter to the FC stack, -, 

𝜂 /  electromotor/generator efficiency, -, 
𝑣 trolleybus speed, m.s-1, 
�̇� trolleybus acceleration, m.s-2, 
𝜔  angular speed of the electric motor, rad/s, 
𝜔  maximum angular speed of the electric motor (approximated motor), rad.s-1, 
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Abstract 

Among the concentrated solar power systems, the dish technology is characterized by the highest 
efficiency thanks to the high operating temperatures and concentration ratio values. The main limit to 
the commercialization of this technology is represented by the high initial cost since they must compete 
against the low cost, ease of operation, and reliability of photovoltaic technology. A technical solution 
to maximize the energy producibility of solar dish systems and, at the same time, to improve their 
economic profitability, is represented by the possibility of hybridizing the power conversion unit, thus 
mitigating the fluctuations of the solar energy resource. This solution could make dish technology highly 
competitive in terms of "dispatching", even compared to PV, as well as particularly flexible from the 
point of view of adaptability to the territorial context, favouring the use and integration of locally 
available energy resources. Based on these considerations and in coherence with the objectives of 
SolarGrid Project, this work is focused on the performance analysis of two dish technologies by 
examining different scenarios in terms of both geographical location of the installation site and 
operational strategy, considering different and possible solutions of hybridization of the solar source 
with conventional or renewable fossil fuel. In detail, the performance of two solar dish systems installed 
in Italy were analyzed: the dish-Stirling system located at the University of Palermo, and the dish-Micro 
Gas Turbine system located at the ENEA Casaccia. Thanks to the development of calibrated dynamic 
models, for the two systems, a performance analysis of the parabolic dish technology was then carried 
out by examining different scenarios in terms of both the geographical location of the installation site 
with heterogeneous average annual Direct Normal Irradiance levels (Casaccia, Marrakesh, Palermo, 
Tabuk and Ragusa), and the management strategy of the plant, considering different and possible 
solutions of hybridization of the solar source with conventional fossil fuel (natural gas) or in any case 
of renewable origin. For each hybridization scenario and for each geographic location investigated, 
different key parameters were identified, like cycle efficiency, solar share, capacity factor and avoided 
emissions, to evaluate the impact of hybridization and site latitude in a solar dish system. 

751



1 Introduction 

Solar energy is considered as the main strategic energy source for the energy sustainability of the planet; 
it is considered the most effective source of clean energy [1-3]. The area with the greatest availability 
of solar radiation in the world, and therefore with the greatest potential, corresponds to the “Sun Belt”; 
an area between 35° north and south of the equator. This region includes the Middle East, North Africa, 
South Africa, India, the southwest of the United States, Mexico, Peru, Chile, Western China, Australia, 
southern Europe, and Turkey. 

Concentrating solar power (CSP) technologies represent a promising alternative to fossil-based 
technologies to achieve national and global targets for green [4,5], safe and at low cost [6,7] renewable 
energy generation. These technologies use one or more reflectors to collect the beam solar radiation and 
concentrate it on the surface of a receiver system. The energy concentrated on the receiver guarantees 
the achievement of high-temperature levels; furthermore, the small aperture area ensures low heat losses 
by radiation and convection. In general, CSP technologies are mainly classified into point and linear 
focusing technologies [8,9]: solar towers and parabolic dish systems belong to the first group, while 
linear Fresnel reflector and parabolic troughs collector belong to the second group [10,11]. 

Among them, the parabolic dish technology is characterized by the highest efficiency in converting solar 
energy into electricity, thanks to the high operating temperatures and concentration ratio values. 
Furthermore, these collectors occupy a smaller surface area for the same installed peak power than other 
types of CSP systems. The typical capacity of these systems varies between 3-30 kWp, making them 
suitable for distributed generation, ensuring electricity supply in rural areas, which may be isolated from 
the grid [12]. The engine used for the energy conversion is anchored to the support structure of the 
paraboloidal reflector, and together they move thanks to the action of the high-precision biaxial tracking 
system that allows the perfect alignment between the focal axis and the direction of the sun’s rays 
throughout the day [13] This technology has a high initial cost representing the main limit to the 
commercialization on the market of renewable electricity generation technologies since they have to 
compete against the low cost, ease of operation, and reliability of photovoltaic technology [14]. On the 
other hand, parabolic dish concentrators, differently from PV systems, are intrinsically suitable for the 
generation on demand of both heat and electricity. 

Several studies and projects focused on parabolic dish concentrators were commercially developed by 
various companies all over the world. Mathematical modeling plays a fundamental role in the 
development of the parabolic dish technology, allowing optimization techniques to be fine-tuned and 
electrical producibility to be accurately estimated. Modeling would therefore be a useful tool to push 
the spread of parabolic dish solar concentrators on the market.  

In the literature it is possible to find several studies and attempts that try to correctly simulate a CSP 
system. Already in 1985, it was found that the performance of the concentrator was influenced by the 
effect of the optical errors of the tracking system as well as the rim angle of the concentrator influenced 
the temperature of the receiver [15]. In 2005 the authors of [16] conducted a theoretical investigation to 
maximize the power and efficiency of a dish-Stirling system by determining the optimal receiver 
temperature. The results obtained showed that the increase in concentrated solar intensity translates into 
an increase in both the optimum absorber temperature and the maximum overall efficiency, while the 
decrease in the engine cooling temperature translates into a decrease in the optimum temperature of the 
absorber and in an increase of the maximum overall efficiency. In [17], the authors presented a 
mathematical model to control and optimize a CSP system. The proposed model was used to correlate 
solar energy with the mechanical, thermal, and electrical energies generated by the system by 
considering the thermodynamic cycle, the heat transfer process in the receiver and concentrator, the 
mechanical dynamics and the heat flux in the Stirling engine. Differently in [18], the authors developed 
a thermodynamic optimization model for a Stirling engine based on the finite heat transfer rate and 
regenerative heat losses of the engine. The developed model was used to maximize the power and 
efficiency of the engine as well as to minimize the generation of entropy. Some authors have investigated 
in [19] how the geometric parameters of the paraboloidal reflector can influence the performance of a 
DS. Others have instead investigated the performance of a hybrid DS. In [20], it is shown how 
hybridization guarantees good stability of the power source and satisfies the autonomy of the DS system; 
while in [21], the optical performance of a DS system was theoretically evaluated using a hybrid model 
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consisting of a Monte-Carlo ray-tracing technique and the standard deviation of multiple sources of 
error. In a recent work [22], a thermodynamic model of a hybrid Stirling/chemical heat pump system 
has been developed. A parametric analysis was conducted to explore the effects of the different operating 
conditions on the efficiency of the system, on the power delivered and on the rate of destruction of the 
energy. Finally, in [23] a mathematical model is developed by integrating different approaches found in 
the literature to determine the geometric parameters of the concentrator-receiver system and to calculate 
the electrical power and the total efficiency of a DS system for different configurations (collector 
diameter ranging between 2.5 m and 17.5 m). 

Based on the state of the art and in order to achieve the objectives of the Solargrid project [24], the 
research group of the OR5 “Sistemi solari termodinamici e fotovoltaici con accumulo per co-
generazione e flessibilità di rete “ has studied and analyzed some possible hybridization scenarios of 
two DS built and installed in Italy: a dish-Stiling located in the campus of the University of Palermo 
(south of Italy) and a Micro Gas Turbine (MGT) system located at the ENEA Casaccia, Rome (central 
Italy). In particular, after a brief description of the two dish technologies, the first results of a theoretical 
analysis of possible hybridization scenarios for the two systems under examination will be discussed. 
These scenarios, customized according to the technology and the useful purpose of the system, were 
also analyzed based on the variability of the DNI  

2 Italian Dish technology: two examples 

The research object of the following work focuses on two dish systems installed in Italy: a dish-Stirling 
system and the dish-Micro Gas Turbine (dish-MGT). Both systems, whose producibility strongly 
depends on the normal solar irradiation level of the installation site, can be used in different 
configurations and applications. As already mentioned, they can be combined with a thermal storage 
system to ensure the dispatching of electricity, they can be used for the production of distributed 
electricity and can also be integrated with desalination systems for the production of drinking water. 
Furthermore, parabolic dish technologies can be applied to cogeneration, allowing the simultaneous 
production of electricity and waste heat recovered on the low-temperature side of Stirling/MGT engines. 

Concerning the dish-Stirling technology, which couples a paraboloidal reflector to a Stirling engine, a 
demonstration plant was installed at the campus of UNIPA at Palermo in 2017. Such system, which was 
produced by Swedish company Ripasso Energy [25], has a net electric peak output power of 31.5 kW 
(with a direct normal irradiance of 960 W/m², an ambient temperature of 25 °C, and clean mirrors) and 
holds the record for solar-to-electric conversion efficiency of 32% (a record set at the Upington, South 
Africa test site). The excellent performance of this grid-connected plant can be attributed to the high 
reflection coefficient of mirrors, the high precision of the tracking system, and above all the regenerative 
Stirling engine equipped with four double-action cylinders using hydrogen as working fluid. Hydrogen, 
at operating temperature and pressure conditions, has lower viscosity able to minimize fluid dynamic 
friction losses, when compared to alternative working fluids such as air and helium. In the years 2000-
2001, an interesting concept to increase the profitability of the dish-Stirling systems was proposed with 
the EuroDish collector of Schlaich Bergermann und Partner installed in Spain for demonstration use 
[26-27]. This pilot system, with a peak electrical power of 10 kWe at a direct normal irradiance level of 
800 W/m², has been optimized according to the hourly-frequency distribution of the solar normal 
irradiance typical of the installation site [28]. However, these technological developments have not been 
sufficient to increase the commercial penetration of dish-Stirling systems over the past two decades.  

Regarding the dish-MGT technology, recently developed by ENEA in collaboration with a European 
consortium [29], whose only demonstration prototype was installed at CR ENEA Casaccia, the 
distinctive element lies in the replacement of the Stirling engine with the Micro Gas Turbine, 
(technology of automotive extraction) to obtain a more reliable and economical plant. The use of MGT, 
characterized by compact and light motors, without alternative periodic movements, operating at low 
pressures (<5 bar), is aimed at reducing the frequency and cost of maintenance operations, especially in 
remote.  
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3 Improvement solutions for Solar-dish technology  

An improvement solution that seeks to maximize the energy production of solar concentrators with 
parabolas and, at the same time, to improve their economic profitability, is represented by the possibility 
of hybridizing the power conversion unit, thus mitigating the problem of the randomness of the solar 
energy resource. This could make DS highly competitive in terms of “dispatching”, as well as 
particularly flexible from the point of view of adaptability to the territorial context, favoring the use and 
integration of locally available energy resources. In detail, the Stirling engine, being an external 
combustion engine, could be hybridized by processing the high-temperature thermal energy produced 
by exploiting other energy sources, including non-renewable ones. A hybrid dish-Stirling solar 
concentrator could operate for an extended period even during the hours of the day when solar radiation 
is not available [30]. 

In the hybridized dish-Stirling system, the thermal energy supplied to the Stirling engine could be 
obtained from the combustion of natural gas, syngas, or biogas. Similarly, the dish-MGT system could 
adopt substantially conventional hybridization solutions, using the combustors traditionally integrated 
with gas turbines in the energy or automotive sector to stabilize the electrical output and/or extend the 
production of electricity. Also, in this case, the solar source could be supported by fuel gases to obtain 
rapid response to changes in the system load (natural gas, syngas, or biogas), and the combustor could 
be integrated into the circuit in different configurations, as described in detail in the following 
paragraphs. Finally, to evaluate and compare the performance of the UNIPA-Stirling and the ENEA-
MGT solar concentrators, a parametric analysis was carried out considering different hybridization 
strategies and five different locations since the operation of the two solar systems strongly depends on 
the DNI level. The five considered locations are in the Mediterranean area and Table 1 reports their 
annual direct solar irradiation. 

Table 1: Selected locations and annual DNI values  

Location DNI [kWh/m2y] 

Casaccia (Italy) 1724.3 
Marrakesh (Marocco) 2454.2 
Palermo (Italy) 1932.6 
Tabuk (Arabia Saudita) 2876.3 
Ragusa (Italy) 2138.3 

To define the energy performance and the environmental benefit deriving from the two concentrated 
solar systems analyzed, with reference to both the different locations and the various hypothesized 
hybridization scenarios, and to make the two DS comparable, the following parameters were evaluated: 
i) Annual electricity production of the solar concentrator (Et); ii) Conversion efficiency of solar energy 
into electricity (sol-ele); iii) Thermal efficiency of the engine (T); iv) Thermodynamic efficiency of the 
cycle (W); v) Solar Shadind index (Ssh); vi) Primary Energy Ratio (PER); vii) CO2 emissions avoided 
in a year. 

4 UNIPA Dish Stirling 

In December 2017, the installation of a dish-Stirling plant was completed at the Department of 
Engineering of the University of Palermo. The system was designed and built by the Swedish company 
Ripasso Energy and installed by Elettrocostruzioni Srl [31] and Horizon S.r.l. [32]. The plant includes 
a single production unit with a peak output power of 33 kW and occupies an area of approximately 500 
m2. The electrical output power of the Ripasso CSP unit is linearly proportional to direct solar irradiance 
and it has a net electrical peak outpower power of 31.5 kWe with a DNI value of 960 W/ m2 [33].  

The DS unit consists of a paraboloidal concentrator, a PCU, and a biaxial tracking system. The dish 
reflector is supported by a lightweight steel structure and is made up of several mirrors. The PCU is 
supported at the focal point by a steel tripod. The high-precision biaxial solar tracking system consists 
of a steel reticular structure moved by two actuators. The solar tracking system moves on a track 

754



anchored to the concentrator annular concrete foundation, which supports the weight of the entire system 
(approximately 8.7 tons). The steel structure of the tracking system, in turn, consists of two main parts: 
a carousel structure mounted on four wheels for azimuth rotations and a cradle structure for elevation 
rotations. Finally, the PCU consists of a heat receiver with an internal cavity, a Stirling engine, an 
alternator, and a cooling system. 

As shown in Figure 1, the concentrator has the shape of a parabolic dish (paraboloid) and is composed 
of 104 mirrors of different sizes and distributed over 5 circles. Furthermore, each mirror has its double 
curvature and consists of a sandwich structure with an upper glass surface capable of giving the mirror 
a high reflectivity coefficient of 0.95. 

.  

Figure 1: The UNPA dish-Stirling  

The solar tracking system, continuously following the daily path of the sun, allows the paraboloid to 
collect, reflect and concentrate the direct solar radiation on the PCU receiver located at the focal point 
of the dish. The high-precision solar tracking systems allow a uniform distribution of thermal energy on 
the surface of the receiver, which is adjacent to the hot side of the Stirling engine. Therefore, the thermal 
energy absorbed by the receiver heats the working fluid of the Stirling engine (hydrogen) to a 
temperature of about 720 °C. Part of this heat is first converted into mechanical energy by the engine 
and then transformed into electrical energy by the three-phase alternator keyed to the same crankshaft. 
The remaining heat is instead released into the environment by the cooling system through a dry-cooler 
mounted on the back of the reticular structure and connected with a hydraulic circuit to the coldest part 
of the Stirling engine. The cooling system, where a solution of water and glycol circulates, allows 
maintaining a high-temperature difference between the hot and cold side of the Stirling engine 
(respectively 720 °C and 70 °C). This is essential to ensure a high conversion efficiency from thermal 
to mechanical energy. 

4.1 Dynamic modeling  

To be able to evaluate the hybridization conditions of the dish-Stirling, it was necessary to develop a 
model that responds to reality, or to create a model that with a high degree of reliability simulates the 
real behavior of the unit installed at the university campus. For this reason, after a long analysis of the 
energy balance that represents the dish-Stirling unit [34], it was possible to implement a dynamic model 
where the reliability of the results was guaranteed by a careful calibration phase. 

The direct solar radiation incident on the concentrator, determined as the product between the DNI and 
the effective area of the paraboloid, is not made fully available to the receiver due to energy losses of an 
optical and thermal nature. From the optical point of view, it is necessary to consider, in fact, the 
reflectivity of the mirrors, any errors in the interception of solar radiation, the effective absorbance of 
the receiver cavity and the level of soiling of the mirrors. While from a thermal point of view, part of 
the high-temperature thermal energy concentrated on the receiver is dispersed into the environment 
through convective and radiative heat exchanges. According to the model presented in [34], it is possible 
to express the mechanical energy (𝑊 ,) produced by the Stirling engine as a function of the energy 
supplied by the hydrogen receiver (𝑄 , ,) on the hot side of the engine through the following linear 
relation Eq. (1): 
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𝑊 = 𝑎 , ⋅ 𝑄 , − 𝑎 , 𝑅 , (1) 

𝑎 ,𝑎   two positive fitting parameters, 
𝑅  correction factor calculated as the ratio of the reference ambient air temperature (25 °C) 

and the real one, both expressed in Kelvin. 

Simultaneously, a quantity of low-temperature heat, equal to the difference between the thermal energy 
entering the Stirling and the mechanical energy produced, is subtracted from the cold side of the engine 
thanks to a cooling system. Knowing the mechanical energy available to the Stirling crankshaft, it is 
possible to evaluate the electrical energy produced by the alternator considering its mechanical-electrical 
conversion efficiency. Finally, net of the electricity consumption of the tracking system and the dry-
cooler, it is possible to obtain the net electricity produced by the dish-Stirling system. 

From the described energy balance, it appears that the electrical producibility of the DS system is 
essentially correlated to three parameters, such as: direct solar radiation, the ambient air temperature and 
the level of dirt in the mirrors.  

To find the optimal values of the parameters (𝑎 ,and 𝑎 ,) indicated in Equation 1, the numerical model 
of the dish-Stirling system was calibrated based on the data collected during the real period of operation.  
With reference to some days of clear and clear skies, the calibration of the model was performed with 
clean mirrors starting from the monitored data of: DNI, air temperature, gross electricity produced by 
the alternator and electricity consumed by the tracking system and the dry cooler. Once the geometric 
and optical parameters of the system were set, and the temperature of the receiver was set, the thermal 
power input to the Stirling engine was calculated and, therefore, the mechanical power produced for 
each pair of monitored values of DNI and air temperature. This calculated mechanical power value was 
compared with that deduced from the real electrical producibility data of the DS system. The optimal 
values of the fitting parameters of the linear relationship are, 𝑎 , = 0.477 and 𝑎  = 3.9 W. As shown in 
Figure 2, the numerical model allows to estimate the electrical producibility of the dish-Stirling system 
with a coefficient of determination equal to 0.97. 

 

Figure 2: Net electrical power measured compared to that calculated for the days when the collector 
mirrors were clean [34] 

4.2 Electrical producibility of the UNIPA DS 

As already stated, the main disadvantage of renewable energy sources is their intermittence and 
variability. The electrical producibility of a dish-Stirling solar concentrator essentially depends on the 
direct normal irradiation value, therefore the hourly production profile may not coincide with that of the 
electricity demand required by the enslaved user. A hybrid dish-Stirling system would make it possible 
to use energy more efficiently, allowing the integration of two independent systems whose production 
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is balanced with respect to the electricity required by the consumer. As shown in Figure 3, the hypothesis 
of a plant layout of the hybrid dish-Stirling system would include the following additional components: 

 The fuel supply system,  

 The combustion unit, 

 The air supply fan, 

 The heat recovery, 

 A control system. 

 
Figure 3: Plant layout of the hybrid dish-Stirling solar concentrator 

The high-temperature fumes, produced in the combustion chamber following the oxidation reaction of 
the combustible gas in the presence of air, flow towards the power conversion unit (PCU), transferring 
the thermal energy to the Stirling engine. In this way, the working fluid (hydrogen) reaches the nominal 
conditions of temperature and pressure to evolve inside the Stirling engine, carrying out the 
thermodynamic transformations of the homonymous cycle. Downstream of the heat exchange in the 
PCU, the still hot exhaust fumes are sent to a heat recovery unit to preheat the air in counter current. 
When the dish-Stirling system works in hybrid configuration, a theoretical efficiency of the heat 
exchange that occurs between the combustion products and the hydrogen inside the PCU is 80%. In 
particular, the following possible hybridization scenarios have been identified for the DS system of the 
UNIPA campus: 

 Scenario 0: the dish-Stirling system is powered only by the solar energy source. 

 Scenario I: the dish-Stirling system is powered by the solar energy source only during the hours 
in which direct solar radiation is available, while for 12 hours/day, between 19:00 and 6:00: 00, 
for every day of the year, the system uses other sources (natural gas, syngas, or biogas). 

 Scenario II: the dish-Stirling system is powered only by the solar energy source during the hours 
in which direct solar radiation is available, while for 8 hours/day between 21:00 and 4:00 for 
every day of the year, through the combustion of other sources (natural gas, syngas or biogas) 

 Scenario III: the dish-Stirling system is powered only by the solar energy source during the 
hours in which direct solar radiation is available, and through the combustion of other sources 
(natural gas, syngas or biogas) during the hours of the day characterized by a DNI level lower 
than or equal to 300 W/m². 

4.3 Hybridization of UNIPA DS 

As can be seen from the dynamic model, the energy producibility of the dish-Stirling system is mainly 
influenced by direct normal irradiance, the air temperature and the level of soiling of the mirrors that 
make up the collector. The system was modelled using the TRNSYS17 dynamic simulation software 
[35], and by setting an annual average fouling level and considering the air temperature and DNI data 
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provided by the Meteonorm7 solar database [36], the net electricity production was simulated for the 
various selected locations and the different hybridization scenarios proposed. 

Based on these data, the annual simulations carried out show that the dish-Stirling system has an annual 
net electricity production of 46 MWh in Palermo, if only the available solar energy resource is exploited 
(Scenario 0, Ssh = 100%). Observing the net electricity production produced monthly, it is easy to see 
that the dish-Stirling system produces more during the summer months as they are characterized by a 
greater number of hours in which the DNI is higher. 

Obviously, the higher the DNI level that characterizes a locality, the greater the annual producibility of 
the dish-Stirling system from a solar source only. For this reason, it is preferable to install dish-Stirling 
systems in locations characterized by a high annual direct solar radiation value. 

Analyzing the results, in Tabuk, the dish-Stirling solar concentrator has annual electrical producibility 
greater than 62% (Scenario 0) compared to what it would have in Palermo. For the same dish-Stirling 
solar concentrator, the solar-electricity conversion efficiency on an annual basis is equal to 22% in 
Palermo and 24% in Tabuk. A comparison between the actual installation conditions shows that in 
Palermo, the annual net electricity production from solar is equal to 46 MWh; at the same time, assuming 
the same plant located in Tabuk, the forecast model provides an annual electricity production equal to 
at approximately 75 MWh, much higher than the expected production for the plant located in Palermo. 

 

Figure 4: Hourly frequency of DNI distribution and average air temperature calculated for each class 
of DNI 

Although these last two locations are characterized by almost the same number of hours of sunshine on 
an annual basis, as can be seen in Figure 4, Tabuk presents the peak of the hourly frequency distribution 
of the DNI at higher values, between 850 and 950 W/m². The city of Palermo, on the other hand, is 
characterized by a DNI frequency peak centered on a much lower range of values, between 600 and 750 
W/m². The engine used in the dish-Stirling systems is an alternating external combustion engine and 
processes thermal energy at high temperature with high conversion efficiency. To solve the problem of 
the random nature of the solar source, it is possible to hybridize the Stirling engine in such a way that at 
night the maximum thermal power that it is able to manage is supplied to the engine (84 kWth) by 
exploiting energy resources other than solar. 

With reference to Scenario I, characterized by the trend of the nominal power shown in Figure 5, it can 
be noted that the dish-Stirling system produces electricity from solar sources during the day, while from 
19:00 to 6:00 it produces energy electricity using thermal energy generated by the combustion of natural 
gas, syngas, or biogas. By comparing the energy producibility of the solar and dish-Stirling hybrid 
systems, an average increase in annual net electricity production of 70% is observed (average value also 
compared to the localities). In particular, the simulations have shown how from the DS installed in 
Palermo it is possible to obtain the maximum increase in electricity production, passing from Scenario 
0 to Scenario III, increasing electricity production by 81% in one year. 

758



 

Figure 5: Nominal electrical power of the hybridized dish-Stirling system during a summer day  
(Scenario I) 

The values on an annual basis of the mechanical efficiency and thermal efficiency of the Stirling engine, 
are dependent on the management strategy of the hybrid concentrator and the location. In Palermo, the 
thermodynamic and thermal efficiency of the Stirling engine are respectively 39% and 61% for Scenario 
0. Furthermore, for the same location, the hybrid Stirling engine has a higher thermodynamic efficiency 
(43%) than to the solar Stirling engine, a consequence of the fact that it operates in peak operating 
conditions during the entire period in which it is powered by energy sources other than solar. Conversely, 
the thermal efficiency is lower. 

In addition, for the different hybridization scenarios of the dish-Stirling system, it was possible to 
calculate the Ssh index and PER for all the selected locations. The higher PER values were obtained from 
the simulations performed for Tabuk, consistently with the conversion efficiency values obtained. 

Among the fuels chosen as an alternative energy source to the solar source, natural gas is the fuel with 
the highest PCI value, and it is also the most easily available if you do not have an on-site plant for the 
production of syngas. or biogas. According to Scenario III, in fact, the Stirling engine is powered with 
thermal energy produced by non-solar sources whenever the DNI level is lower than 300 W / m². The 
number of hours in which there is a DNI of less than 300 W/m² is lower in Tabuk than in the other 
locations in the Mediterranean chosen and therefore the corresponding annual consumption of natural 
gas is lower. Since syngas and biogas have lower LHVs than natural gas, this results in higher annual 
quantities consumed. For this reason, to maximize economic convenience, it would be necessary to have 
a production plant for these gases in a site not far from the location of the dish-Stirling system, exploiting 
the biomass collected in the same vicinity. 

From an environmental point of view, the operation of the dish-Stirling system powered only by the 
solar energy source (Scenario 0) does not involve any CO2 emissions into the atmosphere, since the 
consumption of natural gas is zero. On the contrary, the hybrid dish-Stirling system during the operating 
hours defined according to Scenarios I, II and III emits an annual quantity of CO2 which is a function of 
the quantity of natural gas consumed. Having a plant to produce syngas or biogas, despite these 
combustible gases have a lower thermal potential, would allow to avoid the CO2 emissions that would 
otherwise occur if the Stirling engine were powered by thermal energy produced by the combustion of 
gas. natural. In fact, syngas and biogas are renewable fuels whose combustion can be considered to have 
zero CO2 emissions. In terms of annual quantities of CO2, have a double value; these values can be 
understood as the amount of CO2 emitted into the atmosphere due to the use of natural gas for the 
management of the hybrid dish-Stirling system, or CO2 emissions into the atmosphere avoided through 
the alternative use of renewable fuel gases such as syngas or biogas.  

Compatibly with the on-site production of syngas and biogas, if the annual production of these 
renewable fuels is not sufficient to meet the thermal demand of the hybrid Stirling engine, it could be 
hypothesized to integrate the power supply of the electrical production plant through natural gas. With 
reference to the latter scenario of alternative hybridization, it would be interesting to evaluate the 
environmental benefit obtained thanks to the saving of CO2 emissions into the atmosphere compared to 
the case in which the Stirling engine is powered with thermal energy produced exclusively from the 
combustion of natural gas. Finally, the assessments on the hybridization scenarios refer to the simple 
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and complete replacement of the solar source with one of the three gases indicated above, without taking 
into account the purchase and transport costs of the gas itself. 

5 Dish-MGT of ENEA 

As previously mentioned, the OMSoP plant, installed and commissioned at the ENEA Casaccia 
Research Center in 2017, is the demonstration prototype of an innovative concentrating solar 
technology, based on the use of a circular parabolic concentrator combined with a micro-gas turbine 
with the aim of experimenting advanced solutions to produce renewable energy from the solar source. 
The realization of the prototype was funded by the EU OMSoP - Optimized Microturbine Solar Power 
System project [37]. The main innovation of the project lies in the replacement of the Stirling engine 
with the MGTs technology derived from the automotive industry, to obtain a more reliable and cost-
effective system. The main components of the system, whose conceptual scheme is shown in Figure 6, 
are the solar concentrator, the receiver, and the Micro Gas Turbine. The solar receiver (cavity type), 
positioned in correspondence of the focal point of the dish, absorbs the concentrated radiation and 
transfers it to a compressed air flow, which is then processed by the MGT for producing mechanical 
work, through a recuperated Brayton cycle, with an operative pressure of 3 atm and a maximum 
temperature of 900 °C.  

Particularly, the hot air leaving the receiver (T: 800 °C) is processed in the turbine to produce electricity 
while the residual heat is transferred to a recuperator for the pre-heating of the external air. The micro-
gas turbine is composed of a compressor, which sucks in the external air and compresses it to about 3 
atm, and a turbine, mounted on the same shaft, where the air flow at 800 °C expands to produce 
mechanical work. The expansion in the turbine activates a high-frequency generator that reaches a 
rotation speed of about 130000 rpm, ensuring a nominal output power of about 6 kW. 

 

Figure 6: Conceptual scheme of the dish-MGT technology developed within the OMSoP EU Project 

As part of this work, a system model describing the OMSoP technology was implemented aimed at 
predicting the operation of the Dish-MGT (D-MGT) plant in different geographical contexts, both in 
"full solar" configuration and hybridized with fossil sources. The demo model was assembled trough 
the integration of different modules, corresponding to the main system components, each represented as 
a box described by characteristic equations or performance maps. Each component model was separately 
implemented in EES (Engineering Equation Solver) and then integrated into the whole system through 
heat and mass balance equations in the TRNSYS environment. The resulting model is a quasi-steady 
state model and enables the simulation of the plant on a large time scale (annual), determining the 
performance of the system (electrical power produced, efficiency, capacity factor, etc.) in different 
atmospheric and operating conditions (both nominal and off-design). The model input data are the DNI 
and the ambient temperature, whose variability significantly affects the performance of MGT on the 
annual scale. In the followings, the main models implemented for each single component are briefly 
described. 
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Dish 

According to the analysis presented in [38], the flux distribution on the focal plane ϕ(ξ) can be expressed 
as a function of the geometry of the parabolic dish, the radius of the receiver window ξ and the error 
angle θS (which takes into account the angle of the solar disk (4.7 mrad), increased by the contributions 
of the error in the shape of the paraboloid, the imperfect specularity of the mirrors, the diffraction, and 
the tracking error): 
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where Pin is the power intercepted by the window, ηr is the efficiency of the reflecting surface 
(reflectance), rg is the rim angle and Pcoll the power collected on the surface of the mirrors. On the basis 
of the previous equations it is possible to predict quite accurately the optical performance of the 
concentrator (optical efficiency) as a function of the geometry of the dish, the total tracking error and 
the radius of the receiver. The optical efficiency of the system (Eq.(4)), defined as the ratio between the 
power intercepted by the receiver Pw and the power globally collected by the concentrator Pcoll, can in 
fact be expressed through the following equation: 
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with ηr reflectivity of the mirrors. 
 
Cavity receiver 

The cavity receiver has a window radius r equal to 110 mm. The energy reflected and concentrated on 
the receiver window does not coincide with the useful energy transferred to the air flow due to different 
heat dissipation mechanisms. In the present work an apparent absorption coefficient α equal to 0.8 was 
assumed to take into account the complex phenomena of absorption / reflection [38] (Eq. 5, Table 2). In 
Eq. 5 ηabs is the absorption efficiency, Pw the power incident on the receiver window and Pabs the power 
absorbed by the cavity. The power Pnet transferred to the fluid was calculated on the basis of the heat 
balance expressed in Eq. 6, where Preirr (Eq. 7) is the power lost by irradiation, ε is the emissivity of the 
receiver, σ is the Stefan-Boltzmann constant, T3 is the temperature of the receiver assumed to be 
homogeneous and equal to the outlet air temperature, Tsky is the reference temperature for re-radiation 
phenomena (15 °C), Ta is the ambient temperature, Pconv is the thermal power lost by convection from 
the window surface (E. 8), Aw is the window surface, �̇�  is the air flow rate processed in the receiver, 
h5 and h3 are the inlet and outlet specific air enthalpies, Uconv is the global heat transfer coefficient used 
for the calculation of the convective losses from the window surface, obtained from the correlation 
expressed in Eq. 9 [39], where b (1.32-1.37) and m (0.25) are empirical parameters that depend on the 
thermophysical properties of the fluid (air) and on the geometry of the system, Δtf is the temperature 
difference between the hot surface and the ambient temperature, L is the characteristic dimension of the 
system. For the calculation of the thermal losses, the natural convection from the external walls of the 
cavity, which are assumed to be covered by an insulating coating, was neglected. 
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Table 2: Heat and balance equations for the receiver 

    (5) 
  

 

(6) 

 (7)                             (8) 

       (9) 

 
 
MGT 

The performance maps of the turbine and the compressor were provided by City University within the 
OMSoP Project and reported in [40,41], while for the HSG (High Sped Generator) a fixed efficiency 
equal to 0.9 was assumed. In particular, the turbo-compressor operating point was individuated by 
matching the air flow rate �̇� , the compressor pressure ratio Pratio and the turbine expansion ratio PR. 

Furthermore, since the driving torque and the load torque are perfectly balanced in the steady state 
condition, the electrical power output Pele is equal to the turbo-compressor net power, as reported in the 
following relation:  

    𝑃 = (𝑃 − 𝑃 ) ∙ 𝜂      (10) 

where ηele is the electrical efficiency of the HSG, Pt and Pcm are the total turbine and the total compressor 
power, respectively. Concerning the recuperator, it was assumed, as a preliminary approximation, that 
the heat exchange efficiency ηrec has a stepwise behaviour, being 0.85 for a turbine outlet temperature 
equal or higher than 160 °C and 0 in correspondence of a temperature lower than 160°C. For the MGT 
integration into the system model, the following heat and mass balance equations have been considered 
(see Figure 7 for the streams notations): 

Table 3: Heat and balance equations for the MGT group 

Compressor Recuperator Turbine 

𝑃 =
𝑃

𝜂
=

𝑚 ∙ (ℎ − ℎ )

𝜂
 (11) 𝑃 = �̇� ∙ (ℎ − ℎ ) (13) 𝑃 = �̇� ∙ (ℎ − ℎ ) (15) 

𝜂 =
(ℎ − ℎ )

(ℎ − ℎ )
 (12) 𝜂 =

𝑇 − 𝑇

𝑇 − 𝑇
 (14) 𝜂 =

(ℎ − ℎ )

(ℎ − ℎ )
 (16) 

where Pcm is the total compressor power, Pc is the power absorbed by the compressor, net of the 
mechanical efficiency ηmec, h is the specific air flow enthalpy, his is the isentropic air flow enthalpy, ηcm 
and ηt are the compressor and the turbine isentropic efficiencies respectively, ηrec is the recuperator 
effectiveness and Prec is the recuperator power. 

5.1 Full Solar System 

As previously mentioned, through the integration of the modules above described, developed as sub-
routines in the EES environment, a complete system model was subsequently implemented, suitable for 
simulating the operation of dish-MGT, both in nominal and off-design conditions. The main descriptive 
and operational parameters of the system are shown in Table 4. 
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Table 4: System nominal operating conditions and main component specifications 

Reference DNI [W/m2] 720 Receiver presure drops [%] 1.0 

TIT (Turbine Inlet temperature) [°C] 800 Recuperator efficiency [-] 0.81 

Dish external diameter [m] 9.9 Recuperator pressure drops [%] 3.4 

Dish internal diameter [m] 2.21 Rated speed [krpm] 137 

Nominal reflecting area [m2] 76.7 Air mass flow rate [kg/s] 0.1 

Effective reflecting area [m2] 62.7 Compressor Pressure Ratio [-] 2.4 

Mirrors reflectivity [-] 0.92 Compression efficiency [-] 0.74 

Total optical error θs [mrad] 6.7 Mechanical efficiency [-] 0.99 

Global optical efficiency [-] 0.88 Turbine efficiency [-] 0.82 

Receiver window diameter [m] 0.22 Generator efficiency [-] 0.90 

Receiver thermal efficiency [-] 0.73 Nominal electrical output [kW] 6.44 

The coupling between the micro-gas turbine and the solar source poses the issue of ensuring optimal 
operation of the system even in off-design operating conditions, i.e. when the DNI and ambient 
temperature vary. Indeed, the efficiency of Brayton-type thermodynamic cycles is essentially 
temperature-dependent. In order, therefore, to ensure optimal operation of the system in different 
environmental conditions, the operating strategy selected for the Dish-MGT system consists in 
modulating and controlling the air flow to guarantee a constant turbine inlet temperature (800° C). In 
practice, this operating strategy requires the definition of a correlation between the MGT speed and the 
external conditions (DNI), varying the ambient temperature. Therefore, it is possible to define the three-
dimensional maps of the system performance, through which, by interpolation, the characteristic 
operating parameters of the system can be identified in all possible combinations of DNI and ambient 
temperature. These maps were implemented on the TRNSYS code for the evaluation of the annual 
performance of the Dish-MGT plant in different geographical sites (Casaccia, Marrakesh, Palermo, 
Ragusa, Tabuk).  

5.2 Hybridized system 

The hybridization of the Dish-MGT system with fossil fuels or biofuels does not require substantial 
changes to the full solar configuration; indeed it is possible to adopt the solutions conventionally used 
in the combustor-turbine groups of the automotive sector, suitably revised in terms of size and 
operational flexibility. In the present work it was assumed to introduce a combustor sized for the 
operation between -35% and + 35% of the nominal capacity. This combustor can be integrated into the 
"solar" circuit in different configurations. In particular, at least two main types of hybridized 
configuration can be conceived: 1) circuit with "internal" combustion, in which the combustor is 
connected in series to the solar receiver and the air flow entering the turbine is heated directly by the 
combustor (D- MGT-I1); 2) circuit with "external" combustion, in which the combustor is integrated 
downstream of the solar receiver and the air stream entering the turbine is heated through an intermediate 
heat exchange (D-MGT-I2 ). 

These hybrid configurations correspond to two different hypotheses on the fuel adopted: in the case of 
the first configuration, in which the combustion effluents are directly processed in the turbine, the use 
of a "clean" fuel gas is required (methane or natural gas), which does not interfere with the chemical 
and mechanical stability of the materials constituting the body and the blades of the turbine. Clearly, in 
this specific configuration, the thermal power produced by the combustion is directly absorbed by the 
air flow and the response time to variable loads is very fast. The second configuration can be considered 
in the case of renewable fuels, obtained from biological processes and therefore containing different 
residues and not standardized (e.g. biogas).  
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For the modelling purpose, the combustor was assimilated to a black box, where the thermal balance 
can be expressed through the following relation (combustion efficiency: 97%): 

     ccfuelfuel LHVmP         (17) 

where Pfuel is the thermal power supplied by the combustor to the air flow, fuelm is the fuel flow rate,  

LHV is the lower heating value of the fuel. This thermal power is transferred to the air flow, as expressed 
in eq. 18:   

    𝑃 = �̇� ⋅ (ℎ − ℎ )      (18)  

where h3 and h7 are the specific air enthalpy at the outlet of the receiver and at the outlet of the combustor, 
respectively. 

The combustor was integrated into the system model based on the following assumptions: i) The 
operation of the combustor is continuous, with a capacity varying between -35% and + 35% (to avoid 
repeated and unrealistic starts and stops on a daily basis); ii) In nominal conditions the combustor 
supplies 40% of the thermal power required by the MGT; iii) In Scenario III, the combustor serves to 
stabilize the electrical output, compensating for fluctuations in the DNI, and is also used in the evening 
to ensure 24/24 electricity production; iv) In Scenario IV the combustor stabilizes and extends the 
electricity generation in a more profitable time slot (from 7 to 23) in terms of electricity rates applied. 

Scenarios II and III, considered for the Dish-Stirling system, have not been analysed for the Dish-MGT 
technology due to technical-economic optimization issues. In the case of Scenarios II and III, in fact, 
the combustor and the Dish/receiver should operate in alternating mode, with the Dish/receiver operating 
only during the day and the combustor only at night. This would involve the adoption of a combustor 
and a dish individually sized for 100% of the turbine's thermal needs, with a high unit cost of the kWe 
installed. 

The D-MGT-I1 configuration has a higher thermal efficiency since, with the same useful work, the total 
thermal power to be supplied is lower than the D-MGT-I2 configuration. Therefore, for the hybrid 
configuration D-MGT-I1, it is possible to reduce the size of the solar dish to a diameter of 7.3 m, with 
a reduction of the reflecting surface of 46% compared to the D-MGT full solar configuration, and to 
adopt a combustor with a nominal power of 25 kW, thus minimizing the specific cost of the installed 
kW.  On the other hand, for the D-MGT-I2 configuration, the diameter of the solar dish is equal to 8.4 
m, with a surface reduction of 28% compared to the full solar configuration, and the combustor has a 
nominal power of 35 kW.  

For the operational strategy, aimed at maintaining constant the electrical output and the TIT through the 
contribution of the combustor, the manipulated variables are the thermal load of the combustor and the 
air flow, modulated as a function of the DNI and the environmental temperature. 

5.3 Simulation results for the full solar and hybridized systems 

Based on the system model presented in the previous paragraphs, the performance analysis of the Dish-
MGT technology was carried out both in full-solar and hybrid mode in the different locations considered. 
In particular, the following scenarios were analysed:  

 Scenario 0: the D-MGT system is fully powered by the solar energy source.  

 Scenario III: the D-MGT system is co-powered by the solar source and by the combustion of 
natural gas, syngas or biogas during the day, with a solar share in nominal conditions equal to 
60%. During the night the system is powered exclusively by the combustor. Both hybridized 
configurations 1 and 2 were considered.  

 Scenario IV: the D-MGT system is co-powered by the solar source and by the combustion of 
natural gas, syngas or biogas in the 7 am-11pm time slot, with a solar share in nominal 
conditions equal to 60%. Both hybridized configurations 1 and 2 were considered. 

From the results of the annual simulations of the full solar Dish-MGT technology, it can be observed 
that the annual electricity production strictly depends on the plant location and is favoured by the sites 
with the highest solar irradiation. The best performance is obtained for the Marrakesh plant, with a 23% 
higher producibility compared to the Casaccia site. It is worth noticing that, since the Dish-MGT system 
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was designed and sized for the Casaccia site, in sites characterized by higher solar irradiations, it is 
sometimes necessary to defocus the system. For this reason, in Tabuk a lower producibility is obtained 
compared to Marrakesh, as the defocusing time is longer. Therefore, a specific sizing of the D-MGT 
system for each site is necessary to optimize the annual electricity production. Regarding the solar-
electricity conversion efficiency on the yearly basis, it ranges from 13.6 to 14.0%, corresponding to 
Tabuk and Casaccia, respectively. 

Referring to the hybrid configuration D-MGT-I1 and to the Scenario III, Figure 7 shows the thermal 
power supplied by the combustor and the thermal power from the solar source in a typical sunny day. 
The combustor works throughout the day but, in correspondence of DNI higher than 300 W/m2, the 
power required from the combustor decreases with a consequent reduction in the use of fossil fuel. 

 
Figure 7: Thermal power supplied by the combustor and by the concentrating solar system in the case 

of the hybrid configuration MGT-I1 - Scenario III, in a typical sunny day. 

Comparing the annual electrical output of the full solar and hybrid D-MGT systems, the hybrid 
configuration D-MGT-I1 (with “internal” combustion) is able to guarantee a constant electrical output 
(56.5 MWh/a for the Scenario III and 37.6 MWh/a for the Scenario IV), regardless of the installation 
site. The D-MGT-I2 system (with “external” combustion) is characterized by limited performances, 
since on average the producibility is 10% lower than the D-MGT-I1 solution (ranging from 34.2 to 52.9 
MWh/a). Regarding the thermodynamic efficiency of the MGT calculated on the yearly basis, for the 
full solar system and the D-MGT-I1 hybrid system, the efficiency is approximately 24%, while for the 
D-MGT-I2 system it drops to 15%. However, it is important to underline that, in an optimized 
configuration of the cycle, i.e. in the presence of inter-refrigerated compression and reheating, the 
thermodynamic efficiency of the cycle can be increased up to 30%, bringing the overall solar-electricity 
conversion efficiency up to 20%. 

Regarding the Solar Share (SS) and the Primary Energy Ratio (PER) calculated on the yearly basis in 
the different hybridization scenarios and different sites considered, the best performance are obtained in 
Tabuk (maximum SS: 36.4%, maximum PER: 0.32 kWhel/kWhth. Regarding the amount of natural gas 
consumed for the operation of the hybrid D-MGT configurations, the D-MGT-I1 system, being more 
efficient, consumes a lower amount of fuel (from 1.19 to 2.31E+04 Nm³/y). For both hybrid solutions, 
Scenario IV has lower fuel consumption, not only due to the lower operating hours (from 7 to 23 
compared to the 24 hours of Scenario III), but also due to the higher solar share. 

Finally, regarding the environmental impact, obviously the operation of the full solar D-MGT system 
(Scenario 0) does not involve CO2 emissions, while hybrid systems in Scenarios III and IV emit a 
quantity of CO2 proportional to the amount of natural gas consumed (ranging from 2.99 to 4.93 tCO2/ay). 
If biogas was used as an alternative to natural gas, CO2 emissions could be considered null. 
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6  Conclusions  

Parabolic dish collectors are a promising technology to support the decarbonization process and drive 
the reduction of fossil fuel consumptions in buildings and industries. This technology presents several 
advantages compared to photovoltaic panels such as the combined production of heat and power, the 
flexible production of electric energy thanks to the use of thermal energy storage and the easy 
hybridization with other energy sources to increase the yearly production.  

In this study, a numerical analysis developed with TRNSYS has been realized to estimate the yearly 
energy production of two small size (up to 50-100 kWe) parabolic dish systems: the dish-Stirling system 
located at University of Palermo and the dish-Micro Gas Turbine system installed at ENEA site of 
Casaccia (Rome). A parametrical analysis has been carried out for five different locations (Casaccia, 
Palermo, Ragusa, Marrakesh, Tabuk) characterized by different levels of Direct Normal Irradiance and 
the results have been compared. The possibility of hybridizing the power conversion unit of the two dish 
systems with fossil fuels (natural gas) or renewable energies (syngas, biogas) has been extensively 
investigated in order to maximize the efficiency of the dish system and to optimize the management 
strategy of the plant improving the stability of the electricity production. The performances of the 
systems for four scenarios, characterized by different levels of hybridization and operating hours, have 
been evaluated numerically. 

The key results of our study are as follows: 

 The maximum of the electricity production of dish-Stirling system powered only by solar energy 
is reached in Tabuk, 75 MWh, greater than 62% of the performances in Palermo, due to the 
major amount of DNI available. The solar to electric conversion efficiency of the Stirling-dish 
on an annual basis is equal to 22% in Palermo and 25% in Tabuk.  

 To extend the period of operation of the dish-Stirling system and to increase the power 
generation, the integration of an external combustor to burn natural gas or syngas/biogas derived 
from agricultural residues has been evaluated. The integration allows to increase the electricity 
production up to 81% in Palermo. 

 The maximum of power production of the dish-MGT system is reached in Marrakesh instead of 
in Tabuk since the system in Tabuk is subject to a larger period of mirror defocusing. This is 
due to the fact that the system has been originally designed basing on the DNI characterizing 
the site of Casaccia. 

 The solar to electric peak efficiency of the dish-MGT system reaches 14%. However, it is 
expected that after appropriate design modifications, the dish-MGT system can overcome 20% 
of efficiency.  

 For the dish-MGT system, the integration of an internal combustor fed by natural gas (D-MGT-
I1) or an external combustor fed by biogas (D-MGT-I2), using the combustors traditionally 
integrated with gas turbines in the energy or automotive sector, has been evaluated through 
numerical analysis. The configuration D-MGT-I1 provides a stable electric production 
regardless of the site of installation and it is 10% more efficient than D-MGT-I2. The maximum 
solar share is reached in Tabuk site: respectively 24.6% and 36.4% for operating conditions 
running 24 hours and from 7 am to 11 pm. 

The study demonstrates that the hybridization of the parabolic dish systems with conventional fuels or 
other renewable energies can greatly improve the performances of these systems increasing the number 
of yearly working hours and maximizing the energy producibility. The numerical results encourage 
further refinements of the system and indicate a reliable path of development. Novel studies are needed 
to optimize the configuration of these systems from an economic perspective.  
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Nomenclature 

CSP Concentrator Solar Power, 
DNI Direct Normal Irradiance W/m2, 
DS Dish-Stirling, 
LHV  lower heating value of the fuel MJ/Nm3, 
MGT Micro Gas Turbine, 
 
𝑎 ,𝑎   two positive fitting parameters, 
Aw  window surface m2, 
b, m  empirical parameters, 
h  specific air flow enthalpy kJ/kg, 
his  isentropic air flow enthalpy kJ/kg, 
L  characteristic dimension of the system, 
�̇�  air flow rate processed in the receiver kg/s, 
�̇�  fuel flow rate kg/s,  
Pabs  power absorbed by the cavity kW, 
Pc power absorbed by the compressor kW, 
Pcm  total compressor power kW, 
Pcoll  power collected on the surface of the mirrors kW, 
Pconv  thermal power lost by convection from the window surface kW, 
Pele  electrical power output kW, 
Pfuel  thermal power supplied by the combustor to the air flow kW, 
Pin  power intercepted by the window kW, 
Pnet  power transferred to the fluid kW, 
PR turbine expansion ratio, 
Prec  recuperator power kW, 
Preirr  power lost by irradiation kW, 
Pratio compressor pressure ratio, 
Pt         total turbine power [W],  
Pw power intercepted by the receiver kW, 
𝑄 ,   

energy supplied by the hydrogen receiver kWh, 
rg  rim angle, 
𝑅  correction factor, 
Ta ambient temperature, 
Tsky  reference temperature for re-radiation phenomena (15 °C), 
Uconv  global heat transfer coefficient W/m2°C,  
𝑊   mechanical energy kWh, 
 
Δtf  temperature difference between the hot surface and the ambient temperature °C, 
θS  error angle  mrad, 
ε  emissivity of the receiver, 
ϕ(ξ)  flux distribution on the focal plane W/m2, 
ξ radius of the receiver window m, 
ηabs  absorption efficiency, 
ηcm compressor efficiency, 
ηcc combustion efficiency, 
ηele         electrical efficiency, 
ηmec mechanical efficiency, 
ηopt optical efficiency, 
ηr  efficiency of the reflecting surface (reflectance), 
ηrec  heat exchange efficiency, 
ηt turbine isentropic efficiency, 
σ Stefan-Boltzmann constant, 5.67·10-8 W/m2K4. 
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Abstract 
In this study, we numerically investigate aspects of direct injection of liquid ammonia into a combustion 
chamber of a compression ignition engine.  Ammonia has been considered a promising energy carrier 
and possible fuel for specific applications, especially in agriculture or marine transport sectors. Direct 
injection of liquid ammonia into a compression ignition engine is a relatively novel approach. Ammonia 
has a high latent heat of vaporization, and its direct liquid injection has a strong cooling effect on the 
mixture formation and its ignitability. Additionally, due to its high vapour pressures at low temperatures, 
a flash boiling phenomenon might occur, posing some challenges for numerical modelling. Such a 
phenomenon occurs when liquid injected at high pressure enters a low-pressure environment below its 
saturation pressure. The liquid is then superheated, and rapid atomization changes the spray behaviour. 
We have selected numerical models based on available literature on flashing and non-flashing spray 
simulations and the recent experimental study of ammonia spray characteristics with a gasoline direct 
injection (GDI) injector. A series of numerical 3D CFD simulations were performed using the 
Lagrangian approach for discrete phase modelling to replicate ammonia spray characteristics. The 
objectives of this study were to assess the ammonia evaporation process and its cooling effect and 
provide information about the mixture formation inside the cylinder for different operating conditions. 
The simulations cover the full engine cycle with multi-hole GDI ammonia spray and pilot n-heptane, as 
diesel surrogate, in equal proportions on an energy basis. Three different injection timings of ammonia 
were assessed, which resulted in various thermodynamic conditions in the combustion chamber during 
each spray formation. Therefore, different modelling parameters and initial conditions were required to 
simulate spray behaviour, and to address this, a relevant procedure to assign the pre-defined spray angles 
was proposed. The findings constituted further guidelines regarding expected combustion regimes and 
suggested which diesel injector nozzles should remain open to most reliably lead to the ignition 
promotion using pilot fuel injection. 
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1 Introduction 

Direct injection of liquid ammonia into a compression ignition engine is a relatively novel approach and 
thus not fully explored. Very little literature exists regarding details of liquid ammonia sprays, and the 
unique ones available concern gas turbine application co-fired with methane in a single-stage swirl 
combustor [1]. It is characterized by different injection pressures and thermodynamic conditions of the 
ambient atmosphere, but some of the most important features will still be similar. Ammonia has a high 
latent heat of vaporization, and its direct liquid injection will cause a cooling effect that must be 
considered and assessed. Additionally, due to its high vapor pressures at low temperatures, a flash 
boiling phenomenon is expected, posing some challenges for numerical modelling. Such a phenomenon 
occurs when liquid injected at high pressure enters a low-pressure environment below its saturation 
pressure. The liquid is then superheated, and rapid atomization changes the spray behaviour. Very 
recently, the ammonia spray characteristic with a seven-hole GDI injector were investigated by Pelé et 
al. [2], whose data will be used and analysed in the present study. They have used an optically accessed 
constant volume chamber to compare ammonia spray behaviour with bio-ethanol and gasoline. Another 
recent study of Cheng et al. [3] explored the ammonia spray's dynamics from a hollow cone-type 
injector. The high-speed Schlieren imaging revealed that the ammonia spray geometry differs from other 
standard fuels as it has longer penetration, larger spray cone angle, and a cross-section area. Ignition and 
combustion characteristics of directly injected liquid ammonia piloted with diesel fuel under 
compression ignition conditions were recently explored by Scharl and Sattelmayer [4]. They have 
performed an experiment in a rapid-compression-expansion machine using single-hole injectors and 
have pointed out the importance of interaction between the sprays on combustion performance.  

The literature review on this unexplored topic indicates a lack of numerical studies on ammonia spray, 
which validated against experimental data could provide insight into the spray formation process, which 
was reported to be very different for this fuel. Untypical behaviour poses some challenges, especially to 
Lagrangian spray simulations, which rely on various models depending on several constants. 
Nevertheless, at this research stage, preliminary ammonia spray simulations based on the best practice 
guidelines for standard fuels under flash and non-flash boiling conditions should indicate expected 
effects of ammonia evaporation, cooling and the mixture formation. Such information can have a great 
value in providing guidance on the very first engine experiment design setups and the respective 
injection strategies. 

At first, we describe the engine, its geometry, and the setup for dual fuel operation. Secondly, the 
selected numerical approach is briefly presented and discussed. The presentation of the results starts 
with a discussion of thermodynamic conditions met at different crankshaft positions corresponding to 
the chosen injection timings to indicate the required numerical setup for the spray simulations. The 
conditions are quantified by a superheat degree to select appropriate pre-defined spray angles 
representing ammonia spray shape characteristics measured by Pelé et al. [2]. The following sections 
present and discuss the results of ammonia evaporation, cooling, and the mixture formation. 

2 Methodology 

2.1 Engine description 

In the present work, the Hatz engine type 1B30 with 347 cm3 of displacement volume, maximum torque 
of 16.2 Nm, and power from 2.3 to 5.0 kW was used. Selected characteristic parameters of the engine 
are provided in Table 1. 
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Table 1: Selected characteristic Hatz 1B30 engine data 

Parameter Unit Parameter Unit 

Bore 
Stroke 

Displacement 
Connecting rod 

80 mm 
69 mm 
0.347 l 

114.5 mm 

Compression ratio (CR) 
Inlet valve closure (IVC) 

Exhaust valve opening (EVO) 

21.5 
-100 CAD 
100 CAD 

2.2 Numerical Model 

Simulations are performed using the CONVERGE CFD software [5] with a similar setup as presented 
previously in [6]. The code uses the collocated finite volume method with the Rhie-Choe interpolation 
scheme to solve the transport equations iteratively. Many studies show this code's capabilities for 
simulations of complex flows [7–12]. The ICE flow is turbulent; therefore, one must solve the system 
of closed equations of motion, species transport, and energy conservation. The Navier-Stokes equations 
are subject to Reynolds decomposition with Favre averaging, and the closure for the turbulence fluxes 
is obtained by statistical modelling based on turbulence viscosity. The turbulence kinetic energy k and 
its dissipation rate  are obtained with a two-equation RNG k –  turbulence model widely adopted in 
ICE simulations. Different approaches can be used to track the liquid phase to model multi-phase spray 
flow during the liquid fuel into the in-cylinder gas mixture. To model liquid fuel spray, the Lagrangian 
solver is used to model discrete parcels, representing groups of identical drops and undergoing several 
physical processes. To emulate those effects, the employed models are selected based on 
recommendations from previous CI engine simulation research [10–15]. The spray breakup process is 
modelled using fundamental instability mechanisms of Kelvin-Helmholtz (KH) and Rayleigh-Taylor 
(RT). Only KH model is responsible for the primary breakup, whereas the secondary breakup is 
modelled by examining the competing effects of the KH and RT mechanisms as presented by Senecal 
et al. [13]. In this approach RT model includes viscosity effects, and an ad-hoc definition of the breakup 
length is avoided. The No Time Counter (NTC) method [16] is used to account for droplet collisions, 
which result in grazing collisions, coalescence or stretching, and reflexive separation considered in the 
so-called post-collision outcomes approach. In addition, a collision mesh was applied with 2 levels of 
collision. The dynamic drag model is employed so that the drag coefficient includes variations in the 
drop shape. Uniform temperature distribution within each parcel was set, and fuel with real ammonia 
properties evaporated purely to NH3 without any scaling factors applied to heat or mass transfer 
coefficients. Turbulent dispersion was modeled with the O’Rourke approach presented by Amsden et 
al. [17] where each component of added fluctuating velocity to the gas velocity follows a Gaussian 
distribution. Blob injection drop distribution was applied, and the parcels were evenly distributed 
throughout the solid cone spray. 

An engine geometry motion is handled by creating a new mesh at each time-step instead of employing 
the moving mesh approach. Additionally, an adaptive mesh refinement (AMR) algorithm improves or 
adjust the grid size in the regions where it is needed based on pre-defined refinement criteria. The base 
grid cell size was set to 2 mm in this work. Refinement criteria for AMR were based on sub-grid scale 
velocity of 1 m/s using 3 and 4 levels of embedding. However, an increase in one more level of 
embedding leads to a significant increase in the number of cells and CPU time but causes a minimal 
difference in the predicted results. Therefore we have applied 3 levels of AMR with 2 mm base grids 
based on our previous experience with engine modelling, and detailed grid dependency studies [6]. 
Moreover, according to Senecal et al. [18] and Xu et al. [19] who have performed non-reacting 
vaporizing spray simulations, the cell size of 0.25 mm in RANS simulations is small enough to provide 
correct liquid penetration length and thus is often set as the recommended value. Additionally, when it 
comes to the Lagrangian approach for spray simulations, the finer the cells, the more parcels have to be 
injected, and the cell size of 0.25 mm requires injection of over 512 000 parcels. Fixed embedding during 
crucial engine events and additional fixed embedding is applied with the refinement scale of 3 in the 
injectors regions to cover the cone shape of the expected spray plumes. 
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2.3 Ammonia injection and spray 

To express the ammonia fraction in dual fuel injection mode, we have adopted the formulation of heat 
fraction of ammonia after Okafor et al. [1]: 

𝐸 =
𝑌 𝐿𝐻𝑉

𝑌 𝐿𝐻𝑉 + 𝑌 𝐿𝐻𝑉
 (1) 

where 𝑌  stands for mass fraction and 𝐿𝐻𝑉  is the lower heating value (18.6 MJ/kg and 45.5 MJ/kg for 
ammonia and diesel, respectively). Reiter and Kong [20] have studied the combustion of port-injected 
gaseous ammonia in a compression ignition engine using dual ammonia-diesel fuel. They have 
demonstrated that it is possible to burn ammonia in a wide range of energy contributions up to 95%. 
However, too low or too high ammonia concentrations negatively influence exhaust emissions (NOx, 
soot, HC, CO ammonia slip) or overall fuel efficiency. They have concluded that the favorable operating 
range in their dual-fuel approach requires 40–60% diesel fuel energy. Therefore, in the present numerical 
study, it is assumed that adaptation of 50-50% ammonia/diesel by energy basis is a good starting point. 
Such proportions correspond to 71% of ammonia and 29% of diesel by mass.  It results in the injection 
of 15 mg of ammonia and 6 mg of diesel per cycle for the selected operating point. Based on the available 
data, the duration of ammonia injection was estimated to be 13.334 CAD and diesel to 4.28 CAD when 
the engine runs at a speed of 2000 rpm. 

Liquid ammonia may experience flash boiling if injected under certain thermodynamic conditions. Flash 
boiling enhances phase change from liquid to gas; thus, change in the drop mass is more significant and 
can be regarded as an increased evaporation rate. Prince et al. [21] proposed a model with the assumption 
of spherical droplets whose surface temperature at superheated conditions is equal to the saturation 
temperature of the fuel. The total change in the drop mass is driven by heat transfer to the droplet surface: 
1) from the surrounding environment (sub-cooled term); and 2) from the droplet center (superheat term). 
Therefore, being precise, such a model describes so-called external flash boiling. The model of Price et 
al. [21] is used in this work and has been recently employed in the CFD study of Duronio et al. [15] 
aiming to reconstruct flash boiling spray morphology in the case of ECN spray G. Their study is a 
relevant reference for simulation set up of a standard and flash boiling spray, however, it is limited to 
only one global superheat condition and gasoline as a fuel. Properties of ammonia (e.g., high latent heat 
of vaporization) may lead to deviations from previously derived correlations and, generally, different 
spray behaviour. With respect to standard spray modelling using the Lagrangian approach, the following 
submodels or settings were found to be influential when modelling flash-boiling sprays [21]: model for 
evaporation, spray breakup model parameters, prescribed cone angles, droplet collision model, initial 
droplet diameter, heat transfer coefficient. Different modelling setups is required dependently on 
thermodynamic conditions, which will be discussed in the first section of the result.  

3 Results 

3.1 Thermodynamic conditions 

The Hatz engine simulation runs concerned motored conditions at a speed of 2000 rpm. The simulations 
started with intake stroke at -360 CAD with the initial in-cylinder gas temperature of 300 K and at 
atmospheric pressure. Intake pressure and temperature were 1.3 bar and 400 K, respectively. Figure 1 
(left) shows the pressure trace and the maximum in-cylinder temperature between the intake valve 
closure at -100 CAD and the exhaust valve opening at 100 CAD. Depending on the selected injection 
time, the liquid ammonia will enter the atmosphere at very different thermodynamic conditions, and 
flash-boiling phenomena can occur. Ammonia vapour pressure is presented in Fig. 1 (right) in the p-T 
plot with a solid black line. The color line shows the pressure and the temperature at the same crankshaft 
positions where the crank angles are marked with color (see the color legend). Blue and red dashed lines 
indicate 293 K and 363 K (90oC) fuel temperature, respectively. From this, we can conclude that when 
the fuel temperature is 293 K, its saturation pressure is 8.6 bar, which is achieved in the cylinder during 
the compression stroke at 45.5 CAD before TDC. After that time, ambient pressure is higher than the 
saturation pressure, thus, the ratio pa/ps is larger than one. The injected ammonia is superheated only 
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before 45.5 CAD when the flash boiling can take place. If during the operation engine gets heated, the 
fuel temperature can also rise to approximately 363 K (90oC). Under such conditions, flash boiling can 
take place for the ammonia injections until 9.8 CAD before TDC. 

 

Figure 1: The pressure trace and the maximum in-cylinder temperature between IVC and EVO (left). 
Ammonia vapour pressure (solid black line) and in-cylinder thermodynamic conditions from -180 

CAD to TDC (denoted by colors). 

Diesel injection is foreseen to promote ammonia injection and will take place at -15 CAD. This study 
considers ammonia injections between IVC and the pilot injection. Early injections provide enough time 
for good mixing of the fuel and air, whereas late injections can lead to ammonia and diesel spray 
interactions. Additionally, the ammonia cooling effect may influence the flame stability and the overall 
combustion process. Three different injection timings are selected to cover several degrees of superheat, 
from flash boiling to non-flashing, and can be named as early (-60 CAD), moderate (-40 CAD), and late 
(-20 CAD) injection with the diesel spray interaction. At these injection timings, the superheat degree 
pa/ps for the fuel temperature Tf=293 K is 0.58, 1.27 and 3.6, respectively, as shown in Fig. 2 (left). 
Additionally, two other lines show pa/ps ratios when the fuel is 20 K colder or warmer to present how 
the fuel temperature can affect the flash boiling conditions. Only the case with injection at -60 CAD is 
regarded as flash boiling, whereas the other two are assumed to be non-flashing. Consequently, only the 
early injection case employed the enhanced vaporization model of Price at al. [21] and modified RT 
breakup model parameters to advance a breakup process. 

Additionally, based on the ammonia spray measurements of Pelé et al. [2], it is possible to prescribe 
spray angles varying continuously as a function of superheat degree pa/ps. Figure 2 (right) presents 
measured spray angles by Pelé et al. [2] and estimated full spray angle for the GDI injector used in the 
present work. The minimum spray angle at half of the penetration length measured by Pelé et al. [2] was 
48o, which corresponded to the double the drill angle of their injector in the respective plane. The double 
of the drill angle of the current GDI injector is 38o and is assumed to be equal to the minimum full spray 
angle occurring for pa/ps 2.9. As indicated by the experimental data, lower pa/ps ratios led to wider 
sprays. The full spray angle in the present work was estimated using the proportional increase observed 
in the experiment with respect to the minimum full spray angle (double the drill angle) and is denoted 
with a solid black line in Fig. 2 (right). In a multi-hole injector, the full spray angle is calculated as the 
sum of the spray plume cone angle and the double angle of the spray plume direction. Duronio et al. 
[15] used a separate set of angles for the standard case and different for a flash boiling case. For the 
cases with pa/ps 1, we have adopted the same ratio of plume direction angle to the plume cone angle as 
in the standard case (37/30), and for pa/ps < 1, the ratio as in the flash boiling case (19/24). The resulting 
angles are shown with dotted-dashed blue and green lines for plume direction and plume cone angle, 
respectively. The summary of the numerical settings is given in Table 2. 
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Table 2: Summary of the modelling setup for different injection timings 

SOI -60 CAD -40 CAD -20 CAD 

pa/ps 0.58 1.27 3.6 

Vaporization Frossling + Price (flashing) Frossling (non-flashing) Frossling (non-flashing) 

KH-RT breakup GDI flashing GDI non-flashing GDI non-flashing 

Angles 
Cone: 19.74o 

Direction: 15.63o 
Full: 51o 

Cone: 16.587o 
Direction: 20.46o 

Full: 57.7o 

Cone: 10.96o 
Direction: 13.53o 

Full: 38o 

 

 

Figure 2: Superheat degree as pa/ps ratio as a function of crankshaft position for the three different 
fuel temperatures. Red symbols denote conditions during selected injection timings. Spray angles as a 
function of superheat degree. Red symbols with dashed line represent experimental data [2], and solid 

black lines stand for the estimated full spray angle for the GDI injector used in the present work. 
Dotted-dashed blue and green lines denote plume direction and plume cone angle. 

3.2 Cooling effect 

Ammonia has a high latent heat of vaporization of 1370 kJ/kg, and as pointed out by Lesmana et al. 
[22], one of the challenges in using ammonia as a fuel injected as a liquid is its cooling effect. Significant 
heat absorption is present during vaporization, leading to a strong temperature decrease. Figure 3 shows 
the influence of ammonia injection on minimum, maximum, and mean cylinder temperature for the 
different start of injection times. The start of injection is indicated by a sudden drop in the lowest 
observed temperature in any location (computational cell) in the cylinder due to ammonia evaporation. 
Diesel injection is also visible in the minimum temperature profile for the early and moderate injections 
times. Differences in maximum temperature start to be visible closer to TDC when the in-cylinder gas 
is mixed more homogenously. Ammonia injection leads to a 40-60 K drop in the mean temperature 
shortly after the injection, and at TDC, the decrease is around 120 K. Correspondingly the maximum 
pressure is lower by 5 bars when the ammonia is injected. It is worth pointing out that for the late 
ammonia injection, the pilot diesel fuel dose enters the combustion chamber when the mean gas 
temperature is the highest. However, at that time, due to overlapping injections and ammonia 
evaporation, the mixture is not homogeneous, and cold regions exist. Nevertheless, as shown in Fig. 4 
(second and third plot in the third column), the two liquid sprays do not interact, and the ignition may 
not be affected by these cold spots as it took place in the recent study [4]. Figures 4-6 show parcels, 
temperature, and ammonia mass fraction contours at selected cross-sections. Each column presents the 
results for the three injection timings, and each row presents data for 4 CAD, 8 CAD after ammonia 
injection, and 4 CAD after diesel injection.  Parcels in Fig. 4 are coloured by droplets temperature, and 
it can be noticed that during early injection, they remain cold until the spray hits the cylinder bowl. For 
the early injection case, the number of parcels is visibly much lower than in the case of the two later 
injections, which is related to the fact that only the first case is regarded as flash-boiling with enhanced 
evaporation driven by heat flux from liquid droplet to its surface and advanced breakup occurrence. The 
moderate and late injections occur when the liquid fuel is not superheated and undergoes a normal 
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vaporization process. For later injections, warmer surrounding gas heats the liquid fuel much quicker. 
Figure 5 shows the temperature contours and spray plums significantly cool down the surrounding gas, 
especially in the early injection case where the flash boiling occurs. Different spray widths for different 
SOI are the outcome of the assigned spray angles. Figure 6 shows ammonia mass fraction contours that 
correspond well to the temperature field. The correlation of low-temperature regions with ammonia 
concentrations indicates a featured problem of ammonia ignition without pilot fuel injection or another 
type of ignition promotion. 

 

Figure 3: In-cylinder temperatures: maximum (solid red line), minimum (blue dashed line), and mean 
(green dashed-dotted line) at three different ammonia injection timings -60 CAD, -40 CAD, and -20 
CAD compared to the temperatures history at motored conditions without fuel injections (respective 

gray lines). 

3.3 Ammonia evaporation 

Ammonia at atmospheric pressures and in-cylinder conditions should naturally occur at a gaseous state. 
However, due to its high latent heat of vaporization and thus strong cooling effect described above can 
prolong its evaporation process. Ammonia sprays cool down the surrounding gas dramatically and, 
dependently on the initial fuel temperature, can remain in the liquid phase relatively long. Therefore, 
quantifying ammonia evaporation at different injection timings is of interest. As it is visible in Figs. 4-
6 ammonia spray can interact with the piston bowl at various degrees depending on the injection timing. 
Therefore, an appropriate wall treatment has to be considered in the Lagrangian spray modelling. 
Lagrangian parcels can either create a wall film or rebound and slide during contact with a wall. 
Rebounding would significantly influence the flow field and the ammonia-related scalar fields, which 
is not representative of the considered physical behaviour. Considering wall film require the 
involvement of other submodels to determine film properties and account for its evaporation. In this 
study, O'Rourke film splash model was employed, and the splashing was determined using criteria based 
on Weber number, film thickness, and viscosity. Additionally, evaporation of the film was allowed to 
ensure complete ammonia evaporation.  

Figure 7 shows the amount of evaporated ammonia and diesel mass for the three different ammonia 
injection timings. It takes about 20-25 CAD to evaporate all the ammonia mass for all the injections; 
however, as shown in the right plot of Fig. 7 evaporation rate for SOI at -20 CAD aTDC is higher, and 
the process is shorter compared to the two earlier injections whose evaporation rate profiles are very 
similar. However, at the beginning of the early injection at -60 CAD aTDC the evaporation rate is much 
steeper than for the medium injection timing due to the flash boiling presence. The dotted black vertical 
line on the left plot in Fig. 7 denotes -15 CAD aTDC when diesel pilot fuel is injected, and arrows point 
out the amount of ammonia mass at the gaseous phase at that time. For the two early injections, all the 
mass is evaporated at the time of pilot fuel injection, and for the case with SOI at -60 CAD, there is 
enough time for premixing the ammonia prior to its combustion. Ammonia is completely vaporized for 
the medium injection time just after the pilot fuel injection; thus, no full premixing can be achieved. On 
the other hand, for the late injection case, only 19% of the ammonia mass has evaporated, the two fuels’ 
injections overlap, and a fully non-premixed combustion mode is foreseen driven by mixing and 
diffusion. 
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Figure 4: Parcels representing liquid fuel spray coloured by temperature for the three injection times: 
-60 CAD, -40 CAD, and -20 CAD are shown in the columns. The rows show 4 CAD and 8 CAD 

snapshots after ammonia injection and 4 CAD after diesel injection, respectively. 

 

Figure 5: Temperature contours at selected cross-sections for the three injection times: -60 CAD, -
40 CAD, and -20 CAD are shown in the columns. The rows show 4 CAD and 8 CAD snapshots after 

ammonia injection and 4 CAD after diesel injection, respectively. 
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Figure 6: Ammonia mass fraction contours at selected cross-sections for the three injection times: -
60 CAD, -40 CAD, and -20 CAD are shown in the columns. The rows show 4 CAD and 8 CAD 

snapshots after ammonia injection and 4 CAD after diesel injection, respectively. 

 

Figure 7: Evaporated fuel mass for the three different ammonia injection timings (left). Colour lines 
denote evaporated mass of ammonia, whereas black dashed line stands for evaporated pilot fuel. The 

right plot shows the rate of ammonia evaporation as a function of CAD after the start of injection. 

3.4 Mixture formation 

Here, the ammonia mass fraction results are presented to show how the mixture is formed and how it 
looks like during pilot fuel injection. The result should show how well mixed is the ammonia within the 
cylinder and the piston bowl during early injections and how the mixture is formed during later 
injections. These results can also help adjust the pilot fuel injection timings but also its direction. Much 
smaller pilot fuel portions must be injected during the operation at a high ammonia fraction than in 
regular operation. Therefore, the electronically controlled common rail diesel injector may have to be 
modified by welding some nozzles to provide lower mass flow rates. Consequently, the decision must 
be taken on which nozzle should be closed and which should remain open. It is known that for pure 
ammonia, leaner mixtures show higher reactivity [23]. However, ignition delay time dependence on 
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equivalence ratio may differ for ammonia blends with other fuels. One may target certain regions with 
a pilot fuel injection to promote ignition more effectively. Figure 8 shows isocontours of ammonia mass 
fraction at the values of 0.08, 0.15 and 0.25 (purple, green and yellow, respectively) for the three 
injection timings at the time of -13 CAD aTDC during the pilot fuel injection. Assuming that all the 
remaining mass fraction is air, these values correspond to the equivalence ratios of approximately 0.5, 
1, and 2, respectively. In these simulations, we have 405 mg air and 15 mg NH3 (global =0.22).  Note 
that the colour surfaces are isocontours, so e.g., in late ammonia injection, there are rich regions inside 
the spray. Black dots representing Lagrangian parcels are shown to visualize the pilot fuel single spray 
plumes directions. Additionally, it should be pointed out that liquid penetration length has not been 
validated. Therefore, it should be kept in mind that ammonia spray behaviour may differ. However, 
compared to the experimental results of Pelé et al. [2], we somewhat underestimated liquid penetration 
length, but still, we experienced spray wall interaction inside the engine's combustion chamber. Because 
the ammonia GDI injector enters the chamber at an angle, ammonia air mixture formation strongly 
depends on the fixed spray direction. However, the early injection case results with SOI at -60 CAD 
aTDC show relatively well-mixed ammonia evenly distributed within the piston bowl with only several 
rich spots. In such conditions, initiated combustion would result in mixed mode, i.e. kinetically 
controlled for ammonia and diffusion flame for diesel. On the other hand, for the case with SOI at -40 
CAD aTDC, ammonia has also already completely evaporated and is spread over the piston bowl; 
however, a distinct rich region is located where the ammonia spray hits the piston wall. When ammonia 
is injected at -20 CAD aTDC, the liquid spray is still present at -13 CAD aTDC, and a wide spectrum 
of the mass fraction is observed, with the visible lean region in the outer side at the top of the spray 
(three top plumes) and the massive rich region at the tip of the piston bowl visible from the bottom view, 
where the spray collides with the wall. If leaner mixtures are easier to ignite, one may expect north/east-
north/west or south/east-south/west (looking at the top view) nozzles of the GDI injector are good 
candidates to remain open. 

 

Figure 8: Evaporated fuel mass for the three different ammonia injection timings (left). Colour lines 
denote evaporated mass of ammonia, whereas black dashed line stands for evaporated pilot fuel. The 

right plot shows the rate of ammonia evaporation as a function of CAD after the start of injection. 

4 Summary 

This study presents simulations of direct injection of liquid ammonia spray in the full-scale single-
cylinder Hatz engine. The example thermodynamic conditions have been analysed to identify 
superheated conditions for ammonia. In order to account for flash boiling in the spray simulations, 
relevant models have been selected based on recent literature recommendations. To reproduce ammonia 
spray shape, full outer spray angles were assigned based on the experimental measurements of Pelé et 
al. [2]. A numerical setup for spray formation process under flash boiling and non-flash boiling 
conditions was partially adopted from Duronio et al. [15]. Three cases with different start of ammonia 
injections have been selected and further analysed. In particular, the ammonia spray cooling, 
evaporation, and mixture formation were considered as crucial factors in assuring proper charge ignition 
under DI dual-fuel strategy. The importance of spray interactions and mixture formation as fundamental 
prerequisites for successful combustion of ammonia under CI with diesel pilot was also recently reported 
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by Scharl and Sattelmayer [4]. The main observations and conclusions that can be drawn from the 
analysed results are as follows: 

 Although liquid ammonia spray - head wall interaction has been excluded, the ammonia liquid 
spray will hit the piston bowl. The piston is made of aluminum, so no corrosion is expected; 

 Ammonia injection decreases the mean in-cylinder temperature and pressure at TDC by 120 K 
and 5 bar, respectively; 

 For the late ammonia injection, the pilot diesel fuel dose enters the combustion chamber when 
the mean gas temperature is the highest; 

 The temperature field is inversely proportional to the ammonia mass fraction field; thus 
ammonia is concentrated in the low-temperature regions, which indicates a featured problem of 
ammonia ignition without pilot fuel injection or another type of ignition promotion; 

 Ammonia completely evaporates prior to the pilot fuel injection at -15 CAD aTDC if injected 
between -60 and -40 CAD aTDC; 

 Ammonia evaporation rate for early injection at flash boiling conditions is similar to the one at 
medium injection time, but the highest evaporation rate is during late fuel injection; 

 Premixed combustion may be experienced at the early injections, where a relatively 
homogeneous mixture is formed; 

 The late injection is expected to lead to non-premixed combustion as it overlaps with the diesel 
injector, and spray interactions can have a significant influence on combustion performance; 

 Mixture formation analysis gave guidelines on which diesel injector nozzles should remain open 
in the retrofitted diesel injector. 

Although the above findings provide valuable qualitative insight into the process of direct injection of 
liquid ammonia into CI engine it is necessary to pursue further studies to increase the reliability of spray 
models to represent ammonia spray behaviour. Recent experimental studies [2,3] reported untypical 
behaviour of ammonia sprays compared to standard fuels. In the present study, the appropriate ammonia 
spray shape with the proposed method based on the experimental data [2] was possible due to similarities 
of GDI injector geometry, yet currently used and proposed in the literature spray breakup models may 
require modifications. In the case of ammonia, there is also a risk of the ammonia phase change 
(cavitation) still inside of the injector due to the pressure drop, which could deteriorate the state of 
injected liquid and consequently change the initial conditions. It was already presented that altered initial 
conditions for Lagrangian modelling of flash boiling urea-water solution sprays is an alternative 
approach providing accurate results [24]. Future works are foreseen to evaluate these conditions by 
separate simulations of internal flow in the injector and by experimental investigations. 
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Abstract  

The energy sector is focused on gradual transition toward climate neutral solutions. To this end, the 
improvement of power generation technologies and replacing conventional methods with greener 
options are areas of keen interest. One group of solutions currently under development are cogeneration 
systems based on solid oxide fuel cells (SOFC), which are now available commercially. Although power 
installations with SOFC exhibit higher electrical efficiency compared to conventional power plants (in 
excess of 50-65% versus the efficiency of thermal cycles in the range of 38 to 63%), there is still space 
for improvement. One of the technical measures to boost efficiency in SOFC-based systems is to recycle 
anodic off-gas. In this paper, recirculation of anodic gas in a 10 kW SOFC system was studied using a 
numerical model. Several configurations of the system with SOFCs were under consideration. The 
model of a system with blower-driven anodic off-gas recirculation was developed and implemented in 
Aspen HYSYS modeling software. Two alternative fuels natural gas (NG) and hydrogen were 
considered for the stack with anode supported SOFCs. Main system parameters including net power and 
electrical efficiency are presented for multiple operation points with different recirculation ratio and fuel 
utilization factors. Operating conditions were defined based on experimental investigation of SOFC 
stacks carried out at the Institute of Power Engineering. A comparison with a reference system without 
recirculation is shown. 
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1 Introduction 

The use of carbon-based fuels for power generation processes leads to the production of considerable 
amounts of greenhouse gases, which are emitted to the atmosphere. This is one of the major problems 
currently faced by the energy sector and energy-intensive industries. Additionally, attention is focused 
on deploying highly efficient power systems to help reduce the carbon footprint of the energy supply. 
One solution is to be found in solid oxide fuel cells. In SOFCs the fuel supplied to the system is directly 
converted into direct current. When the system is fed by hydrogen, water vapor will be the only product 
of the electrochemical oxidation. If the fuel was generated using renewable electricity, emissions related 
to the production of electricity in such systems will be close to zero. Additionally, such fuel cell cells, 
due to their high operating temperature (>600°C) and Ni catalyst present in the fuel electrode, can be 
fueled with various gases, including also hydrocarbonaceous fuels and synthetic fuels produced in 
power-to-X systems 

Combined heat and power (CHP) installations with SOFC stacks are characterized with electrical 
efficiency exceeding 50%, but there is still room for improvement. One way is through the recirculation 
of the anodic gas leaving the SOFC stack, also known as anodic off-gas recirculation (AOGR). Taking 
this approach, as overall efficiency increases, less fuel can be delivered to the system while maintaining 
performance. Anodic gas recirculation can be performed either by a dedicated recirculation blower or 
ejector. In this paper, the numerical analysis focused only on SOFC-based installations with a 
recirculation blower, fueled with NG or hydrogen.   

1.1 Literature overview 

High-efficiency power generation systems based on SOFC with anodic gas recirculation have been 
studied by several groups of researchers. Lisbona et al. [1] performed a sensitivity analysis for a natural 
gas fueled 1 kW CHP unit. The nominal recirculation ratio (RR) was set to 70% and stack fuel utilization 
(FU) to 75%. The results show that electrical efficiency of 45–51% can be achieved across a wide range 
of operating conditions. Anodic recirculation and fuel utilization were determined to have the biggest 
effect on electrical efficiency. Lee et al. [2] conducted a sensitivity analysis of a micro-CHP unit in three 
configurations: (i) without AOGR, (ii) with recirculation blower, and (iii) using turbocharger and ejector 
to supply air and recirculate the anode off-gas. Three parameters were investigated: fuel utilization, 
steam-to-carbon ratio (S/C ratio) and external reforming ratio. It was found that the highest system 
efficiency of 64.6% was achieved when the parameters were 0.75, 2.5 and 0.4 respectively. Wahl et al. 
[3] studied the dynamic behavior of a quasi-2D SOFC micro-CHP model with blower anode off-gas 
recirculation fed with NG. Net electrical power and system efficiency with recirculation ratio varying 
from 50 to 80% for 2 fuel utilization factors were shown. It was discovered that optimal RR varied from 
65% to 75% when FU was changed from 60 to 70%. Additionally, effects of changing NG composition 
fed to the system were shown. It was discussed that for gases with methane volumetric content < 90%, 
a different control strategy should be applied. Engelbracht et al. [4] numerically studied an NG fueled 
SOFC system with anode off-gas recirculation loop operating at temperatures up to 160°C. It was found 
that usage of AOGR improves electrical efficiency compared to conventional system. Appropriate 
recirculation rate was shown for fuel utilization factors from 50 to 80%. It was concluded that to avoid 
carbon formation RR above 63% should be used. This study was later studied experimentally by Peters 
et al. [5]. A low temperature recirculation blower (< 200°C) was used in a SOFC system with 
recirculation ratio in the range from 73 to 80%. The proposed system was confirmed to be technically 
viable feasible, a reduced cooling air demand of the stack with higher recirculation rates was observed, 
which confirmed the earlier proposed behavior of the system. Peters et al. [6] studied a hydrogen fueled 
SOFC system with anode off-gas recirculation. In this numerical study hydrogen recirculation was done 
after steam condensation. It was found that higher fuel utilization and recirculation ratio lead to an 
increase in electrical efficiency. Additionally, a system variant with a 100% anode off-gas recirculation 
was derived and a proposal for a corresponding fuel gas control was presented. Choi et al. [7] 
numerically studied a methane fueled system with an anode off-gas recirculation blower in two 
configurations and a reference system without AOGR. Power and system efficiency were analyzed 
under various fuel/air utilization factors and recirculation ratios. Maximum power was determined to be 
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achieved with a fuel utilization factor of 61% and recirculation ratio of 26%, whereas highest electrical 
efficiency of the system was obtained with FU of 80% and RR of 10%. Tanaka et al. [8] designed and 
tested two anode-off gas recycle blowers for 10 kW-class and for 250 kW-class SOFC systems. Both 
blowers were safely operated with an inlet temperature of 650°C. Electrical efficiency of 26 and 52% 
were determined for 10 kW and 250 kW class blowers respectively. 

Selecting the appropriate recirculation ratio in a micro-CHP system based on SOFC is crucial for 
efficient and reliable operation. The wrong level of recirculation impacts stack and reformer operation 
as well as the thermal balance of the system. Since these overlapping phenomena make it difficult to 
predict the behavior of system in off-design conditions, dedicated numerical analysis of such systems is 
needed. 

In this work, a 10 kW micro-CHP based on SOFC with a blower driven AOGR was numerically studied. 
System net power and electrical efficiency are presented for multiple operation points with different 
recirculation ratio and fuel utilization factors, for both hydrogen and NG fueled systems. A comparison 
with a reference system without recirculation is shown. 

2 System design 

The analyzed system is composed of an SOFC stack, four heat exchangers (including heating system), 
air blower, water pump, reformer, burner and recirculation blower. The analyzed SOFC-based CHP unit 
is presented schematically in Figure 1.   

  

 

Figure 1: Schematic diagram of the analyzed system 

The main source of high-enthalpy heat in the system is the steam of exhaust gas, obtained by combustion 
of non-recirculated anodic off-gas and depleted air from the cathodic part. Initially, fuel is delivered to 
the heat exchanger and then, depending on the hydrogen or NG case, is directed either to the SOFC 
stack or steam reformer. The amount of fresh water delivered to the installation is regulated, based on 
the assumed S/C ratio. In order to prevent potential carbon deposition in the system, the S/C ratio was 
set to 2.2 for every case considered in the simulations. Steam is acquired in the steam generator—which 
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is also heated with exhaust gases and then mixed with other gases before the reformer. Due to the 
endothermic reaction occurring in the steam reformer, hot exhaust gases are used to maintain the 
appropriate operating temperature of the device. Before entering the hot part of the installation, fresh air 
is divided into two streams, where primary air is heated in the heat exchanger. Secondary, cold air is 
mixed with the hot, primary stream before the stack. This approach enables efficient control of the stack 
operating temperature and overall heat distribution in the system. Excess heat from the installation is 
used in the heating system either for domestic or industrial purposes.  

In order to improve the overall performance of the CHP system, a recirculation blower was added to the 
installation. The recirculated anodic off-gas is mixed with the fuel and steam, before entering the gas 
processing unit. In the hydrogen case, the recirculated gas is mixed with heated fuel before the anodic 
part of the SOFC stack. In the simulations, hot AOGR was analyzed, without needing to cool the 
recirculated gas to approx. 200°C. Although recirculation of hot gases requires an expensive, dedicated 
blower, this approach requires no additional heat exchangers and thus simplifies the system. 
Consequently, there is more flexibility as regards regulation of parameters during off-design operation, 
making hot gas recirculation a preferable solution.   

3 Numerical model description 

A modeling platform was developed to evaluate the performance of the 10 kW micro-CHP unit based 
on an SOFC stack. Stationary off-design operation was considered. The net power, electrical and overall 
efficiencies were studied for a system operated under varying recirculation ratio and fuel utilization 
factor. To analyze the behavior of the unit, all models including SOFC stack, heat exchangers, external 
reformer, anode off-gas catalytic burner, air and recirculation blowers were implemented in Aspen 
HYSYS 12.0 modeling software. The Peng-Robinson equation of state was used. The heat and mass 
balance equations used in the model take into account the direct internal reforming taking place in the 
anodic compartments of the SOFC stack. To monitor the risk and prevent carbon formation and 
deposition in the fuel channels, the steam to carbon ratio (S/C) ratio was calculated based on the 
empirically determined limits of carbon deposition. 

3.1 Model of the SOFC stack 

The numerical model of the SOFC stack is based on the reduced order modeling approach (ROM) 
proposed for the first time by Milewski et al. [9] and later used in numerous studies of SOFC which 
included both off-design [10], [11] and dynamic operation [12]–[14]. Depending on the method, the 
working principle of the fuel cell can be described by an equivalent electric circuit as presented in Figure 
2. 

 

Figure 2: Equivalent electric circuit of a solid oxide fuel cell 

The material from which the cell's electrolyte is made is characterized by both ionic and electronic 
resistances, as shown in Figure 1, respectively, as R1 and R2. R3 is the external load resistance of the 
fuel cell. Maximum voltage Emax is the cell's equivalent to the electromotive force, and E is the voltage 
across the cell. The currents I1, I2 and I3 represent the flow of oxygen ions through the electrolyte, the 
passage of electrons through the electrolyte, and the presence of an external load, respectively. By the 
laws of Ohm and Kirchhoff, it is possible to solve the above electrical circuits and determine the output 
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voltage E. This methodology was described in detail by Kupecki et al. and Motylinski et al. elsewhere 
[10], [15], [16]. The SOFC model used in this study was previously validated with experimental data 
including internal direct internal reforming (DIR) mode of operation [11], [12], [16], [17]. The relative 
prediction error did not exceed 5%. 

 

Figure 3: Comparison of model prediction and experimental data of current-voltage characteristics of 
the SOFC stack with (average cell voltage) 

The numerical model of the stack was validated based on data collected during measurements of the 5-
cell SOFC stack at the Institute of Power Engineering. The SOFC stack was fed a mixture of hydrogen 
and steam. Various volume flows and molar contents of hydrogen were used. The stack was operated at 
680°C for all cases. A constant air flow of 2 Nl/min/cell was set. Figure 3 shows the average cell voltage 
predicted by the model compared with the experimental data. Average prediction error was less than 
1.8% and did not exceed 4% in any case. 

3.2 Steam methane pre-reforming model 

Based on [18], carbon deposition data depending on the temperature at 1 bar were collected. The analysis 
determined the relationship between the molar content of oxygen and hydrogen as well as the molar 
content of carbon and hydrogen. On this basis, the boundary points for carbon were prepared. Knowing 
the volume content of individual elements in the fuel mixture, it is determined whether the S/C ratio in 
the given conditions is sufficient to prevent carbon formation. Carbon volume content was calculated 
based on the fuel composition. Later, the mole fraction of each element in a mixture was estimated and 
compared to boundary points defined by experimental curves.  

The relationship between the molar content of oxygen and hydrogen as well as the molar content of 
carbon and hydrogen for the procedure described above is presented in Figure 4. 
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Figure 4: Relationship between the molar content of oxygen and hydrogen (left) and carbon and 
hydrogen (right) - regions of carbon depositions and carbon free operation 

3.3 Model of heat exchangers 

The mathematical model of the plate heat exchanger used in this study is based on an NTU method 
(number of transfer units). It is an iterative process of evaluating hot and cold outlet parameters based 
on inlet conditions and heat exchanger geometry.  

The iterative solution requires an initial guess of effectiveness ε0. Since the mathematical model of a 
heat exchanger is based on the iterative calculation procedure, in the first iteration the initial guess of 
effectiveness of the heat exchanger, ε0, is used. In the next iteration, the previous value of the 
effectiveness is used as an initial guess. This procedure continues until sufficient convergence is 
obtained. Based on this guess, the hot and cold sides of the heat exchanger can be analyzed and evaluated 
to determine the main parameters at the outlets of both sides. The details of the mathematical model 
based on the NTU method are discussed in the literature [19][20].  

3.4 Recirculation blower model 

In the analyzed system, the anode recirculation blower was implemented. The recirculation blower's 
operation is defined by the following set of parameters [10], [21]: 

 𝑝 = 𝑓(𝑚 , , 𝑝 , , 𝑇 , , 𝑛 ) (1) 

   η = 𝑓(𝑚 , , 𝑝 , , 𝑇 , , 𝑛 ) (2) 

 

788



Performance of the recirculation blower is based on R&D Dynamics design (as a reference machine). 
Performance maps implemented in Aspen HYSYS are presented in Figure 5. Efficiency and power 
consumption are computed based on the operating conditions. 

 

Figure 5: R&D Dynamics recirculation blower performance map [10] 

The recirculation blower increases overall fuel use in the system, supplies steam for steam reforming, 
and compensates for pressure losses in the fuel cell stack and steam reformer.  

3.5 System parameters and performance factors 

Table 1 summarizes the main parameters of the system used in the simulation. Two types of fuels were 
considered: NG and hydrogen. NG composition was assumed as: 96.6 mol% CH4, 1.4 mol% CO2, 1 
mol% N2, 0.5 mol% C2H6, 0.5 mol% C3H8. Three stack fuel utilization factor levels were studied: 60, 
70 and 80%. Recirculation ratios ranging from 0 to 90% were considered. Air flow was adjusted to keep 
the SOFC stack at a constant temperature. For cases where NG was used as a fuel, a constant S/C ratio 
of 2.2 was kept in order to avoid carbon formation. For lower RR, an external water supply and steam 
generator had to be used. 

Table 1: Basic parameters and assumptions used in the simulations 

Parameter Value 
Temperature of the SOFC stack 680 °C 
Cell type 
Active area of the cell 

Anode supported cell 
92 cm2 

Number of cells in the system 420 
Current density 0.348 A/cm2 (32 A) 
Air and fuel inlet temperature 20°C 
Pressure drop in heat exchangers 0.1 kPa 
Pressure drop in SOFC stack 1 kPa 
Power consumption of automation and control system 100 W 
Inverter efficiency 96% 
Air blower adiabatic efficiency 25% 
Recirculation blower adiabatic efficiency Based on performance map 
Heat loss  400 W 
Inlet temperature of water used for heating purposes 40°C 
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The net power of the system is calculated according to Eq. 3. 

 𝑃 = (𝑃  −  𝑃   −  𝑃 .  −  𝑃   − 𝑃 ) ∙  𝜂  (3) 

where: 
𝑃           SOFC stack power output, kW, 
𝑃           air blower power consumption, kW, 
𝑃 .           

recirculation blower power consumption, kW,  
𝑃           

water pump power consumption, kW,  
𝑃

         
auxiliary power consumption (automation and control of the system, kW, 

𝜂          inverter efficiency, %. 
 
Recirculation ratio is defined according to Eq. 4. 

 𝑅𝑅 =  
𝑛

𝑛   
 (4) 

where: 
𝑛         molar flow of recirculated stream, mol/s, 
𝑛          molar flow of anode outlet stream, mol/s. 
 

Electrical efficiency is calculated according to Eq. 5. 

 𝜂 =  
𝑃

𝑚 ∙  𝐿𝐻𝑉
 (5) 

where: 
𝜂           electrical efficiency, %, 
𝑚           mass flow of fuel at the inlet to the system, kg/s, 
𝐿𝐻𝑉           lower heating value of the fuel, kJ/kg. 
 

Thermal efficiency is calculated according to Eq. 6. 

 𝜂 =  
𝑄   

𝑚 ∙  𝐿𝐻𝑉
 (6) 

where: 
𝜂           thermal efficiency, %, 
𝑄     heating power of the system, kW. 
 

Total efficiency is the sum of electrical and thermal efficiency and is calculated according to Eq. 7. 

 𝜂 =  𝜂 + 𝜂  (7) 

where: 
𝜂           total efficiency, %, 
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4 Results and discussion 

The effects of different recirculation ratios and various stack fuel utilization factors on cell voltage and 
net power of the system fueled with NG are shown in Figure 6. Increasing the recirculation ratio leads 
to a higher molar content of electrochemically produced steam at the anode inlet, which lowers cells 
voltage. This effect is accelerated above 70% RR, as a small increase above this level leads to a large 
increase in recirculated mass flow.  

 

 

Figure 6: Cell voltage (left) and net power of the system (right) at different recirculation ratios and 
stack fuel utilizations: NG 

For each study, current density was set at constant, thus gross power output of the stack is directly 
proportional to cell voltage and decreases with increasing recirculation. However, net power output is 
also dependent on balance of plant (BOP) power consumption. BOP power needs at different operation 
points for both NG and hydrogen fueled systems are shown in Figure 7. Increasing the recirculation 
ratio decreases BOP power up to a specific RR. Above this level, higher recirculation leads to a minor 
increase in power consumption. Higher RR also results in a lower temperature and higher mass flow of 
the fuel electrode inlet, which reduces the cooling demand of the oxygen electrode flow. Additionally, 
higher recirculation increases system fuel utilization, which leads to a lower amount of fuel being 
converted in a catalytic burner. This lowers the temperature of both stack inlet stream and further reduces 
the amount of air needed to keep the SOFC at a constant temperature. Since the air blower has the highest 
power consumption of all auxiliary components, the effect described above has a significant impact on 
the BOP power demand. However, at high RR recirculation blower power demand increases 
substantially, triggering the minor increase in power consumption mentioned earlier. The level of 
recirculation causing this effect is dependent on the FU factor and type of fuel used. It should be noted 
that a lower inlet temperature resulting from higher recirculation might lead to higher degradation due 
to larger thermal gradients inside the stack.  

 

791



 

 

Figure 7: BOP power consumption at different recirculation ratios and stack fuel utilizations:   NG 
(left), hydrogen (right) 

This leads to the behavior of the system that can be seen in Figure 7. Up to a specific recirculation ratio, 
the decrease in balance of plant power demand is faster than the lowering stack voltage, which leads to 
a higher net power output of the system. Above this level of RR, the described effect is inverted as the 
voltage drops significantly and BOP power demand increases. The decrease in net power output occurs 
at a different point with varying fuel utilization factor. For a lower stack FU, it appears at a higher 
recirculation ratio, which is understandable as at this point of operation the gain in system fuel utilization 
is larger due to the higher molar content of hydrogen at the anode outlet. The effect of the recirculation 
ratio and fuel utilization on electrical and total efficiency are shown in Figure 8. The gain in electrical 
and total efficiency is more significant for a lower FU factor. For example, for FU = 60% electrical 
efficiency can be elevated by 21 percentage points and for FU = 80% only by 8 pp. This effect is due to 
the fact that the gain in system fuel utilization is lower for a higher stack FU, as at this point of operation 
a high percentage of fuel is already being converted without recirculation. The trend suggests that 
maximum electrical efficiencies can be achieved with the highest possible stack fuel utilization and low 
recirculation rates. Total efficiency exhibits similar behaviour to the electrical efficiency. Increasing the 
recirculation ratio lowers the amount of fuel supplied to the system operating with the same level of 
stack FU. This lowers the by-product heat generation and decreases the thermal efficiency of the system. 
Nonetheless, the gain in electrical efficiency outweighs this effect and total efficiency increases with 
increased recirculation. There is a difference in the recirculation ratio for maximum electrical efficiency 
and peak power output point of operation. For example, a system operated at 80% stack fuel utilization 
has peak power output of 9.88 kW with 57.8 % electrical efficiency at 60% recirculation ratio. Increasing 
RR to 80% can elevate electrical efficiency to 61% but at the cost of lowering net power by 300 W. 
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Figure 8: Electrical (left) and total (right) efficiency of the system at different recirculation ratios and 
stack fuel utilizations: NG 

The hydrogen fueled system with varying recirculation ratio and fuel utilization exhibits similar 
behaviour to the NG fueled system. Electrical and total efficiencies of said system are shown in Figure 
9. The electrical efficiency of the unit supplied with hydrogen is lower than that of the unit operated 
with NG as a fuel. This is mainly due to the increased cooling demand of the SOFC stack, which leads 
to higher power consumption by the air blower. Higher BOP power demand, which can be seen in Figure 
6 is caused by the lack of endothermic steam methane reforming reaction, which in an NG fueled unit 
lowers the anode inlet temperature and cooling demand of the stack. This leads to lower net power output 
of the system compared to NG operation. Cell voltage and net power of the system at different 
recirculation ratios and stack fuel utilizations for hydrogen are shown in Figure 10. At the same time the 
hydrogen fueled system enjoys higher total efficiency, because part of the heat used for pre-reforming 
of the fuel in a NG unit can be utilized for heating purposes.  

 

 

Figure 9: Electrical (left) and total (right) efficiency of the system at different recirculation ratios and 
stack fuel utilizations: hydrogen 

Efficiency and power peak occurs at a lower recirculation ratio for the hydrogen fueled system. This can 
be explained by the partial utilization of recirculated steam in a methane pre-reforming which is not 
used for the other fuel and thus the effect of high steam content at the anode inlet occurs at a lower 
recirculation ratio.  
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Figure 10: Cell voltage (left) and net power of the system (right) at different recirculation ratios and 
stack fuel utilizations: hydrogen 

5 Summary 

Numerical study of a micro-cogenerator with an SOFC stack with a nominal power of 10 kW was 
performed using Aspen HYSYS software. The study addressed the effect of anodic off-gas recirculation 
ratio on the system under off-design conditions. The analysis included recirculation ratios ranging from 
0 to 90% and three fuel utilization factors: 60, 70 and 80%. NG and hydrogen fueled operation is 
compared and discussed. Based on the simulation results, the following conclusions can be reached: 

 Anode off-gas recirculation improves electrical and total efficiency of the system compared 
with a reference system without recycling loop, regardless of fuel utilization, for both NG and 
hydrogen. 

 For stack fuel utilization factors between 60 and 80% an optimal recirculation ratio was found 
for maximum electrical efficiency and maximum net power output point of operation. 

 CHP unit with SOFC stack can be operated in a wide range of recirculation ratio, fueled with 
NG and hydrogen without modification. 

 The hydrogen fueled unit achieves lower electrical efficiency but higher overall efficiency than 
the NG fueled unit. 

Nomenclature 

AOGR anodic off-gas recirculation 
BOP balance of plant 
CHP combined heat and power 
DIR direct internal reforming  
FU fuel utilization  
NG natural gas 
RR recirculation ratio  
ROM reduced order modeling  
SOFC solid oxide fuel cells 
S/C steam to carbon ratio 
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Abstract 
The purpose of the paper is to estimate the influence of building function and orientation, level of 
thermal protection , its effect on energy efficiency and thermal comfort feeling, namely on PMV. Energy 
state dynamic modeling of the studied building of a typical preschool educational facility was carried 
out with different levels of thermal comfort in each of the zones, taking into account occupants’ activity, 
metabolism, clothing, etc. The received results are compared with the data for a similar building, but 
intended for office. Such researches are important and critical both in the context of energy efficiency 
increasing and quality microclimate, as well as for the impact of different requirements for comfort 
conditions on energy efficiency. The object of research is a preschool educational institution in Kyiv. 
Based on the simulations, the values of the building energy consumption with different levels of thermal 
protection and with different heating modes and ventilation were found, using both kindergarten and 
office as examples. The basic version corresponds to the existing level of thermal resistance of fences; 
the basic version also considers intermittent heating and ventilation, another - fences in accordance with 
current Swedish standards. By increasing the thermal resistance from the base version to the Swedish 
norms, energy consumption is reduced by 32% and 44% for kindergarten and office, respectively, 
compared to the base version. The introduction of intermittent heating leads to a reduction of energy 
consumption by 14% and 40% for kindergarten and office, respectively, compared to the base version. 
Intermittent heating and ventilation and increased thermal protection to Swedish standards can reduce 
energy consumption by 42% and 75%, respectively. The decrease in energy consumption for the basic 
version reduces energy consumption by 38.8% due to the room temperature mode. The option of using 
this building as an office was considered, and the heat perception of employees was modeled taking into 
account gender, which allows to balance the level of thermal comfort depending on the ratio of working 
women and men in the considered building work areas. The recommendations provided apply to the 
heating season for similar temperate climate. 
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1 Introduction 

According to the European Union Directive on Energy Efficiency of Buildings [1], all new public 
buildings put into operation from 2019 must meet the requirements for buildings with nearly zero energy 
consumption (NZeB), which leads to increased energy efficiency and the use of renewable energy 
sources. Special attention is paid to the growth of thermal resistance of building enclosures, the 
relevance of economic assessment and life cycle assessment since the 1/3 of energy resources in the EU 
is spent on buildings. 

Almost two thirds of energy resources are spent on residential buildings and one third on non-residential 
buildings and structures. At the same time, 60% of the energy consumed by the building is related to 
operating costs. 

The importance and necessity of economic analysis and life cycle analysis for thermal modernization in 
school is demonstrated by the example of Italy [2]. The authors of the article emphasize that thermal 
modernization will increase the level of thermal comfort. 

The issue of thermal comfort in the world is given special attention, especially in the context of the need 
to reduce energy consumption [3]. The founder of the models of thermal comfort that underlie modern 
standards [4] is Fanger [5]. Based on these models, various scales of thermal comfort have been 
developed, but taking into account the challenges of experimental psychology in the field of thermal 
comfort, new approaches should be developed [6]. Therefore, the use of exergy analysis and exergy 
approaches is relevant, which allows to assess not only the quality of energy flows, but also the 
mechanism of thermoregulation [7]. 

An important step during the exergy analysis is the choice of the starting point of exergy, the analysis 
of different options in terms of a complex "heat source - man - building fencing" system [8]. 
Consumption of exergy by the human body is the main value on the basis of which it is possible to draw 
conclusions about thermal comfort for a combination of subjective and objective parameters. The 
influence of energy-efficient modes of heating system on the consumption of exergy by the human body 
was analyzed by the authors [9]. The theory of adaptive comfort for residential buildings is relevant for 
modernized solutions to the behavior of residents to achieve sustainability and energy efficiency of the 
system [10, 11]. Attention to thermal comfort increases with the use of various building façade systems, 
the impact of which is assessed on both internal and external environment [12]. The energy saving 
potential of an office building with adjustable thermal comfort (by using a thermal comfort controller) 
has been studied: it is found that the energy saving potential increases with low average radiation 
temperature and thermal comfort control is a smart strategy to achieve both thermal comfort and energy 
savings [13]. 

The use of the Transient System Simulation (TRNSYS) tool, integrated with the jEPlus parametric 
modeling manager, to determine the optimal start-up and operation mode of combined floor cooling 
(RFC) and PMV-restricted ventilation to minimize energy consumption, results in high efficiency and 
maximum energy savings, i.e., 26.2% [14]. Therefore, when optimizing the modes of operation of 
different types of heating, one should take into account the limitations of thermal comfort, as shown by 
numerous studies and practical examples [14, 15]. 

Besides, A PMV-based HVAC control strategy for office rooms subjected to solar radiation shows the 
savings of 1.6% of energy usage per day [16]. 

Such approaches are necessary for rooms with residents who are particularly sensitive to the 
requirements of thermal comfort, namely, children and the elderly; women and men feel differently 
under the same conditions. Research conducted in kindergarten has shown that children (4-5 years old) 
understand the concept of comfort and can determine their perceived and desired level of thermal 
comfort. In addition, it is clear that the requirements for PMV values for children are slightly higher 
than for adults [17]. Particular attention is paid to individual requirements for thermal comfort based on 
gender, age, etc. As a result, the transition from the paradigm of centralized microclimate quality 
assurance to personalized systems [18]. 

Hence, the purpose of the study is to assess the impact of the purpose of the building, namely, increasing 
the requirements for thermal comfort for highly sensitive categories of the population on the example 
of visitors to the kindergarten for energy consumption. The study aims to estimate the influence of 
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building orientation, level of thermal protection in dynamics on feeling of thermal comfort, namely on 
PMV. The results are compared with data for a similar building, but intended for the office. Such studies 
are important and relevant both in the context of improving energy efficiency and improving the quality 
of the microclimate. 

2 Model and methods of research 

The object of the study is a preschool educational facility № 630 (daycare center), located in the private 
sector on 10 Gas St., Kyiv, Ukraine. The school was founded in 1951. Figures 1, 2 show the location on 
the map, the general view of the kindergarten №630 and the model in the Design builder. There are 
currently 84 children studying in the school, which is divided into 4 groups of 21 children and 25 staff 
members. 

 
Figure 1: Cardinal Directions/Location 

 
Figure 2: Design Builder Model 

The simulation building 3D-model was created in the Design builder software product (Fig. 2). The 
graphic part of the building 3D model created in the software product Design builder is synchronized 
with the software EnergyPlus. EnergyPlus calculates on the basis of energy balances with a calculation 
step of 10-60 minutes. Nodal building model, allows to consider each fence separately and take into 
account the internal flows between areas of the building, take into account the fences thermal properties, 
schedules of operation, equipment and modes of engineering networks as a whole and its individual 
premises. Climatic data were used from the hourly weather file for the typical IWEC year for Kyiv 
(Ukraine) [19]. 
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Detailed information of the preschool №630 is given in tables 1-3. Exterior walls from the 1st to the 2nd 
floor are made of red brick, double masonry, wall thickness 520 mm. The wall consists of several layers: 
brick with cement mortar - 500 mm, internal plaster 20 mm. The windows are metal-plastic, double 
glazed 4M1-16-4M1-16-4M1. The attic floor is wooden, insulated with a layer of expanded clay. 

Table 1: General Information 

Total Building Area, m2 1299.68 Heating Area, m2 918 

Total Volume, m3 3517.91 Heating Volume, m3 2599.36 

Building Height, m2 3 Number of Floors 2 

 

In order to analyze the level of thermal comfort, and given the urgency of development and 
implementation of the concept of a building with almost zero energy consumption, the research uses the 
basic option (thermal parameters meet existing ones) and the option of the building 
parameters/requirements for Sweden. All data on thermal resistance and the post thermal remediation 
options are presented in Table 4. 

Table 2: Exterior Walls Area/Cardinal Directions 

Cardinal Direction South East North West North East South West 
Wall Area, m2 180 180 135 135 

 

Table 3: Characteristics of Translucent Construction of Day Care Facility 630 

Window Size, cm Window Area, m2 
Material 
MP 

Quantity, pcs 

110х150 1.65 metal plastic 32 

100х145 1.45 metal plastic 12 

245х150 3.675 metal plastic 4 

200х175 3.5 metal plastic 14 

100х165 1.65 metal plastic 12 

100х175 1.75 metal plastic 10 

Total Area, m2 129.28 
Material MP- metal plastic 

 

Table 4: Characteristics of Heat Transmittance Construction 

Type of Fencing 
Value of the Heat Transmittance Coefficient for the Fenced 
Structure, Watt(m2·К)/  
Current Value Minimal Requirements for Sweden 

Exterior Wall  0.98 0.17 
Overlapping non-sanding hills/Attic 0.88 0.11 
Crossing over the passages and the 
non-sanding basements 

1.79 1.5 

Transparent fence constructions 1.92 1 
Exterior Doors 2.04 0.95 

 

Heating is provided by district heating facility, with the possibility of regulating heating and ventilation 
during non-working hours. The internal temperature is set at 22 ° С and the air exchange rate is 1.5. 
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When introducing the regular heating mode, the internal temperature during non-working hours should 
be lowered to 18 ° С, and 2 hours before working hours the temperature should be raised to 22 ° С; the 
air exchange rate during non-working hours is 0.75, which is shown in Fig.3. 

 
Figure 3: Daily Schedule of Air Temperature and air exchange in Child Nursery 

The additional graph shows the presence of adults and children in different places as shown in Fig. 4. 
Also, there is a variant of the recognition of the life - office accommodation and Fig. 3, Fig. 4 shows the 
presence of people, which confirms the work conditions of the office between 9:00 AM and 6:00 PM. 
The kitchen staff in kindergarten works from 5:00 AM to 5:00 PM. Play time is from 9:00 AM to 1:00 
PM and from 5:00 PM to 6:00 PM; bedtime is from 1:00 PM to 4:00 PM. 

 
Figure 4: Daily Occupancy of the Building (Child Nursery) 

Among the subjective parameters of thermal comfort, one can see the metabolism of M and the thermal 
support of the person Iclo. For calculations, the value of M is taken differently for different rooms, which 
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should be deposited depending on the activity of the people: play room - 180 W; dining room - 125 W; 
bedroom room - 83 W; kitchen - 180 W; office - 123 Watts. Metabolism in Design Builder has become 
a value, like the amount of heat that a grown-up person sees from a typical surface area of 1.8 m2. 

Since the day care is occupied by mostly female staff and children, the metabolic factor is set at a level 
of 0.75 (for children), with 0.85 around the kitchen and offices (for women). An offensive indicator of 
thermal comfort is a clothing thermal resistance, which is installed on the level 1 (clo) during the winter 
hours; in summer it becomes 0.5. In Denmark, the parameter is set to 3.5, which is determined by the 
thermal support of the carpet. 

3 Results and discussing 

3.1. Influence of Building Purpose on Increased Dynamic Characteristics of Energy 
Efficiency Level and Comfort Conditions 

Based on the simulations, the value of energy consumption of the building with different levels of 
thermal protection and with different modes of heating and ventilation, using both kindergarten and 
office, has been calculated. The basic version corresponds to the existing level of thermal resistance of 
fences, and the basic version with intermittent heating and ventilation is also considered. Another 
version ensures that the fences meet Swedish standards with added intermittent heating. The increase of 
thermal resistance from the base version to the Swedish norms reduces energy consumption by 32% and 
44% for kindergarten and school, respectively, compared to the base version. The introduction of 
intermittent heating leads to a reduction of energy consumption by 14% and 40% for kindergarten and 
school, respectively, compared to the base version. Intermittent heating and ventilation, as well as 
increased thermal protection to meet Swedish standards, can reduce energy consumption by 42% and 
75%, respectively. The decrease in energy consumption due to the change of purpose of the building 
from kindergarten to office for the basic version reduces energy consumption by 38.8%, due to the room 
temperature as shown in Fig.5. 

 
Figure 5: Energy Consumption of a Building with Different Levels of Thermal Protection and with 

Different Modes of Heating and Ventilation in Kindergarten and Office 

The dynamics of the heat load in kindergarten with different levels of thermal protection and with 
different modes of heating and ventilation are presented in Fig. 6.It was found that the maximum value 
of the load for the base version is 88.38 kW. The use of intermittent heating and ventilation reduces this 
value by 12%, increasing the thermal resistance by 24% with combined effect of 35%. The increase in 
heat load above 88.38 kW for intermittent heating is due to its activation. 
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Figure 6: Energy Consumption of a Building with Different Levels of Thermal Protection and with 
Different Modes of Heating and Ventilation 

In order to assess the impact of the orientation of the building on energy consumption, Fig. 7 shows the 
change in energy consumption for heating for the kindergarten play room (North and South orientation 
for working hours).  

 
Figure 7: Influence of Kindergarten Premises Location on Energy Consumption and the Value of 
Average Radiation tr Temperature of Different Thermal Protection and Modes of Heating System 

Operation 
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The change in the average radiation temperature as the main factor influencing the PMV under the 
condition of changing the orientation of the building is shown in Fig. 7 on the second vertical axis. For 
the maximum load for the base version for the south side, the load is reduced by 1% and such savings 
are typical for Swedish fencing and intermittent operation. The maximum value of the average radiation 
temperature due to solar energy is 27.54 ° C at the beginning and 27.89 at the end of the heating period 
for the insulated room S orientation; the lowest values are in December: 16.45 for uninsulated South 
orientation. If we analyze the point with the maximum value of tr, the change in orientation causes a 
change in tr by 5% and 5.5% for the base and insulated versions, respectively. 

In order to assess the impact of the room location on the thermal perception of children,  Fig. 8 and Fig. 
9 present the dynamics of PMV change as the main indicator of thermal comfort for the North and South 
play rooms for the base version, as well as for the version where the fences meet Swedish standards and 
use intermittent heating and ventilation. In the beginning and at the end of the heating period, PMV 
significantly exceeds the allowed values from -0.5 - 0.5 and reaches 1; the increase of thermal resistance 
further increases these values. This increase indicates the possibility of lowering the temperature in the 
room, which will significantly improve the warm conditions for children, i.e., they will not feel hot. 

Additional research will be required as the decrease in the room temperature will lead to a decrease in 
the average radiation temperature. For the base version, the lowest values of PMV will be 0.5 and 0.3 
for the insulated environment. 

 
Figure 8: PMV Changing Dynamics for Children in North and South Buildings 

Basic version:  - North;  - South. 

 

Figure 9: PMV Changing Dynamics for Children in North and South Buildings, Swedish Fences + 
Intermittent Heating and Ventilation:  - North;  - South. 
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4 Conclusions 

The paper evaluates the impact of increased requirements for thermal comfort on the example of a 
kindergarten under the condition of dynamic modeling in an office. It was found that the purpose of the 
building (kindergarten or office) for the basic version reduces energy consumption by 38.8%, due to the 
room temperature. 

It is shown that the use of intermittent heating and ventilation reduces the value of heat load by 12%, 
increasing the thermal resistance by 24%, with the combined effect by 35%. 

The impact of the premises location on the energy load for the baseline option and for the Swedish 
requirements is estimated: the building location changes this value by 1%. The change in location causes 
a change in the average radiation temperature tr by 5% and 5.5% for the base and insulated version, 
respectively.  
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Abstract 

The aim of this study is to apply dynamic exergy and energy analysis to the building envelope. An 
exergy analysis defines the quantity, location and causes of thermodynamic inefficiencies in the system, 
which cannot be identified only by energy analysis. The simulations were carried out for a two-room 
apartment of a residential building located in Kyiv, the thermal resistance of the fences meets the 
requirements of the construction of Ukraine in 2013. The considered apartment is equipped with an 
autonomous heating system based on a gas boiler. The boiler control system operates based on the 
readings of the temperature control sensors in the room, which are installed in 2 living rooms of the 
apartment, quality control is used. A dynamic grid model has been developed to carry out a simulation 
for a one-year period and to obtain the heating demands of the room. The peculiarity of the analysis is 
that it considers the dynamic energy and exergy model of the room of the apartment with a one-second 
time step, takes into account the accumulation of energy and exergy in external and internal enclosures, 
as well as heat fluxes between them and solar radiation also. In order to include this model in the 
complex system "heat source – human – building fence", the possibility of using different exergy 
reference points was evaluated. It is shown how the structure of the exergy balance of the room changes 
if the reference point is the temperature in the room, ambient temperature and 0°C. The dynamic change 
of exergy destruction in the room is shown when different reference points of exergy are chosen. The 
proposed analysis approach is to use different reference points for different applications of exergy 
analysis, where the oscillations of exergy will be smaller. 

1 Introduction 

The concept of sustainable buildings and societies has been developed and reflected in nearly zero-
energy buildings [1]. In sustainable buildings, the energy, exergy and comfort characteristics are high 
with a minimum compromise between the two, and the impact on the environment is minimised [2]. 
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The evolution and application of the exergy approach to buildings as a whole, will allow to reconcile 
the quality of energy consumed and energy generated. After all, low exergy potential is needed to meet 
the heating and cooling needs of buildings, as the indoor temperature (around 20°C) is very close to 
ambient conditions. Usually, low-quality energy sources, such as fossil fuels, are used to meet these low 
exergy requirements. From an economic point of view, exergy should mainly be used in industry for 
production of the high-quality products [2]. Pioneering work towards an exergy efficient design concept 
and human body exergy model has been carried out by Shukuya [3-6]. 

Stationary analysis of exergy fluxes from a heat source to enclosures for different variants of enclosures, 
heating devices and sources was done by Arif Hepbasli [2]. An exergy efficiency and sustainability 
index (SI) [7] has been proposed based on the steady-state analysis. 

With the development of dynamic approaches, a quasi-stationary analysis of exergy fluxes from the heat 
source (power plant) to the building envelope with hourly variations in ambient temperature as a 
reference point has shown that the energy efficiency solution of the building is to increase the air 
conditioner efficiency rather than increase the envelope insulation layer [8]. It has been shown that 
dynamic exergy analysis can provide a theoretical framework for the direct quantitative comparison of 
different storage strategies for the building envelope [9]. The application of dynamic exergy analysis 
for the evaluation of thermo-modernisation projects in British schools has shown that exergy can become 
a powerful and useful tool to assist in the implementation and undertaking of more robust retrofit 
projects [10]. Further development is the application of exergoeconomic analysis [11] and 
exergoeconomic-based parametric studies to examine the effects of active and passive energy retrofit 
strategies for office and school buildings [12]. Studies of exergetic models of thermal comfort, 
determination of the effects of thermo-modernization and energy-efficient heating regimes on thermal 
comfort [13] in accordance with the exergetic approach allow considering a building as a system "heat 
source – person – building envelope" in a complex [14]. Exergy and exergoeconomic analysis of the 
building envelope demonstrates the need for a more detailed study of the exergy losses in the constituent 
envelopes, and an assessment of the amount of accumulated exergy [15]. The issue of exergy 
accumulation in the building envelope and the exergy evaluation has not been sufficiently studied, 
especially if we consider the accumulation not only in the external but also in the internal elements. 

Therefore, this article aims to estimate the lost and accumulated exergy fluxes in different elements of 
the building envelope for different exergy reference points. The choice of reference point is also 
important, because in order to analyse a building as a complex system "heat source – person – building 
envelope" different choices of the reference point should be investigated. 

2 Case Study 

To investigate the energy performance of a building, an energy model of a typical two-bedroom flat in 
a 5-storey modern building, which meets the requirements of 2013 and is located in Kyiv, has been 
created using Matlab software. The total area of the apartment is 49.44 m2. The specific physical 
parameters of building envelope used in the calculations shows in Table 1. The dynamic model in the 
Matlab software environment was created using subsystems of Simulink tools using Simscape. Using 
Simscape, which allows fast creation of models of physical systems in the Simulink environment, a 
model of physical components based on physical relationships is created, directly integrating with 
simulation block diagrams. The Matlab software environment allows control systems to be projected 
with the physical system in Simulink. Figure 1 shows a schematic of a flat and the relationship of the 
rooms/zones of the flat in Simulink. 

The flat heating system is regulated by switching the autonomous gas boiler on/off, maintaining a 
constant flow rate of the heating medium; the supply temperature can reach 90°C in the coldest period 
of the year. The ON/OFF controller has no intermediate states, either fully on or fully off. This control 
scheme is quite typical for autonomous heating of multi-apartment buildings in Ukraine. The heat output 
of the gas boiler is 3.5 kW and its efficiency is 79%. The flow rate of the heating medium in the heating 
system is 0.1 kg/s. The internal temperature is maintained at 20°C, the variation range of the temperature 
of the residential premises is 20.1°C ... 19.5°C [16]. The boiler control system is based on the readings 
of room temperature sensors installed in two living rooms of the flat, quality control is used. For the 
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detailed analysis, one living room (room3 in Figure 1) with a total area of 14.5 m2 with one external 
wall and window (east orientation of the fences), two walls – internal inter-room, one internal inter-
room and internal inter-floor ceilings, as the flat is located on the 4th floor of a 5-storey building 
(Figure  2) was selected. 

Table 1: Characteristics of building envelopes 

Constructi
on type 

Structural 
layer, i 

Layer 
thicknes, 
δi, mm 

Thermal 
conductivity 
of materials1,  
λi, W/(m·K) 

Heat 
transfer 
coefficient2, 
Ui, 
W/(m2·K) 

Construction 
area, Ai, m2 

Specific 
heat 
capacity, 
сi, 
kJ/(kg∙K) 

External 
walls 

Gypsum 
plaster 

10 0,4 

0,664 16,1 

0,84 

Ceramic brick 
on cement-
sand mortar 

400 0,58 0,88 

Mineral wool 
insulation 

50 0,043 0,84 

Decorative 
finish 

10 0,5 0,84 

Windows 
and 
balcony 
doors 

4M-10Ar-4M-16Ar-4i 
Double chamber pane 
window with Low-E 
coating on the inner glass 
filled with argon 

- 1,058 7,47  

Interior 
partition 
walls 

Gypsum 
cardboard 

25 0,21 

- 

 0,84 

Ceramic brick 
on cement-
sand mortar 

125 0,58 0,88 

Gypsum 
cardboard 

25 0,21 0,84 

Floor Cement-sand 
screed 10 0,93 

- 49,44 

0,84 

0,84 Reinforced 
concrete slab 

200 2,04 

Cement-sand 
screed 

10 0,93 0,84 

Ceiling Cement-sand 
screed 

10 0,93 

- 49,44 

0,84 

Reinforced 
concrete slab 

200 2,04 0,84 

Cement-sand 
screed 

10 0,93 0,84 

1 – thermal conductivity of materials under normal moisture conditions of materials in enclosing structures, 
determined by National standard of Ukraine DSTU B V.2.6-189:2013; 
2 – heat transfer coefficient for exterior walls, determined on the basis of the reduced heat transfer 
resistance of a thermally heterogeneous opaque building envelope. 
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Figure 1: The thermal energy model of the apartment 

 
Figure 2: Mesh model of the room created in Matlab software environment 

The load-bearing part of the external wall is made of 0.4 m red hollow brick and insulated with 0.05 m 
mineral wool. Internal and external opaque envelopes refer to massive envelopes with high heat storage 
properties. Ventilation is natural with a multiplicity of air exchange of 0.6 hours-1. The study used 
hourly climate data of a typical year of the IWEC international weather file for the Kyiv city conditions. 
Solar heat fluxes in the IWEC weather file are presented as global horizontal, diffuse horizontal, direct 
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normal. To recalculate the solar heat gains, we used EnergyPlus software [17,18], which allows taking 
into account solar radiation reflection from the surfaces of fences and soil, considering the optical 
transmission coefficient of solar radiation, which is 0.55 [18]. Temporal climatic data are presented in 
the article [16]. 

The mathematical model allows conducting an energy analysis of the building, determining energy 
consumption and hourly data based on such parameters as indoor air temperature, average radiation 
temperature, the surface temperature of all envelopes and temperature distribution inside the envelope. 
The model allows taking into account the overflows between the rooms of the flat resulting from solar 
heat gain depending on the orientation and area of glazing, boiler regulation features, heat storage 
properties of internal and external envelopes, etc. Based on the energy balances of the room at given 
hourly external climatic conditions, a model calculation of the system operation is made that keeps the 
internal air temperature within the specified limits. The peculiarity of the analysis is that it considers the 
dynamic energy and exergy model of the room of the apartment with a one-second time step, taking into 
account the accumulation of energy and exergy in external and internal enclosures, as well as heat fluxes 
between them and solar radiation also. In order to include this model in the complex system "heat source 
– human – building fence", the possibility of using different exergy reference points was evaluated. 

3 Mathematical Model 

3.1 Reference point 

To evaluate the heat exergy fluxes and the amount of accumulation in the building envelope, three 
exergy reference points are considered: 1) indoor air temperature; 2) ambient air temperature; 3) the 
reference point is constant and equal to 0°C. 

The choice of the reference point is a relevant task, because exergy analysis is widely applied to the 
building as a whole and to its individual elements, and exergy models of thermal comfort are also widely 
used. 

3.2 Energy and exergy fluxes for different fence elements  

The energy and exergy fluxes for the model enclosure elements are calculated according to the following 
equations [15]: 

Features in calculating the accumulation of exergy in fences: 

Energy streams for window [15]: 
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Exergy streams [15] 
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The mechanism for calculating exergy accumulation in fences should be described in more detail: 

For external wall 
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For roof and floor 
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Exergy balance [15] 

,
in out ew

D ew ew ew

dE
E E E

dt
    

     (10) 

Internal walls 

Energy streams [15] 
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Exergy accumulation in internal enclosures 

 

 


 

  






 
 
 

   
 

  
     
    

 

1 0
, 3 4 , 3 4 ,

3 4 3 4 3 4

1
, 3 4

0

, 3 4

273.15

273.15

273.15
273.15 ln

273.15

k k
m iw m iw s i

iw iw iw

k
m iw

k
m iw

T
T T

dE C T
dt t

T
T

T

  (13) 

812



 

 


 

  






 
 
 

   
 

  
     
    

 

1 0
, 3 2 , 3 2 ,

3 2 3 2 3 2

1
, 3 2

0

, 3 2

273.15

273.15

273.15
273.15 ln

273.15

k k
m iw m iw s i

iw iw iw

k
m iw

k
m iw

T
T T

dE C T
dt t

T
T

T

   (14) 

Room 

Energy streams 

For exterior wall, ceiling, floor 

,

,

s i i
ew vent

ew
i ew

T T
Q

R

  
 
 



;

,

,

s i i
rf vent

rf
i rf

T T
Q

R

  
 
 



;

,

,

s i i
f vent

f
i f

T T
Q

R

  
 
 



 (15) 

for interior walls and windows 
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Exergy streams 
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for the floor and window 
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3.3 Exergy balances 

The exergy balance for each building envelope element was calculated according to the proposed 
relations [15]. The main difference is that the energy storage (dEw/dt) is taken into account not only in 
the outer walls but also in the inner walls and the floor and ceiling: 

         
, . /

rad
D r ht i G H C win ventE E E E E E    (22) 

            
3 2 3 4ht ew rf win f iw iwE E E E E E E   (23) 

4  Results and discussing 

4.1 Energy analysis 

The dynamics of the temperature of the enclosures during the heating period, as well as the variation of 
the ambient temperature, are shown in Figure 3. The temperature of the internal fences, roof and floors 
fluctuates close to the room temperature, the lowest temperature of the external wall is 16°C and that of 
the windows 7°C, at an ambient temperature of -15°C. The dynamics of the changing heat gains are 
shown on Fig. 4. 

 

Figure 3: Air and envelope temperatures: 

 - roof temperature;  - floor temperature;  external wall; - window; 
 - internal wall; - internal wall; - outside  
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Figure 4: Energy input from heating equipment 

4.2 Exergy analysis 

Based on dynamic energy modelling using appropriate exergy calculation relations (7), (8), (9), the value 
of accumulated exergy in the building envelope for different exergy reference points is estimated –  
Fig. 5. 

  
(a) 

0

100

200

300

400

500

600

700

800

900

 1
0/

15
  0

1
 1

0/
19

  1
2

 1
0/

23
  2

3
 1

0/
28

  1
0

 1
1/

01
  2

1
 1

1/
06

  0
8

 1
1/

10
  1

9
 1

1/
15

  0
6

 1
1/

19
  1

7
 1

1/
24

  0
4

 1
1/

28
  1

5
 1

2/
03

  0
2

 1
2/

07
  1

3
 1

2/
11

  2
4

 1
2/

16
  1

1
 1

2/
20

  2
2

 1
2/

25
  0

9
 1

2/
29

  2
0

 0
1/

03
  0

7
 0

1/
07

  1
8

 0
1/

12
  0

5
 0

1/
16

  1
6

 0
1/

21
  0

3
 0

1/
25

  1
4

 0
1/

30
  0

1
 0

2/
03

  1
2

 0
2/

07
  2

3
 0

2/
12

  1
0

 0
2/

16
  2

1
 0

2/
21

  0
8

 0
2/

25
  1

9
 0

3/
02

  0
6

 0
3/

06
  1

7
 0

3/
11

  0
4

 0
3/

15
  1

5
 0

3/
20

  0
2

 0
3/

24
  1

3
 0

3/
28

  2
4

 0
4/

02
  1

1
 0

4/
06

  2
2

 0
4/

11
  0

9

Q
,W

Data, time

-15

-10

-5

0

5

10

 1
0/

15
  0

1
 1

0/
18

  1
9

 1
0/

22
  1

3
 1

0/
26

  7
 1

0/
30

  0
1

 1
1/

02
  1

9
 1

1/
06

  1
3

 1
1/

10
  0

7
 1

1/
14

  0
1

 1
1/

17
  1

9
 1

1/
21

  1
3

 1
1/

25
  0

7
 1

1/
29

  0
1

 1
2/

02
  1

9
 1

2/
06

  1
3

 1
2/

10
  0

7
 1

2/
14

  0
1

 1
2/

17
  1

9
 1

2/
21

  1
3

 1
2/

25
  0

7
 1

2/
29

  0
1

 0
1/

01
  1

9
 0

1/
05

  1
3

 0
1/

09
  0

7
 0

1/
13

  0
1

 0
1/

16
  1

9
 0

1/
20

  1
3

 0
1/

24
  0

7
 0

1/
28

  0
1

 0
1/

31
  1

9
 0

2/
04

  1
3

 0
2/

08
  0

7
 0

2/
12

  0
1

 0
2/

15
  1

9
 0

2/
19

  1
3

 0
2/

23
  0

7
 0

2/
27

  0
1

 0
3/

02
  1

9
 0

3/
06

  1
3

 0
3/

10
  0

7
 0

3/
14

  0
1

 0
3/

17
  1

9
 0

3/
21

  1
3

 0
3/

25
  0

7
 0

3/
29

  0
1

 0
4/

01
  1

9
 0

4/
05

  1
3

 0
4/

09
  0

7
 0

4/
13

  0
1

Troom

dEw/dt dEr/dt dEf/dt dEiw34/dt dEiw32/dt

815



 
(b) 

 

(c) 

Figure 5: Exergy accumulation in fence elements for different reference points 

Fig. 5. a shows the fluctuation of the accumulated exergy for the room temperature reference point, 
which is kept constant at around 20°C, but there are some fluctuations. The amplitude of the accumulated 
exergy for the internal envelopes is minimal, which also corresponds to the trends regarding temperature 
deviations. The daily fluctuation amplitude is 10 W for exterior walls, -0.15 W for interior walls, and 
0.14 W for ceiling and floor.  

If the reference point is the ambient temperature (Fig. 5.b.) the amplitude of oscillations decreases and 
the frequency increases. The daily fluctuation amplitude is 0.13 W for exterior walls, -0.13 W for 
interior walls, and 0.14 W for ceiling and floor. 

For a reference point of 0°C (Fig. 5.c.), the results are similar to the first option. The daily fluctuation 
amplitude for exterior walls is 8 W, for interior walls 0.08 W, for ceilings and floors about 0.12 W. 

Fig. 6 shows the exergy destruction for the exterior wall for different reference points for one month of 
February. The daily amplitude of the exergy destruction for the exterior wall is 47, 20 and 21 W for the 
reference points ta, t0 and 0°C respectively. 
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Figure 6: Destruction of exergy through the exterior wall  

– the reference temperature is the temperature in the room; – ambient temperature;  
– 0°С 

5 Conclusions 

In this paper, a dynamic grid model of a two-room flat has been created in the Matlab software 
environment using subsystems of Simulink tools. The model was set up and tested in previous studies 
[16]. For detailed analysis of exergo-energy characteristics of the building envelope, a living room was 
selected where hourly modeling of changes in indoor temperature, heat load on the heating system, 
operation of the heating boiler control system, accumulation properties of the envelope and the value of 
overflows between rooms of the room were conducted. In the considered flat the value of load on the 
heating system of the given room does not exceed 900 W for the cold winter period in accordance with 
the climatic data of the typical year of IWEC weather file for the city of Kyiv. The daily variations for 
the heating system at constant room temperature are 100...260 W; a larger variation spectrum is typical 
for transitional periods. The developed model allows taking into account thermal accumulation 
properties of both internal and external envelopes. In this work, an exegetic analysis of flows of exergy 
accumulated within the building envelope during a heating period and exergy destruction for different 
points of reference was carried out. It is proved that the accumulation of exergy in the internal envelope 
requires consideration in the overall balance. 

It is shown that the choice of exergy reference point temperature affects the value of the amplitude of 
fluctuations of accumulated exergy. Thus, for indoor air temperature values of the amplitude of 
fluctuations of accumulated exergy in the internal and external envelopes differ significantly. For 
ambient temperature, the difference in amplitude is evened out. For 0°C, the results are similar, 
apparently because the average air temperature of the heating season in Kyiv is close to 0°C. In turn, the 
choice of reference point does not have such a significant impact on exergy destruction fluctuations. 
The value of the characteristics of stored exergy in the enclosures when using intermittent heating will 
be the subject of further research. 
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Nomenclature 

C  thermal capacity, MJ/K, 

pc  specific heat at constant pressure, J/(kg∙K), 
E  exergy flow rate, W, 
m  mass flow rate, kg/s, 
Q  heat flow rate, W, 
R  thermal resistance, mK/W, 
t  time, s, 
T  temperature, °C. 
 
Subscripts and superscripts 
a  air, 
D  destruction, 
ew  external wall, 
f  floor, 
ht  heat transfer, 
/H C  heating / cooling, 

i  internal, 
.i G  internal gains, 
in  incoming, 
iw  internal wall, 
m  middle part, 
o  outside, 
out  outgoing, 
p  pressure, 
r  room, 
rad  radiation, 
rf  roof, 
s  surface, 
vent  ventilation, 
win  window, 
0 reference state, 
3-2 between rooms 3 and 2, 
3-4 between rooms 3 and 4. 
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Abstract 

A key solution to achieving low carbon energy production is to use renewable energy sources. 
The largest energy-using sector is the industry, where most of the demand is process heat. The required 
heat transfer fluid temperature usually does not exceed 400°C. Since the greatest demand for heat occurs 
during the day, solar energy seems to be a good source to partially cover it. Parabolic trough collectors 
are well-known, mature technology where direct radiation is used to produce high-temperature heat. 
Despite the maturity of these installations, the price of individual components is still high, especially the 
selective coatings that require a multi-step manufacturing process. This paper presents the possibility of 
partial replacement of selective, expensive coatings by cheap spray coating, well known in solar tower 
applications. This paper presents the results of a case study for the low-concentrated parabolic trough 
collector Power Trough 250. The input temperature in the absorber loop is 60°C and the required process 
temperature is 200°C. The assumed heat transfer fluid was Therminol VP-1. The analysis is based on 
a mathematical model validated with data provided by the National Renewable Energy Laboratories 
(NREL). The analysis showed that 8 of the 20 absorbers in solar loop can be covered with a low-cost 
coating, with no efficiency drop. The results depend on the solar irradiance and the chosen regulation 
strategy of the flow, so the final number of absorbers possible to cover with non-selective coating 
requires a long-term analysis for each case examined. The results of this analysis have the potential to 
significantly reduce the capital investment in solar technologies and popularize their use, especially in 
high temperature heat production for industrial applications. 
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1 Introduction 

The world's energy demand is steadily increasing [1]. This is heavily influenced by the growth of the 
industry sector. Industry energy demand itself covers 32% of whole final energy consumption, where 
26% is electricity and 74% is heat [2,3]. Process heat can be divided into three ranges: to 150°C (30% 
of heat), between 150°C and 400°C (22% of heat), and above 400°C (48% of heat) [2,4]. To reduce 
emissions, it is very important to implement more renewable energy sources that can cover part of the 
demand in this temperature range. 

Solar heat industrial process (SHIP) installations, by using concentrated solar power (CSP) can partially 
cover the heat demand. A popular technology is parabolic trough collectors, which are capable of 
producing heat with high energy potential where the temperature range reaches up to 400°C. In SHIP 
installations through the use of scaled PTC technology, high-temperature heat is typically generated up 
to 250°C [5]. Parabolic concentrators consist of a parabolic mirror and an absorber placed in its focus. 
The solar radiation is concentrated on the absorbers' external surface. Some of the radiation is then 
absorbed. To intensify the collection of heat, suitable selective coatings are used, which are 
characterized by high absorption coefficient and low emissivity. 

The application procedure of the solar selective coating to the absorber surface usually requires a high 
cost due to the multi-step processes [6]. Among the production methods of spectrally selective coating, 
one can distinguish dip coating, spin coating, laser sintering, chemical vapor deposition (CVD), atomic 
layer deposition (ALD), physical vapor deposition (PVD), electroless plating, electroplating and 
lithography [7]. Each of these processes is characterized by a high share of investment, including 
material and equipment for specialized coating applications. A possibility to reduce the investment cost 
could be the use of highly absorptive spray coatings, whose application process is extremally cheap 
compared to SCC. One example is the most commonly used high-temperature solar absorber coating 
Pyromark, which reaches an absorbance of up to 96.5 %, but also very high emissivity of 
around 80% [8]. 

The following analysis proposes the use of both types of coatings, non-selective Pyromark in the initial 
sections of the solar loop and selective one in the others. Covering some of the absorbers with cost-
effective coatings can significantly reduce the investment cost. The question to which the following 
paper answers are as follows. 

 In a solar loop, is it cost-effective to partially cover the absorbers with Pyromark coating? 

 What effect does non-selective coating have on the efficiency of absorbers and the entire solar 
loop? 

 What parameters affect the selection of the number of absorbers covered with the non-selective 
coating? 

 In the analyzed case study, in how many absorbers can non-selective coating be applied? 

2 Methods 

This article presents the concept of partial replacement of selective coatings which production process 
is expensive by cost-effective spray coatings in preliminary absorber sections in order to reduce the 
investment for a solar installation based on parabolic trough collectors. The analysis was performed 
using a two-dimensional mathematical model, validated experimentally. 

2.1 Coating replacement strategy  

Parabolic trough collector (PTC) consists of parabolic mirrors that focus direct radiation, on the external 
absorber surface placed at its focal length. A tracking system (usually single-axis) positions an array of 
mirrors in the correct orientation relative to the sun to utilize as much radiation as possible and 
concentrate it on the outer surface of the absorber. Absorbers are usually covered with a selective 
coating, which is characterized by high absorptivity and low emissivity due to its multilayer structure 
and multi-step, complex manufacturing process. To reduce costs, in smaller-scale installations, usually 
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for industrial applications, cheaper selective coatings are used but with a lower absorptivity than the 
solutions used in absorbers for solar power plants, about 90-93% [5,9,10]. Their price, however, is still 
relatively high. The solar field presented in Figure 1 consists of multiple parallel solar loops, each with 
several absorber modules. The temperature range of the absorber and thermal fluid increases with 
distance, meaning that the highest temperature occurs at the end of the solar loop. In the initial sections, 
the temperatures are much lower which allows using cheaper highly absorptive, cost-effective coatings. 

 

Figure 1: Concept of partially covering the absorbers with a cost-effective coating in the PTC solar 
field. 

2.2 Parabolic trough collector parameters and modelling  

To determine the parameters of the parabolic radiation concentrator, a two-dimensional heat transfer 
model was developed whose main assumptions are shown in Figure 2. The energy input to the absorber 
is natural radiation from the sun and concentrated radiation multiplied through a parabolic mirror. The 
energy reaches the outer surface of the absorber, previously passing through the glass envelope. Then, 
it passes through the walls of the tubular absorber and is absorbed by the thermal fluid. Between the 
outer wall of the absorber and the inner glass envelope, a vacuum exists to minimize or fully eliminate 
the convection losses.   

 

Figure 2: Heat transfer from solar radiation to the fluid in linear receiver. 
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The main equations used in the mathematical model are presented below based on previously reported 
models [11–13]. The useful heat absorbed by the thermal fluid is calculated as Eq. (1) according to [12]. 

 

�̇� = �̇� ∙ 𝑐 ∙ (𝑇 − 𝑇 ) (1) 

 
�̇�  mass flow, kg/s, 
𝑐   specific heat, J/(kg K), 

𝑇   outlet temperature of heat transfer fluid, °C, 
𝑇   inlet temperature of heat transfer fluid, °C, 
�̇�   useful heat, W. 
 

The useful heat can be also presented as sum of energy from concentrated and non-concentrated solar 
radiation minus heat losses as Eq.(2) [14].  

 

�̇� = (�̇� , + �̇� , ) − �̇�  (2) 

 
�̇� ,   concentrated solar energy input, W, 

�̇� ,   non-concentrated solar energy input, W, 

�̇�   thermal losses, W. 
 

Solar power from concentrated solar irradiation including the shadow of the absorber is defined as 
Eq. (3) based on [13]. 

 

�̇� , = (𝐴 − 𝑑 , ∙ 𝐿) ∙ �̇� ∙ 𝜂 , ∙ cos 𝜃 ∙ 𝐼𝐴𝑀 (3) 

 

𝐴   aperture surface area, m2, 

𝑑 ,   absorber external diameter, m, 
𝐿  absorber length, m, 
�̇�   direct solar irradiance, W/m2, 
𝜂 ,   optical efficiency for CSP, -, 

𝜃  incident angle, °, 
𝐼𝐴𝑀  incidence angle modifier, -. 
 
Solar power from non-concentrated radiation is described as Eq.(4). 
 

�̇� , = (𝑑 , ∙ 𝐿) ∙ �̇� ∙ 𝜂 ,  (4) 

 
𝜂 ,   optical efficiency for solar power, -. 
 

In both described cases, the path from sun to absorber is different, then the optical efficiencies differs 
as well. Eq.(5) and Eq.(6) describes the optical efficiency for both cases based on [11].  

 

𝜂 , = 𝜏 ∙ 𝛼 ∙ 𝜂 ∙ 𝜂 ∙ 𝜂 ∙ 𝜂 , ∙ 𝜂 ,  (5) 
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𝜂 , = 𝜏 ∙ 𝛼 ∙ 𝜂 ,  (6) 

𝜏   transmittance of glass envelope, -, 
𝛼   receiver absorptivity, -, 
𝜂   shadowing, -, 
𝜂   tracking error, -, 
𝜂   clean mirror reflectance, -, 

𝜂 ,   dirt on mirrors, -, 
𝜂 ,   dirt on receiver, -. 

 

Total solar energy received by a PTC installation is defined as Eq. (7) [15]. 

 

�̇� = 𝐴 ∙ �̇�  (7) 

�̇�   solar energy, W. 

 

The efficiency of parabolic trough collector can be defined as Eq. (8) [16]. 

 

𝜂 =
�̇�

�̇�
  (8) 

 

The developed two-dimensional mathematical model presented and used in this paper has a strong 
agreement with the experiment (RMSD = 2.54 and 3.52), where the experimental results were obtained 
from National Renewable Energy Laboratory (NREL) [17]. 

Table 1 shows the assumptions of the studied system of parabolic trough collectors for solar heat 
industrial applications. The device under study is a commercial available PTC called Power Trough 250. 

Table 1: The assumptions of analysed parabolic concentrator [9]. 

Parameter Symbol  Value Unit 

Inlet temperature Tin 60 °C 

Outlet temperature Tout 200 °C 

Focal Length f 929 mm 

Aperture width Wap 2500 mm 

Absorber length Labs 4.16 m 

Number of abs. in loop X 20 - 

Number of loops Y 3  

Total absorber length in loop L 83.2 m 

Absorber external diameter dabs,e 38 mm 

Absorber internal diameter dabs,i 35 mm 

Absorber wall thickness thabs 1.5 mm 

Absorber conductivity λabs 15 W/mK 

Glass envelope external diameter dc,e 70 mm 

Glass envelope internal diameter dc,i 65 mm 

Glass envelope wall thickness thc 2.5 mm 

Glass envelope conductivity λc 1.1 W/mK 

Concentration ratio  C 20.9 - 
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Table 2 presents the optical parameters of the concentrator. Due to the incomplete information available 
from the manufacturer, the values of individual parameters were assumed based on [11]. The analysis 
was performed for two optical coatings: selective TiC-TiN/Al2O3 and non-selective Pyromark 2500. 
Pyromark was selected as a cheap non-selective coating because of its maturity in solar systems. 
The price for Pyromark 2500 is estimated as 12.8 $/m2, based on market prices (474.75 $/Gallon) and 
covering data (400 ft2/Gallon) [18,19]. The absorptivity and emissivity parameters shown in Table 2 are 
selected based on literature data [8,20]. 

The assumed heat transfer fluid in the system is the popular in solar energy applications Therminol VP1. 
Its operating temperature is 12-400°C [21]. Composition of the HTF is a biphenyl/diphenyl oxide 
eutectic mixture.  

The study was conducted for solar radiation intensity in the range 400-1000 W/m2, ambient temperature 
20°C and wind speed 2 m/s. 

Table 2: Optical parameters of analysed PTC concentrator. 

Parameter Symbol  Value 

Transmittance of glass env. τc 0.965 

Shadowing ηsh 0.99 

Tracking error ηtrack 0.99 

Clean mirror reflectance ηref 0.9 

Dirt on mirrors ηd,m 0.96 

Dirt on absorber ηd,abs 0.98 

Receiver absorptivity (selective coating) αabs 0.92 

Receiver emissivity (selective coating) εabs 0.11 

Receiver absorptivity (non-selective coating) αabs 0.965 

Receiver emissivity (non-selective coating) εabs 
-4E-13·Tabs,e

4+1E-09·Tabs,e
3-1E-

06·Tabs,e
2+0.0006·Tabs,e+0.7506 

(⁓0.8) 

3 Results and discussion 

The first stage of the study was to test the potential for partial replacement of selective coatings, with 
non-selective coatings. For this purpose, 2 analyses were performed where �̇� =800 W/m². Figure 3 
presents the absorber efficiency as a function of heat transfer fluid temperature. Two curves are 
presented. The green line indicates the reference case, where all absorbers are covered with selective 
coating. The black curve marks the efficiency of the absorber solar loop when all its sections are coated 
with a non-selective cost-effective coating. The results indicated that low-cost coating can be used in 
absorber sections where the medium temperature is less than 113°C. In the initial sections of the 
absorber, the efficiency of the non-selective coating is higher than in the reference case due to its high 
absorptivity. When the temperature exceeds 113°C, through the high emissivity of the Pyromark 
coating, the efficiency decreases. 
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Figure 3: Absorber efficiency as a function of thermal fluid temperature for 2 cases: all absorbers 
covered by selective coating, all absorbers covered by the non-selective coating. 

Based on the specific collectors data with characteristic length, an analysis was performed to determine 
the efficiency of the solar loop as a function of the number the absorbers with non-selective coating. 
The results are shown in Figure 4. The analysis was performed for �̇� =800 W/m², and the mass flow 
was adjusted so that in the reference case (whole loop with selective coating), the outlet temperature 
was reached. Due to the high absorptivity of the Pyromark coating, the efficiency of the solar loop 
initially increases and reaches its maximum when the 5 absorbers are covered with the coating. The 
efficiency then decreases, and equals the baseline efficiency when the 8 absorbers are coated with 
Pyromark. For a higher share of absorbers with low-cost coatings relative to expensive selective 
coatings, the efficiency decreases, but the maximum decrease is 2 percentage points. The dotted lines in 
the following figures indicate baseline efficiency (the efficiency when all absorbers are covered with 
selective coating). Figure 4b presents useful heat absorbed by heat transfer fluid and heat losses for one 
solar loop. Similarly, as visualized in the efficiency, the power received by the heat transfer fluid is 
rising between 2 and 5 Pyromark coated absorbers. For 8 Pyromark coated absorbers the total absorber 
power is almost equal to the reference case. As the number of non-selective absorbers increases, the heat 
loss emitted from the absorber to the ambient increases. The sum of useful heat and heat loses indicate 
increased use of energy delivered from the sun to the collector. 

 

Figure 4: The results for 800 W/m2: a) Solar loop efficiency as a function of number of absorbers with 
no-selective coating, b) Useful heat and loop heat losses as a function of number of absorbers with no-

selective coating. 
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In the process of identifying the optimum solution, the change in solar irradiance must be considered. 
Flow and temperature control can be performed in two ways. The first way is to change the mass flow 
for each �̇�  in such a way that the medium reaches the designated temperature. As the �̇�  decreases, the 
mass flow must be reduced, which significantly affects the heat absorption performance. Figure 5 
presents the loop efficiency as a function of several absorbers with non-selective coating for �̇�  from 
400 W/m2 to 1000 W/m2. For 1000 W/m2, the results indicate that up to 12 absorbers can be covered 
with low-cost non-selective coating. For 800 W/m2, 600 W/m2 and 400 W/m2, the number of absorbers 
is 8, 4 and 0 respectively. Thus, it can be concluded that the appropriate reduction in selective coatings 
should be determined based on the weather conditions at the planned location, and a long-term analysis 
should be performed to verify this assumption. 

 

Figure 5: Solar loop efficiency as a function of a number of absorbers with no-selective coating, for 
different DNI and mass flow. 

Another way to control the system is to maintain a constant mass flow, where flow conditions maximize 
efficiency. In this case, the assumption of maintaining the outlet temperature from the installation is not 
met, so an additional peak source, reheating the medium to the given parameters must be applied. 
Assuming that the optimal working parameter of a given installation is �̇� =800 W/m2, the mass flow 
for this parameter is selected in such a way as to obtain the required temperature. The same mass flow 
selected is used for all values of solar radiation. The results of calculations based on this approach are 
shown in Figure 6. The efficiency characteristics for �̇�  =1000 W/m2, 800 W/m2 and 600 W/m2, have 
similar curves. For each of these solar radiation values, 8 absorbers can be coated with a low-cost 
Pyromark coating. However, as shown in Figure 6b, the temperature of the medium at the outlet of the 
system and the useful heat changes. When radiation is reduced from 800 W/m2 to 600 W/m2, the outlet 
temperature drops from 200°C to 168°C. With an additional peak heat source, the medium can be 
reheated, which is often done in similar installations. 
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Figure 6: Results for constant mass flow: a) solar loop efficiency as a function of a number of 
absorbers with no-selective coating, b) outlet temperature and useful heat as a function of irradiance. 

4 Conclusions 

The paper presented a method to reduce the investment cost associated with the expensive process of 
manufacturing selective coatings on the surface of tubular absorbers. The analysis was performed based 
on a two-dimensional mathematical model, validated with NREL experimental results. An installation 
producing high-temperature heat for industrial applications was analyzed, where the inlet temperature 
to the solar field was 60°C and the outlet temperature was 200°C. Based on the results obtained, the 
following conclusions can be drawn. 

 Pyromark, as a low-cost and well-known coating in solar applications, can be used in the initial 
segments of the PTC solar loop. 

 Pyromark in this case can be used where the temperature of the medium is usually below 113°C. 

 The number of absorbers that can be covered by a non-selective spray coating strictly depends 
on the flow conditions (mass flow), the irradiance and the way the flow is regulated. 

 In the case studied, the first 8 of 20 absorbers from each absorber loop can be covered with 
a low-cost spray coating if the control system includes a heat peak source (40%). 

 Considering 3 loops in the solar field, 24 absorbers can be covered by Pyromark coating.  

 In the case of adaptation of the mass flow to achieve the required outlet temperature, the number 
of absorbers covered with cheap coating strictly depends on the conditions of irradiation, so for 
each location, the number will be different. 

The analysis performed shows potential for application, and the results obtained highlight the potential 
for further work. 

Nomenclature 

𝐴   aperture surface area, m2, 
𝑐   specific heat, J/(kg K), 
𝑑 ,   absorber external diameter, m, 
�̇�   direct solar irradiance, W/m2, 
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𝐼𝐴𝑀  incidence angle modifier, -. 
𝐿  absorber length, m, 
�̇�  mass flow, kg/s, 
�̇�   solar energy, W. 
�̇�   thermal losses, W. 
�̇�   useful heat, W. 
�̇� ,   concentrated solar energy input, W, 

�̇� ,   non-concentrated solar energy input, W, 
𝑇   inlet temperature of heat transfer fluid, °C, 
𝑇   outlet temperature of heat transfer fluid, °C, 
𝛼   receiver absorptivity, -, 
𝜃  incident angle, °, 
𝜏   transmittance of glass envelope, -, 
𝜂 ,   dirt on mirrors, -, 
𝜂 ,   dirt on receiver, -. 
𝜂 ,   optical efficiency for CSP, -, 

𝜂 ,   optical efficiency for solar power, -. 

𝜂   clean mirror reflectance, -, 

𝜂   shadowing, -, 
𝜂   tracking error, -, 
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Abstract 

The paper presents the results of numerical CFD modeling of two-phase flow ejector operation. In the 
analyzed ejector, direct-contact condensation occurs when the motive water is in contact with the 
sucked-in superheated steam. A two-phase water-driven ejector condenser presented in the paper is 
a  device, which distinguishes it from most such gas-driven devices and is one of the critical components 
of the developed gas power plant with negative CO2 emission. CFD modeling is a powerful tool and 
allows analyzing combined phenomena such as turbulent flow, multiphase flow, and condensation 
process in complex geometrical models at steady and unsteady states. The geometrical model of the 
ejector was developed to enable condensation in the one flow pass and generate low pressure at the inlet 
of the gas. The geometrical design was simplified to the 2D axisymmetric ejector model to calculate the 
velocity and pressure distribution. The CFD model was created using Simcenter STAR CCM+ software. 
The RANS approach was used in turbulent flow simulation, and the Euler-Euler approach was applied 
to multiphase flow modeling. As a result of the study, the influence of condensation on the operation of 
the ejector condenser has been assessed. The pressure and velocity distribution result can help 
investigate the ejector design factors and evaluate the presented solution's performance. Temperature 
distribution can confirm places where the high-temperature differences exist and where the condensation 
process is the most intensive. 
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1 Introduction 

Ejectors are devices where the high energy of the motive medium is used for withdrawing gas, liquid, 
or solid particles. The principle of operation is based on the venturi effect. Reduction of motive nozzle 
cross-section area leads to an increase in velocity and a further reduction in static pressure. Thanks to it, 
it is possible to suck in the second fluid. The fluid with high energy is named a motive or primary fluid. 
Sucked-in fluid is often named suction fluid or secondary fluid. Ejectors usually do the role of pumps 
and compressors in refrigeration and power systems.  

The division of ejectors can be done using various types of criteria. Due to the physical state, it is 
possible to distinguish between liquid or gas ejectors. Additionally, considering the fluid type, ejectors 
can be classified into one-phase and two-phase ejectors. Considering the role, ejectors can be classified 
into jet pumps, jet compressors, or jet ventilators. Due to the value of the velocity, ejectors can be 
classified into subsonic and supersonic. In this work, a water-driven, subsonic, two-phase ejector is 
considered.  

The considering two-phase ejector is a crucial component of the developed gas power plant with 
negative CO2 emission [1]. The main task is to suck in and condense superheated steam, which is the 
main product of the Oxy-combustion process [2]. In case of liquid-gas ejectors, large differences in 
specific volumes between primary and secondary fluids can be observed.  Liquid-gas ejectors can be 
used for mixing, chemical or heat and mass transfer processes because of the large interface area [3], 
therefore the application as a direct-contact condenser to a gas power plant seems to be justified.  

Two-phase ejector operation research is challenging because of the high complexity of the phenomenon. 
Multiphase, turbulent flow often combined with phase change process is difficult for theoretical 
describing. Thermodynamic and 0D/1D models are used successfully for the evaluation of the ejector 
operation [4-6] because of their robustness and sufficient accuracy. However, these simplified models 
don’t fully reflect the complexity of the physics of the process, especially non-equilibrium effects. 
Computational Fluid Dynamics (CFD) modeling overcomes this limitation and allows for qualitative 
assessment of ejectors operation. Currently, most of the numerical investigations of two-phase ejectors 
are connected with two-phase, supersonic ejectors, which are mainly used in refrigeration systems [7-
9]. In case of supersonic ejectors, condensation is a result of rapid expansion of the steam. Investigated 
flow parameters are usually pressures and mass flows at the boundary surfaces (and connected with 
them dimensionless parameters like entertainment and compression ratios). There is a gap in the 
numerical and experimental research concerned with liquid-driven, subsonic two-phase ejectors with 
phase change.  The study aims to numerically investigate the operation of a two-phase, subsonic water-
steam ejector. 2D, CFD, axisymmetric model was developed using Simcenter STAR CCM+ software, 
which is connected with the finite volume method (FVM). Based on the literature review, the Mixture 
Multiphase Model was chosen to calculate the multiphase phenomenon. The Reynolds Navier-Stokes 
Equations (RANS) have been closed using the k-𝜔 SST model, which was indicated as the best model 
in case of ejector modeling. The condensation phenomenon was taken into account using the Spalding 
Evaporation/Condensation model. Calculation results were presented in the form of water volume 
fraction, pressure, velocity, and temperature contours to investigate the performance of the two-phase 
ejector for various steam velocities. Condensation and its influence on the operation of the water-driven 
two-phase ejector were examined based on condensation efficiency calculations and 
evaporation/condensation rate contours.  

2 Two-phase ejector condenser 

An ejector is a device where fluid momentum with high energy potential is used for the suction and 
compression of other fluids. Fluid with a high energy potential (high pressure / high velocity) is named 
motive (primary) fluid and the second is named secondary fluid. The motive fluid can be a gas or liquid. 
In case of secondary fluid, there are more possibilities: liquid, gas, and a mixture of fluid and solid. The 
main advantage of ejectors is the simplicity of construction. There are no moving parts and the ejector 
does not require any maintenance. It causes ejectors can work in difficult conditions like corrosive and 
toxic liquids and gases. Examples of ejectors application: 
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 In plumbing installations: pumping the water from the well and cooperating with a pump to 
prevent cavitation [10, 11]. 

 In refrigeration system: compressing working medium [5, 7, 12]. 

 In the ventilation system: sucking in toxic gases [13, 14]. 

 In a heating system as mixers, condensers and compressors [15, 16].  

Two-phase ejectors are devices where the primary and secondary fluids exist in various physical states. 
The most popular are liquid-gas (gas-liquid) ejectors, but gas-solid or liquid-solid ejectors can also be 
met [17]. Compared to one-phase ejectors, the theoretical description of phenomena in two-phase 
ejectors is more complicated because of multiphase interaction and the possibility of phase change. 
Among two-phase ejectors, two types can be distinguished taking into account the velocity of the fluid: 
subsonic and supersonic ejectors. The main design difference is connected with the shape of the motive 
nozzle. The motive nozzle of the subsonic ejector is converging, whereas the shape of the motive nozzle 
of the supersonic ejector is converging-diverging. Physical phenomena are entirely different in these 
two cases. A simplified scheme of the liquid-driven two-phase ejector with the pressure charts of each 
fluid is shown in Figure 1. 

 

Figure 1: Scheme of the liquid-driven, two-phase ejector 

The motive fluid, which is water liquid, is delivered to the nozzle. The nozzle is converging; therefore, 
the velocity of the motive fluid is rising while static pressure is falling rapidly. Significantly reduced 
pressure at the nozzle exit causes the entrainment of the secondary fluid. After exiting the nozzle, the 
shape of the motive fluid is still conical-cylindrical and there are clear boundaries between the two fluids 
until it comes to the mixing section. The pressure of both fluids in the area between the nozzle  and 
mixing chamber is relatively constant, equal to the suction pressure. Suddenly strongly turbulent mixing 
with condensation shock occurs in the mixing section. Condensation takes place under non-equilibrium 
conditions: the water droplets don’t form as soon as the vapor reaches the saturation pressure [18]. As 
a  result of all processes in the mixing section, fluid mixture pressure rises while the velocity decreases. 
The kinetic energy of the fluid is scattered. The pressure increase is most significant in the mixing 
chamber and responsible mainly for the compression phenomena in the ejector [19]. The pressure rise 
in the diffuser much less.  

The object of the numerical investigation is a two-phase, liquid-driven ejector, which is a crucial 
component of the developed gas power plant with negative CO2 emission [1]. The ejector is a component 
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that allows connecting the power generation part of the power plant with the part responsible for CO2  
separation and storage. The motive fluid of the ejector is the water, and the secondary fluid is the exhaust 
gas. The exhaust gas is the product of the Oxy-combustion process therefore, it consists mainly of steam 
and CO2 [2]. The main task of the ejector is to suck in and condense superheated steam. The 
condensation process is expected to be very effective because it will take place as a result of direct 
contact between highly subcooled liquid and steam. Direct contact condensation is characterized by 
a  significantly higher heat transfer rate than wall condensation.  

3 CFD model of two-phase ejector condenser 

The phenomena in the liquid-gas ejector are complex. The flow is multiphase and highly turbulent. 
Moreover, the condensation phenomenon occurs.  CFD modeling is a tool that allows taking into account 
all these crucial phenomena. There are two major multiphase modeling approaches: Euler-Euler and 
Euler-Lagrange [20]. The Euler-Euler approach is based on the assumption, that all phases are treated 
like continuous phases. The discrete (solid, bubble, etc.) phase is treated as a continuous medium with 
the physical properties of the fluid. The Euler-Lagrange approach is connected with tracking the 
trajectory of each particle. This approach is more accurate but also more computationally costly. In case 
of CFD modeling of the ejector, the Euler-Euler approach is commonly used [21-23]. The most popular 
models are the Mixture Model, Volume of Fluid, and the Eulerian Multiphase Model. 

The Mixture model, which is based on a single-fluid approach, would be the most suitable for this case 
[25]. Considering the turbulence modeling of the ejector, the RANS approach is used most often in the 
case of ejector phenomena modeling. RANS approach is based on replacing each solution variable as 
the sum of the mean values and their fluctuating component. It leads to a presence of an additional term 
in Navier-Stokes equations, which should be solved. RANS equations can be closed using eddy viscosity 
models, where the most versatile are two-equations models: k-ω SST and k-ε. The k-ε model is a two 
equations model which concerns turbulent kinetic energy transport and dissipation rate of turbulent 
kinetic energy [26]. The model is successfully used in case of ejectors modeling [27]. The k-ω SST is 
a hybrid model that allows switching between k-ω and k-ε. The blending function provides smooth 
transitions between models. The model is accurate in non-equilibrium boundary layers modeling 
(separation). According to the "NASA Technical Memorandum", it is the most accurate model for 
aerodynamic calculations [28]. Similar to the k-ε model, it is one of the most popular models for ejector 
phenomena modeling [7, 8]. Taking into account all the advantages mentioned above, the k-ω SST 
model was chosen to simulate two-phase turbulent flow through the ejector condenser. 

3.1 Governing equations of Mixture Multiphase model (MMP) 

Steady-state equations of the continuity, momentum and energy for the Mixture Multiphase Model based 
on the Euler-Euler approach were used and presented in Eqs. (1-3). Additional transport equation (which 
occurs for single-fluid models) for volume fractions of i-phase was presented in equation 4. 

𝜌 𝑣 𝒅𝒂 = 0 (1) 

𝜌 𝒗𝒎 ⊗ 𝒗𝒎 ∙ 𝑑𝒂 = − 𝑝 𝑰 ∙ 𝑑𝒂 + 𝑻𝒎 ∙ 𝑑𝒂 + 𝒇𝒃 ∙ 𝑑𝑉 (2) 

𝜌 𝐻 𝒗𝒎 ∙ 𝑑𝒂 = − �̇� ∙ 𝑑𝒂 + 𝑻𝒎𝒗𝒎 ∙ 𝑑𝒂 + (𝑓 𝑣 + 𝑆 ) ∙ 𝑑𝑉 (3) 

𝛼 𝒗𝒎 𝑑𝒂 = 𝑆 , 𝑑𝑉 +
𝜇

𝜎 𝜌
𝛻𝛼 ∙ 𝑑𝒂  (4) 
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3.2 Turbulent closures 

Because of the high Reynolds number as well as the violent mixing process, it is obvious that the flow 
is turbulent. The turbulent character of flow was simulated using the k-ω SST turbulence model, which 
is an eddy viscosity model based on RANS (Reynolds-averaged Navier-Stokes) approach. The equation 
for turbulent dynamic viscosity 𝜇  was presented in Eq. (5). The transport equations of turbulent kinetic 
energy 𝑘 and specific dissipation rate 𝜔 are presented in Eqs. (6-7), respectively. 

𝜇 = 𝜌𝑘𝑇 (5) 

∇ ∙ (𝜌𝑘𝐯) = ∇ ∙ [(μ + 𝜎 𝜇 )∇𝑘] + 𝑃 − 𝜌𝛽∗𝑓 ∗(𝜔𝑘 − 𝜔 𝑘 ) + 𝑆  (6) 

 (𝜌𝜔) + ∇ ∙ (𝜌𝜔𝐯) = ∇ ∙ [(μ + 𝜎 𝜇 )∇𝜔] + 𝑃 − 𝜌𝛽𝑓 (𝜔 − 𝜔 ) + 𝑆  (7) 

3.3 Condensation process 

The Spalding Evaporation/Condensation model, which is available in STAR CCM+ software, was used. 
The main idea of this model is to express the steady convective mass transfer phenomena using Ohm’s 
law relation (Eq. (8)). 

�̇� = 𝑔 𝐵 (8) 

In Star CCM+ software [30], the model allows to consider of various types of condensation phenomena: 

- supercritical evaporation/condensation 

- heat-limited evaporation 

- diffusion-limited evaporation/condensation 

The rate of evaporation/condensation of the component can be expressed as follows (Eq. (9)): 

�̇� = −𝜀 𝑔∗𝐴 log (1 + 𝐵 ) (9) 

3.4 Geometrical model and numerical mesh. 

The 2D geometrical model of the two-phase ejector condenser was developed according to the ejector 
drawing presented in Figure 2. The model was assumed to an axisymmetric. The most important 
dimensions are presented in Table 1.  

 

Figure 2: Two-phase ejector condenser with  main dimensions 

Table 1: Main dimensions of the two-phase ejector condenser 

Parameter Value Parameter Value Parameter Value Parameter Value 
DMN_1[mm] 25.4 DMIX [mm] 25.4 LMCH [mm] 25 𝛾SN [o] 45 
DMN_2[mm] 3 DDIF [mm] 100 𝛾MN_1 [o] 30 𝛾DIF [o] 10 
DMN_4[mm] 40 LMIX [mm] 1050 𝛾MN_3 [o] 45   

Mesh consists of 325479 polyhedral elements, and the base size is 0.7 mm.  The inflation layer with 4 
prism layers was applied near all ejector walls. The total thickness of the inflation layer was 0.21 mm 
with a 1.45 stretching factor.   
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3.5 Main assumptions and boundary conditions 

The scheme of the ejector with general boundary conditions is shown in Figure 3. Various types of 
boundary conditions were applied to check the behavior of the developed model. The ejector model 
consists of two inlets and one outlet. Water motive flow is represented by velocity inlet or pressure inlet. 
Steam, which is sucked, is also expressed by velocity inlet or pressure inlet. Two types of outlet 
boundary conditions were considered. For outlet boundary conditions, the outlet pressure is the result of 
the calculation. All the rest of the lines are connected with the wall boundary condition.  

 
Figure 3: Boundary conditions of the ejector CFD model.  

Two phases were considered: water and steam. The physical properties of water and steam (density, 
dynamic viscosity, thermal conductivity and isobaric heat capacity) were calculated using available fluid 
properties data [31]. The assumed saturation temperature was 100°C. 

4 CFD modeling results 

4.1 Scalar fields 

Contours of water volume fraction in the ejector domain for various steam velocities were presented in 
Figure 4. For 8.9 m/s and 7.6 m/s steam velocity, the volume fraction of water doesn’t exceed 0.3. For 
smaller steam velocities, the volume fraction of water equal to 1 can be observed in almost the entire 
domain. It means that all the steam has been condensed. Static pressure contours for various steam 
velocities were presented in Figure 5. The compression effect of gas can be observed in all cases. It is 
stronger when the steam velocity is lower.  The maximum discharge pressure of 7.7 bar was achieved 
for 2.5 m/s steam velocity. In Figure 6 the velocity contours for different steam velocities are depicted. 
The highest value of velocity can be observed for the highest value of inlet steam velocity. Moreover, 
velocity contours are more uniform for lower values of steam inlet velocities. The temperature contours 
for various steam velocities were presented in Figure 7. In all cases, the temperature distribution quickly 
becomes relatively uniform, close to the saturation temperature.  For steam velocity 6.5 m/s and lower, 
the temperature is below the saturation temperature, which is connected with full condensation.  
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Figure 4: Water (liquid) volume fraction distribution for various steam inlet velocity 

 

Figure 5: Static pressure distribution for various steam inlet velocity 

 

Figure 6: Velocity distribution for various steam inlet velocity 
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Figure 7: Temperature distribution for various steam inlet velocity 

4.2 Scalar changes in the flow direction 

The average static pressure chart in the cross-section of the ejector as a function of the length for 6.5 
steam velocity is presented in Figure 8. At the end of the motive nozzle, the average static pressure is 
equal to the pressure at the exhaust inlet. This static pressure is relatively constant to the 0.2 m ejector 
length. Next, in the mixing chamber (constant cross-section area), the most significant increase in static 
pressure can be observed. It is connected with mixing and condensation processes but with the majority 
share of the second one. It is because of the latent heat which is released during the condensation 
phenomenon. The static pressure rise can also be observed in the diffuser part, but it’s much smaller 
than the growth in the mixing part.  

 

 

Figure 8: Average static pressure change of fluids (water,  gas, mixture) as a function of the length of 
the ejector for exhaust gas velocity of 6.5 m/s 
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4.3 Condensation process analysis 

The condensation efficiency as a function of the steam velocity for various types of boundary conditions 
is presented in Figure 9. Full condensation can be observed from steam velocity (exhaust gas velocity) 
at about 6 m/s. Below this value, the condensation is partial but still very high for considering conditions 
(75%-93%). There are also visible differences between condensation efficiency for the same steam 
velocity and other types of boundary conditions.  

 

Figure 9: Condensation efficiency as a function of steam velocity for various types of boundary 
conditions.  

Results in Figure 10 show the steam's evaporation rate in the two-phase ejector condenser geometry. 
The negative value refers to the condensation rate and the positive value to the evaporation rate. It is 
visible that the condensation phenomenon takes place mainly at the interface between water and steam.  
The maximum value of the condensation rate is around 105 kg/m3s. 

 

Figure 10: Evaporation/Condensation rate of water/steam (negative value refers to the condensation 
rate and the positive value to the evaporation rate). 
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5 Conclusions 

The CFD model of a water-driven, two-phase ejector condenser was developed using Siemens Star 
CCM+ software. The study aimed to investigate the performance of the two-phase ejector taking into 
account the condensation phenomenon. The most promising models and submodels were chosen based 
on the available methods and techniques. The mixture Multiphase Model based on the Euler-Euler 
approach was used for multiphase flow modeling. The turbulence phenomenon was taken into account 
using the k-ω SST model. Condensation process results were computed using the Spalding/Evaporation 
model. Based on the investigation results, the following conclusions can be made:  

 Numerical multiphase flow calculations with condensation phenomenon are connected with 
significant instabilities and backflows. Various boundary conditions were checked. Velocity inlets 
and free outlet boundary conditions allow for the widest analysis. 

 There are differences in condensation efficiency for similar exhaust gas (steam) velocity. It means 
that boundary conditions affect not only numerical stability but also the accuracy of the calculations. 

 The compression effect can be noticed in the considering two-phase ejector condenser. If the steam 
velocity (steam mass flow rate) is lower, the higher the compression effect is observed. The 
maximum value of discharge pressure was about 7.7 bar.   

 The temperature distribution is uniform very quickly because of the rapid direct contact 
condensation phenomenon. The temperature after mixing is close to the saturation temperature in 
all considering cases. 

 Because of the condensation phenomenon and the rapid mixing process, strong fluctuation of the 
velocity occurs at the beginning of the mixing chamber. The most significant differences in velocity 
can be observed near the suction chamber. 

 The tested geometrical model allows for achieving the very efficient condensation phenomenon for 
considering operation conditions. Full condensation phenomenon was observed for steam velocity 
below 6 m/s. Above this value, the condensation was partial but still very high (75%-93%). Direct 
condensation occurs at the interface between water and steam. The mass transfer rate condensation 
even reaches the value of 2*105 kg/m3s. 

Nomenclature 

𝒂 surface area vector, m2, 
𝐴  droplet surface area, m2, 
𝐵 dimensionless driving force, -, 
𝐵  spalding transfer number, -, 
𝒇𝒃 body force vector, N/m3 , 
𝑓  vortex-streching modification factor, -, 
𝑓 ∗ free-shear modification factor, -, 
𝑔 surface conductance, kg/s, 
𝑔∗ mass transfer conductance, when B→0 e, kg/s, 
𝐻  total enthalpy of the mixture, m2/s2, 
𝑰 unity tensor, -, 
𝑘 turbulent kinetic energy, J/kg, 
𝑘  ambient value of turbulent kinetic energy that counteract turbulence decay [20], J/kg s, 
�̇�  rate of the transfer of material, kg/s, 
�̇�   evaporation/condensation rate of component i, kg/s, 
𝑝 pressure, Pa, 
𝑃  turbulent kinetic energy production term, W/m3, 
𝑃  specific dissipation rate production term, W/m3, 
�̇� unity tensor, -, 
𝑆  energy source term, W/m3, 
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𝑆  turbulent kinetic energy source term, W/ m3,  
𝑆 ,  phase i source term, 1/s, 
𝑆  specific dissipation rate source term, W/ m3, 
𝑇 turbulent time scale, s, 
𝑻𝒎 viscous stress tensor, Pa, 
𝐯 mean velocity , m/s, 
𝑣  the mass-averaged velocity, m/s, 
𝑉 volume, m3, 
 
Greek symbols: 
𝛼  volume fraction of phase i, -, 
𝛽 model coefficient, -, 
𝛽∗ model coefficient, -, 
𝜀   fractional mass transfer rate, 1/m5, 
μ dynamic viscosity, Pa s, 
𝜇  turbulent dynamic viscosity, Pa s, 
𝜌   the density of the mixture, kg/m3, 
𝜎  model coefficient, -, 
𝜎  turbulent Schmidt number, -, 
𝜎 , model coefficient, -, 
𝜔 specific dissipation rate, J/kg s, 
𝜔  ambient value of specific dissipation rate that counteracts turbulence decay [20]. J/kg s, 
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Abstract 

The aim of this study is to compare various flow maldistribution quantification methods, namely using 
velocity, mass flow rate, pressure, and temperature. An experimentally validated numerical study has 
been prepared and a heat exchanger with 34 semi-circular channels made from aluminum 
with a diameter of 3.1 mm and a length of 120 mm has been tested. The minichannels were heated from 
the bottom with a constant heat flux of 10, 20, 30, and 40 kW/m2. Moreover, the cases for various inlet 
velocities of 0.1, 0.2, 0.3, and 0.4 m/s (that result in Reynolds number at the inlet of 995, 1990, 2986, 
and 3981 and mean Reynolds number in a single channel of 115, 230, 345 and 460 respectively) have 
been tested. It results in a total of 16 cases with various heat flux and various inlet velocities of the water. 
Then, for every 16 cases, the flow maldistribution coefficients, widely used in the literature, have been 
calculated based on the velocity, pressure, and temperature profiles in the minichannel heat exchanger. 
The study shows that every method gives other results of the parameter named “flow maldistribution 
coefficient” that should define the flow distribution in the entire heat exchanger in the same way. 
Hence, the ambiguities of fluid distribution conclusions in the minichannel heat exchangers that can be 
found in the literature may be caused by a different interpretation of the flow maldistribution coefficient. 
The paper shows the results in the most normalized manner to make them comparable and to draw clear 
conclusions on what is the relationship between fluid distribution, inlet velocity, and applied heat flux. 
Moreover, a normalized flow maldistribution coefficient that gives the same results for all 
thermohydraulic parameters used has been proposed. 

1 Introduction 

Tuckerman and Pease [1] proved that reducing the hydraulic diameter of the channel results in a more 
intense heat transfer. However, as is well known the smaller the hydraulic diameter of the channel 
the higher the velocity (for constant mass flow rate) hence the higher pressure drop. To maintain 
the pressure drops of the flow in the heat exchanger at a reasonable level, one can divide the total mass 
flow rate into many branches. It results in lowering the velocity in every path (while maintaining the total 
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mass flow rate constant) and hence reduce the pressure drop. However, many minichannels connected 
with common inlet and outlet manifolds provide another hydraulic issue, namely the flow 
maldistribution.  

In the last years, a few reviews concerning the flow maldistribution in mini, micro, compact 
and macrochannels heat exchangers have been published [2–5]. Dario et al. [2] focused on the two-
phase flow distribution in parallel channels where factors influencing the two-phase flow 
maldistribution and some header designs which improve the flow uniformity have been discussed. 
Siddiqui and Zubair [3] discussed the flow maldistribution from the heat exchanger’s geometry (mainly 
manifolds) point of view. The authors showed some analytical models that tried to mathematically 
describe the flow maldistribution. Ghani et al. [4] focused mostly on the manifold design in the scope 
of the flow maldistribution. The authors discussed deeply what manifolds can be distinguished and how 
particular manifolds influence fluid distribution. Singh et al. [5] described the flow maldistribution 
in several heat exchangers (plate, plate-fin, and tube-fin) and show the effect of phase change 
and properties variations on the flow distribution. The authors place their work in the context of solar 
collectors and more sustainable energy utilization. 

The novelty of the study is the comprehensive summary of previous works on the flow maldistribution 
and the comparison between results that seem often to be ambiguous is a significant contribution. 
The comparison of results from various works in terms of recalculating it using different methods 
of flow maldistribution quantification has not been found in the literature before. The summary shows 
that ambiguities that can be found in the literature may be caused by a different interpretation of the 
flow maldistribution coefficient. The prepared numerical analysis validated with the experiment shows 
that the best and universal flow maldistribution coefficient can be found thanks to the statistical data 
analysis. 

2 Flow maldistribution quantification methods 

In the literature, several methods to quantify the flow maldistribution can be found. For this purpose, 
some characteristic parameter (mass flow rate, velocity, pressure drop, temperature) that can be 
distinguished in a given channel of the heat exchanger is determined and it refers to the appropriate 
value that should be in each channel if the flow is completely uniform. 

2.1 Velocity measurements 

One of the methods of quantitative analysis of the flow non-uniformity is to determine the velocity field 
on the heat exchanger surface. If the minichannel heat exchanger is taken into account, then 
the determination of the velocity in each of the parallel channels will allow determining the mass flow 
rate in each of them, which allows describing the phenomenon of flow maldistribution. Calculating 
the mass flow rate on the base of the velocity in the channels is possible only when the cross-sectional 
areas of each of them are known. When quantifying flow maldistribution by velocity, it is often assumed 
that each channel has the same cross-section. This is true in most cases, but this assumption should be 
always in mind. If the channels have different cross-sectional areas, the non-uniform velocity field 
on the heat exchanger surface does not necessarily mean that there is a non-uniform mass flow rate. 
Kumar et al. [6,7] carried out numerical studies in which they showed that by changing the width 
or height (cross-sectional area) of the individual channels it is possible to eliminate the flow 
maldistribution. 

Kim et al. [8] conducted an experiment in which the velocity in parallel channels was measured 
to determine the flow maldistribution in a minichannel heat exchanger. Channels with a semicircular 
cross-section (radius 1.55 mm) made of aluminum were used. To be able to visualize the flow 
and measure the velocity in the channels, the measuring section was covered with acrylic glass. Red ink 
soluble in water was introduced periodically into the water flowing in the section. Thanks to this 
procedure, it was possible to observe the boundary of water without dye and red-dyed water. This border 
was followed by a high-speed camera that filmed the flow at 200 frames per second. After dividing 
the distance covered by the border of colored and dyed water visible in the photo by the time needed 
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to cover it, the authors obtained the velocity in each minichannel. The tests were carried out in the range 
of the volumetric flow rate from 3.33 to 6.67 cm3/s with the I’-type flow configuration. The expression 
in Eq. (1) was used to determine the flow maldistribution coefficient in every channel. 

 max i
i

avg

U U

U


   (1) 

In this case, the average velocity Uavg is the velocity that would occur in all the channels if the flow were 
completely uniform. The authors found that the highest velocity occurs in the central channels 
and the lowest in the side channels, which is consistent with the observations of other authors [6,7]. 
Moreover, greater flow maldistribution occurs with higher flow rates and when the ratio of the channels’ 
width to their length increases. The distance between the heat exchanger inlet and the channels 
also influences the distribution of the working medium. The higher it is, the more uniform the flow 
becomes, which was also observed by other researchers [9]. Furthermore, authors [8] proposed 
an analytically derived equation for the maldistribution coefficient which involves geometrical 
parameters of a heat exchanger (width, channel length, channel spacing, channel’s hydraulic diameter, 
channels distance from the inlet). It corresponds quite well with the authors’ results. 
However, the authors stressed that this theory is limited in the assumption of uniform spreading.  

A slightly different approach to the flow maldistribution coefficient calculation was presented 
by Minqiang et al. [9] or Dąbrowski et al. [10]. To be able to present it quantitatively, they used Eq. (2). 
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The above equation allows the calculation of the aforementioned coefficient for the entire heat 
exchanger, and not only for individual channels, as in Eq. (1). This is a useful approach as it enables 
different heat exchanger designs to be compared with each other, e.g., with a different number 
of channels. The authors numerically verified the dependence of the length, height, and width 
of the channels, the location of the inlet of the working medium, as well as the distance between 
individual channels on the flow maldistribution phenomenon. 

2.2 Flow rate measurements 

Another method of quantitative analysis of flow maldistribution is the measurement of the mass flow 
rate. Such an approach to the issue of fluid distribution makes it possible to become independent 
of the influence of unequal cross-sectional areas of parallel channels on the correct interpretation 
of the phenomenon. It is the mass flow rate at a given point in the heat exchanger that directly affects 
its operation, including the distribution of the temperature field, pressure drop, and the efficiency 
of thermal energy transport. 

Individual measurement of the mass flow in each of the 25 parallel channels was carried 
out by Kumaraguruparan et al. [11]. The authors conducted an experiment and a numerical simulation 
fo  water. To estimate the quantitative distribution of the flow maldistribution in the minichannel heat 
exchanger, the water passing through the set of channels was collected individually for each minichannel 
without the use of an outlet manifold. The flow maldistribution coefficient for the entire heat exchanger 
was calculated using Eq. (3). 

 max min 100%
avg

m m

m
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The minimum, maximum, and average values refer to the mass flow in individual channels. Based 
on the conducted research [11], the authors concluded that two types of pressure drops can be 
distinguished: related to inertia forces (velocity decrease, and thus pressure increase) and related 
to friction forces. To reduce the flow maldistribution, it is necessary to reduce the influence of inertia 
and increase the influence of friction. Higher flow rates deteriorate the fluid distribution. Numerical 
studies have shown the presence of flow separation, backflows, and swirls at the inlet to the channels, 
and they are the ones that cause uneven distribution. The authors say that these effects can be 
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counteracted by increasing the viscosity of the fluid. In addition, a greater pressure drop should be in the 
channels themselves.  

The flow maldistribution coefficient can also be presented in two stages. Two expressions are used 
for this [12,13]. The first one, presented in Eq. (4), is used to determine the coefficient in each 
minichannel. 

 

2

i avg
i

avg

m m

m

 
    

 

 


 (4) 

To determine it, the mass flow rate at the point and the average value of the mass flow rate that would 
be in each channel if the flow were uniform are needed. Most often it is the total mass flow flowing 
through the heat exchanger divided by the number of channels. The flow maldistribution coefficient 
equal to zero indicates an ideal flow, and the higher it is, the more the mass flow in the channel (point) 
under consideration differs from the average. After determining the flow maldistribution coefficient 
for all channels, the standard deviation is determined to calculate the total coefficient for the entire heat 
exchanger (Eq. (5)). 
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Thanks to it, different heat exchangers can be compared with each other, differing in design, number 
of channels, or the shape of the manifold, without the need to analyze changes in the flow 
maldistribution coefficient in individual channels. Instead, one characteristic value can be used. 

2.3 Pressure drop measurements 

In addition to measuring the flow rate or velocity in individual channels, another method for quantifying 
the flow maldistribution is to measure pressure drops in the channels. Pressure is one 
of the hydrodynamic parameters of the flowing fluid and is directly related to the flow velocity, 
e.g., the Bernoulli equation or Navier-Stokes equations [14]. For this reason, the difference in pressure 
drop in individual channels can be treated as an indicator of the quality of fluid distribution. 
This approach has been used by several researchers. 

Siva et al. [15] presented in their work experimental and numerical studies describing flow 
maldistribution in minichannels. The experimental tests were carried out for the flow of water to which 
heat was supplied. The maximum heat flux was 50 kW/m2. To quantify the flow maldistribution, 
the authors [15] measured the inlet and outlet pressures of each channel. Thanks to these measurements, 
it was possible to calculate the pressure drops in individual channels. The flow maldistribution 
coefficient was defined as the ratio of the maximum and minimum pressure drop difference 
to the maximum pressure drop, according to Eq. (6). 

 max min
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Research has shown that the greater the number of channels, the worse the fluid distribution. 
Moreover, the flow configuration has a great influence on the maldistribution coefficient. The worst 
distribution was visible for the U-type and the best for the I-type. When the ratio of the manifold’s cross-
sectional area to the channels’ cross-sectional area decreases, a greater flow maldistribution can be 
observed. Thanks to numerical studies, the authors concluded that the non-uniformity of the flow and 
the non-uniform temperature field on the heat exchanger surface is closely related. In addition, special 
attention should be paid to the verification of numerical calculations. Often the results of CFD 
calculations are of poor quality and therefore may not match the experiment. This may be since, 
in the case of minichannels, viscous forces dominate over inertia forces, which is often not taken 
into account in numerical calculations. 
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2.4 Temperature profile measurements 

Another method of testing the flow maldistribution is to determine the temperature distribution 
on the heat exchanger surface. The simplest solution is to use a thermal imaging camera to determine 
the temperature field and analyze it for the presence of points of increased temperature and the shape 
of isotherms. For a completely uniform distribution, assuming a constant heat flux over the entire 
surface of the heat exchanger, the isotherms should be straight lines, perpendicular to the direction 
of the fluid flow. The analysis of the temperature field allows for the qualitative determination 
of the non-uniformity. When applying heat to a fluid, its higher temperature means that the mass flow 
is lower there, and the lower the temperature, the opposite. However, it does not allow quantifying 
the mass flow rate or the velocity of the fluid. To do this, it is necessary to include in the considerations 
the aspect of heat transfer and the temperature difference between the fluid and wall that forces this 
exchange. 

The quantitative analysis of the flow maldistribution based on the temperature field was carried 
out by Paz et al. [19]. They recorded images taken with a thermal imaging camera on an evaporator 
operating in the ORC (Organic Rankine Cycle) installation [20,21]. Ethanol was the fluid flowing 
through the system. The research has shown that it is possible to compare the temperature fields 
and on their basis determine whether the working medium distributes uniformly or not. 

Numerical studies of ten different configurations of a minichannel heat exchanger to find a configuration 
resulting in maximum thermal efficiency and uniform temperature distribution were carried 
out by Vasilev et al. [22]. To compare quantitatively the uniformity of the temperature field on the heat 
exchanger surface, the authors introduced the coefficient presented in Eq. (7). 

 max min
q

T T

q
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It was found that at low velocities of the medium flowing in the channels, and thus also at low Reynolds 
numbers, a more significant dependence of the temperature distribution uniformity on the number 
of direction changes during the flow in the channel can be observed. In addition, it was noted that the 
more uniform temperature distribution contributed to an additional increase in the mean Nusselt number 
for the same pumping power. 

2.5 Comparison 

As can be seen in the above considerations, the flow maldistribution can be quantified in many different 
ways, using various types of parameters, such as velocity, mass flow rate, volume flow rate, pressure 
drop, or temperature. The authors researched flow maldistribution phenomena using different 
experimental techniques as well as numerical simulations. Moreover, the geometries tested in terms 
of flow distribution differ in many aspects, e.g. number of channels, flow configuration, or mass flow 
rate. Hence, it is difficult to compare the results. Besides, some authors [15,17] noticed that the worst 
fluid distribution is for the U-type flow while the others [23] that the V-type results in the highest flow 
maldistribution. Even severer incoherence can be found when considering fluid flow rate 
as a maldistribution parameter. There are authors [16] that claimed less uniform distribution is for low 
flow rates number while some authors [8,11] claimed the opposite. 

To make the comparison easier and to explain mentioned ambiguities the results from different studies 
have been recalculated using various flow maldistribution quantifying methods. The flow 
maldistribution coefficient was calculated taking into account velocity, mass flow rate, pressure drop, 
and temperature distribution using Eqs. (2), (3), (6), and (7) respectively. The studies were selected 
in a way that has enough data to calculate at least 3 of 4 maldistribution coefficients. The results were 
shown in Table 1. The data was sorted from the lowest to the highest channels’ hydraulic diameter 
tested. All the data were taken for the basic, conventional cases even if a particular paper presented 
the geometry that would lower the flow maldistribution coefficient. 

Firstly, it can be concluded that every flow maldistribution coefficient differs depending on the equation 
chosen even if the data used describe the same results. Hence, the flow maldistribution coefficient cannot 
be easily compared without making sure that they were calculated using the same equation. 
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Moreover, in every case, the flow maldistribution coefficient calculated using Eq. (3) is several times 
higher than the flow maldistribution coefficient calculated using Eq. (2) for the same data. 
Furthermore, it is worth noticing that the flow maldistribution coefficient calculated by Eq. (7) is not 
a percentage value. It has its dimension and varies significantly depending on heat flux, so it cannot be 
compared easily.  

Secondly, the flow maldistribution coefficient is higher for high flow rates when considering velocity 
(Eq. (2)) and mass flow rate (Eq. (3)). Nonetheless, the coefficient for the same cases but calculated 
using temperature profile (Eq. (7)) is higher for low flow rates. That is a possible reason for results 
incoherencies in a manner of flow maldistribution and flow rates. Studies that would allow making 
a comparison of flow maldistribution coefficient calculated using Eq. (6) with other coefficients for high 
and low flow rates have not been found. 

It can be also seen that the worst flow configuration is also ambiguous. The results from Kumar and 
Singh [24] show that the best flow uniformity is obtained when the I-type flow configuration is 
implemented. However, the rest of the tested flow configurations order is not the same for every flow 
maldistribution coefficient. Lastly, the differences between the flow maldistribution coefficients 
for various manifold shapes are not significant. 

Table 1: Comparison of flow maldistribution coefficient calculated in various ways  

Authors 
Φ – velocity 

[%] 
Φ – pressure drop 

[%] 
Φ – mass flow rate 

[%] 
Φq – temperature 

[(K·m2)/MW] 
Xia et al. 

[25] 
99.4 - 213.3 6.0 (high flow rate) 

- - - 8.6 (low flow rate) 
Kumar et al. 

[6] 
38.8 (low flow rate)  - 85.0 (low flow rate) 40.5 (high flow rate) 
54.0 (high flow rate) - 111.3 (high flow rate) 53.0 (low flow rate) 

Kumar and 
Singh [13] 

11.8 - 40.3 140 

Kumar and 
Singh [24] 

26.6 (I) - 68.9 (I) 267.5 (I) 
27.1 (U) - 80.7 (U) 273.5 (N) 
30.7 (N) - 114.3 (Z) 292.5 (U) 
34.5 (Z) - 117.6 (N) 299.7 (Z) 

Song et al. 
[26] 

27.3 (trapezoidal I) 63.9 (rectangular) 82.0 (trapezoidal I) 143.3 (rectangular) 
30.9 (rectangular) 66.7(trapezoidal I) 85.0 (rectangular) 156.7 (trapezoidal I) 

21.2 (low flow rate) - - 116.7 (high flow rate) 
36.0 (high flow rate) - - 192.9 (low flow rate) 

3 CFD model details 

In the numerical simulation, the minichannel heat exchanger based on the experiment from Kim et al. [8] 
has been taken into account. The three-dimensional model was created with the ANSYS SpaceClaim 
software and the fluid domain was prepared. The working medium was assumed as water. The fluid 
in channels flows in the X-axis direction. The water was heated up from the bottom of the section 
with a constant heat flux (in the Z-axis direction). The material of the heat exchanger was assumed 
as aluminum. The inlet and outlet manifolds were not heated up. The whole heat was transported 
to the minichannels. 

The physical model of a minichannel heat exchanger with 34 semi-circular channels with a diameter 
of 3.1 mm and a length of 120 mm has been shown in Figure 1. To investigate the behavior of various 
maldistribution coefficients in some range of flow rates, the cases for various inlet velocities of 0.1, 0.2, 
0.3, and 0.4 m/s have been tested. It results in a total of 16 cases with various heat flux and various inlet 
velocities of the water. Then, for every 16 cases, the flow maldistribution coefficients, widely used 
in the literature, have been calculated based on the velocity, pressure, and temperature profiles 
in the minichannel heat exchanger. 
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Figure 1: Physical model of minichannel heat exchanger used in the numerical simulation 

3.1 Governing equations and boundary conditions 

During the numerical simulations the following assumptions were taken: 

 Properties of fluid were independent of temperature and pressure. 

 Fluid flow was a single-phase, steady-state, incompressible, and three-dimensional. 

The continuity, momentum, and energy equations (Eq. (8), Eq. (9), and Eq. (10)) were taken into account 
as governing equations and used in calculations together with the above-mentioned assumptions. 

 0U 


 (8) 

 2( )U U p U     
 

 (9) 

 2( )pC U T k T   
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The gravity acceleration was neglected. 

In ANSYS FLUENT 2021 R1 the conservation equations of mass, momentum, and energy are solved 
using the finite volume method (FVM). Momentum and energy equations are discretized by the second-
order upwind scheme. In this case model SST k-omega has been chosen as a turbulence model. 
As known, this model gives good results near a wall, which is desirable in small channels and good 
results in bigger volume, which is desirable in bigger manifolds [27–30]. A segregated implicit solver 
with SIMPLE pressure correction algorithm has been chosen to compute the velocity field in the whole 
heat exchanger (inlet/outlet manifolds and minichannel section). 

Water was chosen as a working fluid for all the considered cases. The inlet parameters for water are 
ρ=998.2 kg/m3, µ=1.003e-3 Pa s, Cp=4182 J/(kg∙K), k=0.6 W/(m∙K) and T=300 K and the parameters 
for aluminum are ρ=2719 kg/m3, Cp=871 J/(kg∙K), k=202.4 W/(m∙K). The heat was applied 
at the bottom wall of a section with a constant value of heat flux q of 10, 20, 30, and 40 kW/m2. 
The constant velocity at the inlet to the heat exchanger was equal to 0.1, 0.2, 0.3, and 0.4 m/s which 
result in Reynolds number at the inlet of 995, 1990, 2986, and 3981 respectively. The average velocity 
Uavg in a single minichannel was 0.061, 0.122, 0.184, and 0.245 m/s, and the mean Reynolds number 
in a single channel was 115, 230, 345, and 460 respectively. The pressure-outlet boundary condition 
was assumed at the outlet of the heat exchanger. When the residual values become less than 10−3 
for the continuity, x-velocity, y-velocity, and z-velocity and 10-6 for the energy the solutions are 
considered to be converged. 

3.2 Model validation 

The mesh independence study was carried out to ensure the accuracy of numerical results. There were 
five different meshes tested with a various number of elements: from 4.0e5 elements to 1.0e7 elements. 
To compare various meshes, the percentage deviation ε of tested parameter F (velocity, pressure drop, 
temperature) between j-th mesh and the finest mesh has been introduced (Eq. (11)). The mesh for which 
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the absolute percentage deviation is less than 1% for outlet velocity, pressure drop, and the average 
temperature in channels has been chosen for all simulations. Mesh independence study, as well 
as experiment validation, has been prepared for the following boundary conditions: 120 mm long 
minichannels, inlet flow rate of 3.33e-6 m3/s (200 ml/min), and heat flux of 50 kW/m2 at the bottom 
wall. The results of velocity, pressure drop, and temperature were shown in Figure 2. The mesh with 
about 4.6e6 elements has been chosen for further calculations. 

 100%j fine

fine

F F

F



   (11) 

 

Figure 2: The results of the model validation. a) U - the average velocity at the outlet; 
b) Δp - the pressure drop at the entire heat exchanger; c) T - the average temperature 

in the minichannels; d) the comparison of average friction factor in minichannels for current 
simulation and Darcy-Weisbach correlation 

Moreover, the current numerical model has been verified by comparing values of simulated friction 
factor (Eq. (13)) in the minichannel section with the correlation of Darcy-Weisbach. (Eq. (14)). Results 
of comparative analysis of friction factor number are shown in Figure 2d. A good agreement between 
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the current model and theoretical correlation ensures the accuracy and reliability of the current numerical 
analysis. 

 2

2 hD p
f

L U


  (13) 
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Thanks to the use of the exact geometry as in experimental work from Kim et al. [8], the current 
simulation could be validated with the experimental data. To do so, the normalized velocity Un was 
introduced and its mathematical expression has been shown in Eq. (12). The normalized velocity from 
the experiment and the simulation has been shown in Figure 3. The results show good agreement, 
especially taking into account that there is an uncertainty in measurements. However, there is no 
uncertainty analysis in the work from Kim et al. [8] so the uncertainties could not be marked. 

 ,
i

n i
avg

U
U

U
  (12) 

 

Figure 3: The comparison of normalized velocity in the minichannel section for current simulation 
and experiment from Kim et al. [8] 

4 Results and discussion 

From the above literature review [9,11–13,15], it can be concluded that to quantify the flow 
maldistribution, average velocity, mass flow rate, pressure drop or temperature drop (rise) in channels 
should be taken into account. Worth to notice, that in this particular study velocity distribution matches 
the mass flow rate distribution due to constant channels’ cross-sections Moreover, four types 
of equations that describe the flow maldistribution in the entire heat exchanger can be distinguished. 
However, not every method has been seen in the literature for every thermohydraulic parameter. 
To present all dependencies more consistently, a parameter F, which corresponds to average velocity, 
pressure drop, or temperature drop in channels has been introduced. Equation (15) takes into account 
a difference between a maximum value of parameter F in channels and the value of parameter F in the 
i-th channel referred to the average value (if the flow would be completely even) of parameter F. 
Equation (16) takes into account a difference between the average value of parameter F and value 
of parameter F in i-th channel referred to the average value of parameter F. Equation (17) takes into 
account a difference between the maximum value of parameter F in channels and minimum value 
of parameter F in channels referred to the average value of parameter F. Equation (18) takes into account 
a difference between the maximum value of parameter F in channels and minimum value of parameter 
F in channels referred to a maximum value of parameter F in channels. In the following considerations, 
the flow maldistribution coefficient with subscripts U, p, and T will refer to one based on the velocity, 
pressure drop, and temperature drop as a parameter F respectively. Moreover, subscripts 1, 2, 3, and 4 
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will refer to the flow maldistribution coefficient calculated from Eq. (15), Eq. (16), Eq. (17), 
and Eq. (18) respectively. 
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The velocity, pressure, and temperature fields are used interchangeably to quantify the fluid distribution 
in heat exchangers not without a reason. Those thermohydraulic parameters are connected. To show 
this connection, not only velocity but also pressure drop in a single channel and temperature drop (rise) 
in a single channel have been normalized in a similar way as in Eq. (12). The pressure drop in a single 
channel, so the pressure difference between the inlet and outlet of the particular channel has been divided 
by the average pressure drop in all channels. The same has been done with the temperature drop, 
so the temperature difference between the inlet and outlet of the particular channel.  

The normalized thermohydraulic parameters distribution for case Rech of 115 and heat flux of 40 kW/m2 
has been shown in Figure 4a. For the rest of the cases, the distribution is qualitatively the same. As can 
be seen, velocity and pressure drop distributions are almost the same. The temperature drop distribution 
in minichannels is the opposite of the others because the higher the velocity (higher flow rate) in a given 
channel, the smaller the temperature increase due to the constant heat flux at the wall. To visualize that 
all the 3 parameters behave in the same way, the inversed normalized temperature drop has been 
introduced, which is shown in Figure 4b. Now it can be seen that mentioned thermohydraulic parameters 
distributions should give the same (or very similar) results in terms of flow maldistribution coefficient, 
no matter which parameter (velocity, pressure, temperature) has been taken into account. 

 

Figure 4: Exemplary normalized variables distribution in minichannels for Rech of 115 and heat flux of 
40 kW/m2 
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Looking at Figure 4, it can be deduced that no matter what thermohydraulic parameter is taken 
into account, the same (or very similar) results, in terms of flow maldistribution, should be obtained. 
The flow maldistribution coefficient (calculated in various ways) has been shown in the function 
of the Reynolds number for various heat flux applied to the wall surface. To look at the same data 
from a different perspective, the results have been grouped into 4 sets of graphs (Figure 5, Figure 6, 
Figure 7, and Figure 8) where every set corresponds to the flow maldistribution coefficient calculated 
using a particular method (Eqs. (15)-(18)). In every set, there are 4 graphs and each of them shows data 
for a particular heat flux. Moreover, every graph contains 3 series of data that correspond to the various 
thermohydraulic parameter (velocity, pressure, and temperature) used to calculate a flow maldistribution 
coefficient. 

In Figure 5 the flow maldistribution coefficient utilizing method 1 (Eq. (15)) for calculation has been 
shown. It can be seen that the values of flow maldistribution coefficient for various thermohydraulic 
parameters are close to each other but the differences between them are rising with a higher Reynolds 
number. The average values of tanα for velocity, pressure, and temperature functions are -0.0028, -
0.0007, and -0.0067 respectively, so the dependence of flow distribution and Reynolds number is 
different when a various thermohydraulic parameter is taken into account. 

 

Figure 5: Flow maldistribution coefficient calculated using Eq. (15) and various parameters 
in function of average Reynolds number in channels Rech for various heat fluxes q 

In Figure 6 the flow maldistribution coefficient utilizing method 2 (Eq. (16)) for calculation has been 
shown. It can be seen that the values of the flow maldistribution coefficient for various thermohydraulic 
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parameters are close to each other for a whole range of Reynolds numbers. Moreover, this method seems 
to be independent of small temperature differences for low heat fluxes and the values are constant 
for various heat fluxes even when using temperature as a calculating parameter. The average values 
of tanα for velocity, pressure, and temperature functions are -0.0031, -0.0022, and -0.0031 respectively, 
so the dependence of flow distribution and Reynolds number is very similar for various thermohydraulic 
parameters. 

 

Figure 6: Flow maldistribution coefficient calculated using Eq. (16) and various parameters 
in function of average Reynolds number in channels Rech for various heat fluxes q 

In Figure 7 the flow maldistribution coefficient utilizing method 3 (Eq. (17)) for calculation has been 
shown. It can be seen that the differences between particular flow maldistribution coefficient values are 
significant and this difference is higher for higher Reynolds numbers. Moreover, this method is not 
independent of small temperature differences for low heat fluxes. The values of the flow maldistribution 
coefficient are not stable when using temperature as a calculating parameter. It can also be observed 
that the flow maldistribution coefficient utilizing temperature as a thermohydraulic parameter 
is changing not linearly with the Reynolds number, which is inconsistent with most cases. 
Moreover, the average values of tanα for velocity, pressure, and temperature functions 
(for 30 and 40 kW/m2) are -0.006, -0.0037, and -0.0111 respectively so are very different from each 
other. 
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Figure 7: Flow maldistribution coefficient calculated using Eq. (17) and various parameters 
in function of average Reynolds number in channels Rech for various heat fluxes q 

In Figure 8 the flow maldistribution coefficient utilizing method 4 (Eq. (18)) for calculation has been 
shown. It can be seen that the differences between particular flow maldistribution coefficient values are 
similar to method 3. Differences are rising with Reynolds number. This method is also not independent 
of small temperature differences for low heat fluxes. The values of the flow maldistribution coefficient 
are not stable when using temperature as a calculating parameter. It can also be observed that the flow 
maldistribution coefficient utilizing temperature as a thermohydraulic parameter is changing not linearly 
with the Reynolds number. The average values of tanα for velocity, pressure, and temperature functions 
(for 30 and 40 kW/m2) are very similar to that in method 3, namely -0.0058, -0.0036, and -0.0101 
respectively. 
To compare various methods of calculating the flow maldistribution coefficient using various 
parameters quantitatively, the standard deviation for every method (k=1, 2, 3, or 4) has been introduced 
according to equations (19) and (20). It shows if a particular method gives a similar numerical value 
describing a flow distribution for every parameter (velocity, pressure, or temperature) used. According 
to the previous analysis, a good indicator should show the same (or very similar) value no matter what 
parameter has been used for calculation. Low standard deviation means that the particular flow 
maldistribution coefficient does not show many differences between several thermohydraulic 
parameters. 
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Figure 8: Flow maldistribution coefficient calculated using Eq. (18) and various parameters 
in function of average Reynolds number in channels Rech for various heat fluxes q 
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Since the flow maldistribution coefficient is already a percentage value, a unit of standard deviation 
should be interpreted as a percentage point (pp).  

In Figure 9 the standard deviation of the maldistribution coefficient between velocity, pressure, 
and temperature chosen as a calculating thermohydraulic parameter for Rech of 115 and changing heat 
flux is shown. In this graphical representation of data, all the above considerations can be concluded. 
The lowest mean standard deviation of 0.38 pp is for method 2. A similarly low standard deviation is 
for method 1. However, method 1 is not independent of small temperature differences for low heat fluxes 
and the standard deviation is high for the heat flux of 10 kW/m2 and equal to 0.67. Moreover, method 2 
is the only one that’s standard deviation is almost equal throughout the entire range of the heat flux.  
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Figure 9: The standard deviation of maldistribution coefficient between various thermohydraulic 
parameters for various calculation methods, average Reynolds number in channels Rech of 115, 

and heat flux q of 10, 20, 30, and 40 kW/m2 

In Figure 10 the standard deviation of the maldistribution coefficient between velocity, pressure, 
and temperature chosen as a calculating thermohydraulic parameter for q of 40 kW/m2 and changing 
Reynolds number is shown. It can be seen that the standard deviation for methods 1, 2, and 3 is very 
sensitive to the Reynolds number. The good flow distribution indicator should give the same results 
for all thermohydraulic parameters no matter of inlet velocity of the working fluid. The only method 
that seems to be independent of these changes is method 2. Moreover, it gives the lowest mean standard 
deviation of 0.47 pp. 

 

Figure 10: The standard deviation of maldistribution coefficient between various thermohydraulic 
parameters for various calculation methods, heat flux q of 40 kW/m2, and average Reynolds number 

in channels Rech of 115, 230, 345, and 460 

5 Conclusions 

In summary, the phenomenon of flow maldistribution is the subject of research by scientists from around 
the world. The main attention is focused on the distribution of the fluid in sets of parallel minichannels, 
connected by common inlet and outlet manifolds. As described before, there are many methods 
to quantify the flow maldistribution. Nevertheless, various methods use various thermohydraulic 
parameters and compare minimum, maximum, or average values to each other. Moreover, some 
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methods are used only for pressure distribution while others use temperature or velocity. The variety 
of methods is big and creates inconsistencies in the conclusions. Also, the variety of the flow 
maldistribution coefficients results in difficulties in comparing the values from different studies. 
The flow maldistribution coefficient differs depending on the equation chosen even if the data used 
describe the same results. 

In current studies, the most common flow distribution quantification methods have been compared using 
all thermohydraulic parameters for every method described according to Eqs. (15)-(18). This approach 
allowed us to see how the particular method works with the particular thermohydraulic parameter. 
During the analysis, it has been concluded that the best flow maldistribution coefficient should generate 
the same result for every thermohydraulic parameter. Moreover, it should not be influenced by heat flux 
because the temperature profile is an effect of flow distribution and not a cause. 

The best quantitative indicator of flow distribution in terms of stable results for all thermohydraulic 
parameters is method 2 presented in Eq. (16). It can be simplified to the form presented in Eq. (21). 
The normalized flow maldistribution coefficient can take into account any normalized thermohydraulic 
parameter Fn (normalized velocity in channels, normalized pressure drop in channels, normalized 
temperature drop (rise) in channels). The normalized thermohydraulic parameter in an i-th channel can 
be defined with Eq. (22).  
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Nomenclature 

Dh hydraulic diameter, m 
f friction factor, - 
F tested parameter (velocity, pressure drop, temperature) 
k thermal conductivity, W/(m∙K) 
L channel length, m 
ṁ mass flow rate, kg/s 
n number of mesh elements, - 
N number channels, - 
pp percentage point, - 
q heat flux, W/m2 
Re Reynolds number, - 
T temperature, K 
U velocity, m/s 
 
Greek symbols 
α  inclination angle to the abscissa axis, rad 
Δp  pressure drop, Pa 
ΔT  temperature drop, K 
ε  percentage deviation, % 
µ  dynamic viscosity, Pa s 
ρ  density, kg/m3 
σ  standard deviation, percentage point 
Φ  flow maldistribution coefficient, % 
Φq  thermal flow maldistribution coefficient, (m2·K)/W 
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Subscripts 
avg average 
ch in channel 
D-W according to the Darcy-Weisbach correlation 
fine the finest mesh 
i in i-th channel 
j for j-th mesh 
k for k-th method (equation) 
max maximum 
min minimum 
n normalized 
p calculated using pressure 
T calculated using temperature 
U calculated using velocity 
Abbreviations 
ORC Organic Rankine Cycle 
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Abstract 

The combined cycle gas turbine power plants (CCGTs) are a combined cycle consisting of a gas turbine 
and steam turbine to generate electricity. After the gas fuel combustion in the gas turbine combustion 
chamber, the flue gases are passed through the Heat Recovery Steam Generator (HRSG) to extract heat 
and generate steam further sent to the steam turbine. The CCGT technology is recognized for its highest 
efficiency in electricity production among the power production technology. A highly efficient CCGT 
produces even 2.5 times less CO2 than a modern coal power plant. The CO2 emission can be reduced 
further when the post-combustion CO2 capture methods are applied. The CO2 mass fraction in flue gas 
is the crucial parameter for the operation of the Post-combustion Carbon Capture and Storage (PCCS) 
technology. The PCCS technology uses solvents, which react with flue gas and absorbs the CO2, which 
is treated and separated later. The paper presents the results of the thermodynamic analysis of a 
combined cycle gas power plant integrated with a post-combustion CO2 capture system. Two different 
gas fuels such as methane and syngas, were considered in the study. Syngas composition was determined 
from the sewage sludge gasification process and can be treated as zero-emission CO2 gas fuel. Presented 
results of mass and energy balance analysis of CCGT integrated with PCCS CO2 capture can help in 
the evaluation of CCGT with PCCS performances. With the outcomes, the possibilities of CO2 capture 
from the flue gas using solvents like Monoethanolamine (MEA) and 2-amino-2-methyl-1-propanol 
(AMP) – Piperazine (PZ) mixture in PCCS is also analyzed. 

1 Introduction 

The rapid increase of energy demand and the use of fossil fuels to satisfy the demand made the energy 
sector a large contributor to CO2 emission, which is the primary gas of greenhouse gases (GHG). Of the 
total amount of greenhouse gas emissions, about 65% emission of the CO2 is caused by the power 
industries. Many countries are working together to reduce the emission of CO2. As a result, the Paris 
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agreement in 2015 asserts to maintain the rise of global average temperature below 2 °C [1]. The 
emission of CO2 to the atmosphere due to anthropogenic activities is the major cause of global warming. 
Carbon capture utilization and storage (CCUS) is one of the methods for reducing the emission of CO2 
into the atmosphere. The current generation of carbon capture and storage (CCS) technology has 
improved efficiency and cost-effectiveness when compared to the previous generation. The CCS is 
performed in three different methods such as precombustion carbon capture, post-combustion carbon 
capture, and oxy-combustion carbon capture. Depending upon the type of CCS, the energy penalty of 
the power plant varies from 4% to 12%. The post-combustion carbon capture and storage (PCCS) 
technology using solvent achieves a high CO2 capture efficiency of 90% and has the advantage of 
integrating with the complex structure of an existing or new power plant [2]. The solvents use the 
chemical absorption method, where the solvent reacts with the CO2 in the gas stream. 
Monoethanolamine (MEA) is the most known solvent for its reaction rate, low cost, and CO2 absorption 
capacity [3]. Śpiewak et al. compared the performance of the solvents MEA and 2-amino-2-methyl-1-
propanol (AMP) mixed with piperazine (PZ). It shows that the process efficiency using AMP/PZ is 
similar to MEA. The absorber and regenerator process temperature were lower for AMP/PZ than MEA 
[4]. The combined cycle power plant (CCPP) is a combination of the Brayton cycle and Rankine cycle, 
which has the highest power generation efficiency and low emission among the other power generation 
technology. More than 60% efficiency of power generation can be achieved using CCPP. At 60% 
efficiency, the CCPP can produce CO2 emissions up to 330 kgCO2/MWh [5]. Gou et al. recommend the 
installation of heat exchangers at the outlet of the gas turbines, to utilize the thermal energy in the exhaust 
gas and to reduce the waste of heat. The installation of a heat recovery steam generator (HRSG) increases 
the energy efficiency of the power plant as well as reduces the waste of energy [6]. The HRSG is a very 
important part of the CCPP, where the exhaust gas from the gas turbine passing through the HRSG boils 
the water inside tubes and converts it into superheated steam. The HRSG operates up to three pressure 
levels such as low pressure (LP), intermediate pressure (IP), and high pressure (HP) with an economizer, 
evaporator, and superheater at each level [7]. Rad et al. state that by improving the optimal steam 
temperature and mass flow, the net power output and efficiency of the HRSG can be improved [8]. 
Nowadays gas fuels are widely used in power plants for power generation, in which methane and natural 
gas are the most used fuels. The gas turbine can change the load rapidly to satisfy the heat and electricity 
demand. A complete thermodynamic analysis of the entire system should be carried out to determine 
the power and heat generated by the gas cycle and steam cycle [9]. Vishwajeet et al. presented that solid 
waste residue like sewage sludge can be converted into a valuable product like syngas through 
gasification, which minimizes the waste and utilizes it as a source of energy [10]. The thermodynamic 
analysis of flue gases obtained from methane and sewage sludge syngas fuels, the water/steam circuit 
of the components in HRSG, the performance of HRSG in CCGT, and the theoretical analysis of PCCS 
using two different solvents integrated with the CCGT are presented. 

2 General scheme and description of analyzed CCGT 

The schematic layout of the CCGT considered for the analysis is shown in Figure 1. The CCGT taken 
into consideration for the thermodynamic analysis consists of two gas turbines, two HRSG, and a steam 
turbine [11]. The fuel and air mixture combusted in the gas turbine produces flue gas, which passes 
through the HRSG and converts the water inside the tubes of HRSG into steam [12]. While the steam 
flows to the steam turbine, the flue gas is treated with PCCS and passed into the atmosphere. Before 
passing the flue gas to PCCS, the excess energy in flue gas is utilized by the District Heating Network 
(DHN). The Siemens SGT-800 gas turbine is used in the CCGT power plant, which can produce power 
up to 2 X 50 MW, and the SGT-400 steam turbine produces power up to 65 MW. The mass flow rate 
and the mass fraction of flue gas passing through the HRSG varies depending upon the fuel used. The 
HRSG used for analysis consists of High Pressure (HP) and Low Pressure (LP) pressure levels. The 
operating characteristics of the gas turbine SGT 800 is given in the table 1. 
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Table 1: Operating characteristics of Siemens SGT-800 [11] 

Parameter Unit Value 
Power generation MW ISO 50.5 
Electrical efficiency % 38.3 
Frequency Hz 50 
Heat rate kJ/kWh 9407 
NOx emission ppmV <15 
Gas-supply pressure requirement bar 27-30 
Compressor pressure ratio - 21.1:1 
Exhaust gas temperature °C 553 
Wobbe index MJ/mn3 22-75 

 

 

Figure 1: Schematic diagram of combined cycle gas turbine power plant with district heat network 

3 Description of HRSG and PCCS using solvents 

3.1 Heat Recovery Steam Generator 

Figure 2 shows the detailed geometry and the arrangements of the components of HRSG used for the 
analysis. The HRSG consists of two pressure levels: high pressure (HP) and low pressure (LP). Each 
pressure level has its economizer, evaporator, and superheater. The district heating network (DHN) is 
included at the last stage of the HRSG. The feedwater water is supplied through two different pumps 
HP and LP feedwater pumps accordingly. A separate pump is used to operate the DHN. The water from 
the deaerator tank is supplied to the economizer through Feed Water Pump (FWP) and gets preheated 
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by the flue gas. The pre-heated stream flows to the drum, where water and steam are separated. The 
water flows through the evaporator and the steam flows through the superheater tubes. The steam 
becomes superheated steam in the superheater and flows to the turbine. The gas passing through the 
evaporator achieves the pinch point: the temperature difference between the flue gas from the evaporator 
and the water/steam inside the evaporator. The pinch point decides the flow of steam from the evaporator 
to the superheater [13]. The analysis of HRSG is needed to determine flue gas temperature and enthalpy 
at the inlet to the PCCS installation. 

 

Figure 2: Detailed geometry of HRSG 

3.2 Post-combustion carbon capture and storage 

Figure 3 sketched with reference from the article Ceccarelli et al. shows the process of PCCS using 
solvents and the balance points provided for the calculations. The PCCS process includes an absorber, 
a stripper, and a reboiler. The amine passes through the middle of the absorber and reacts with the flue 
gas stream concentrated with CO2 passing from the bottom of the absorber. The stripper and reboiler 
regenerate the amine by separating the CO2 and amine with the application. Initially, the flue gas is 
cooled down to operating temperature, and the lean amine at a temperature of 40 – 60 °C is passed 
through the absorber. An exothermic reaction occurs between the flue gas and amine, increasing the 
temperature of the rich amine streaming out of the absorber bottom. The treated flue gas is water washed 
to reduce the loss of amine emission and passed into the atmosphere. The rich amine consists of CO2 
further sent to the stripper, where the CO2 and amine are separated using heat from the reboiler. Steam 
at a temperature of 100 – 140 °C is used in the reboiler for heating purposes. While the regenerated lean 
amine is further used for repeating the process, the separated CO2 is sent to storage [14],[15].  
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Figure 3: Post-combustion carbon capture and storage using solvent technology with balance points 

3.3 Carbon capture analysis using MEA and AMP-PZ 

In this study, two different solvents as Monoethanolamine (MEA) and 2-amino-2-methyl-1-propanol 
(AMP) – Piperazine (PZ) mixture, are used in the PCCS process. Monoethanolamine is the most used 
primary amine with the chemical formula CH2CH2OH (represented as R). The amine reacts with CO2 
to form carbamate [16]. The following exothermic reaction (1) explains the reaction of the amine with 
CO2. 

2𝑅 − 𝑁𝐻 + 𝐶𝑂 → 𝑅 − 𝑁𝐻 + 𝑅 − 𝑁𝐻𝐶𝑂𝑂 + ℎ𝑒𝑎𝑡 (1) 

The carbamate nitrogen-carbon bond can be broken by the application of heat, which produces a reverse 
reaction (2) to form amine regeneration 

𝑅 − 𝑁𝐻 + 𝑅 − 𝑁𝐻𝐶𝑂𝑂 + ℎ𝑒𝑎𝑡 → 2𝑅 − 𝑁𝐻 + 𝐶𝑂  (2) 

As per the reaction (1), it requires 2 moles of amine to capture one mole of CO2 and limit the absorbing 
capacity of the amine to 0.5 moles (22 g) of CO2 per mole of amine. The lean solvent used for the carbon 
capture process in the absorber has a composition of 30 wt% MEA and 70 wt% H2O, which gives 90% 
of CO2 capture efficiency [17]. The Reboiler duty required for the regeneration of MEA is 3.8 MJ/kg-
CO2 [18]. After the regeneration process, the lean solvent at the outlet of the stripper has some content 
of CO2, which is represented as lean loading. The lean CO2 loading for 30% of MEA is 0.17 mol 
CO2/mol MEA [19]. Considering the molar mass of MEA as 61.08 g/mol [20], it is assessed that the 
rich loading of CO2 for MEA solvent is 0.36 kg-CO2/kg-MEA. 

The 2-amino-2-methyl-1-propanol (AMP) and piperazine (PZ) amines are presented with a similar 
reaction with CO2 capture and amine regeneration. The rich CO2 loading for AMP and PZ are 0.62 and 
0.86 mol-CO2/mol-amine, respectively [21]. With the molar mass of AMP given as 89.14 g/mol and the 
molar mass of PZ as 86.14 g/mol [22], the CO2 loading capacity is calculated to be 306 g CO2/kg AMP 
and 439 g CO2/kg PZ. The AMP & PZ has an optimal lean loading of 0.37 mol-CO2/mol-AMP [23] and 
0.20 mol-CO2/mol-PZ [24]. The lean solvent has a composition of 30 wt% AMP-PZ and 70 wt% H2O 
for CO2 loading. To compare with MEA and get 90% of CO2 capture efficiency, 16wt% AMP and 
14wt% PZ amine mixture is considered for the analysis. The regeneration energy required for a 30wt% 
AMP-PZ mixture is given by 3.7 MJ/kg-CO2 [25].  
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4 Thermodynamic analysis of reference case for modern CCGT 

4.1 Main assumptions and flue gas properties from gas turbine 

The flue gases produced from Methane fuel and syngas, which the syngas is labelled as mixture 1 fuel 
are taken into consideration for the thermodynamic analysis. In the case of methane, 100% methane is 
used as fuel. The mixture 1 gas has various compositions, as shown in table 2.  

Table 2: Composition of Mixture 1 fuel 

Component 
Molecular 
formula 

Fractions 
LHV1 

Mass Volumetric 
% % MJ/m3 MJ/kg 

Carbon Monoxide CO 13.31 9.09 12.60 10.21 
Carbon Dioxide CO2 59.31 25.61 - - 
Methane CH4 11.46 13.64 35.90 50.70 
Propane C3H8 8.03 3.39 93.24 47.01 
Hydrogen H2 5.10 45.16 10.80 121.75 
Ammonia NH3 2.79 3.10 11.31 14.85 

Mixture 1 in total 100 100 14.43 17.079 

4.2 Thermodynamic analysis of HRSG 

The enthalpy of flue gas at different temperatures using different fuels in HRSG is calculated by Eq.(3). 

ℎ @ = 𝑋 ∙ ℎ  (3) 

The Logarithmic Mean Temperature Difference to determine the temperature driving force of the 
components in HRSG is calculated as presented in Eq.(4). 

𝐿𝑀𝑇𝐷 =
∆𝑇 − ∆𝑇

ln
∆𝑇
∆𝑇

 (4) 

∆𝑇 = 𝑇 − 𝑇  (5) 

∆𝑇 = 𝑇 − 𝑇  (6) 

The heat exchange equation for calculating the rate of heat exchange in HRSG is presented in Eq.(7). 

�̇� = �̇� ∙ ℎ − ℎ = �̇� ∙ (ℎ − ℎ ) (7) 

4.3 Analysis of post-combustion carbon capture unit 

As shown in Figure 3, the balance points are provided at each stream of the post-combustion carbon 
capture process to calculate the mass balance and required regeneration energy at the absorber, stripper, 
and reboiler. The analysis is carried out with flue gases from methane and mixture 1 fuels using two 
different solvents MEA and AM-PZ. The mass flow rate, temperature, pressure, and enthalpy at each 
point are described.  

The following equations are used to calculate the mass balance and energy requirement of the PCCS 
process. The equations represent the values to be calculated with reference to figure 3.   

The amount of solvent required for the CO2 capture process is calculated by the formula presented in 
Eq.(8). 

�̇� = �̇� . ∙ 𝑚𝑔  (8) 

                                                      
1 LHV based on ISO 6976:1995(E) at 15⁰C and 1 atm for gas mixtures 
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Since the solvents have a carbon capture efficiency of 90%, the following Eq.(9) shows the mass flow 
of CO2 captured at the absorber. 

�̇� . = 0.9 ∗ �̇� .  (9) 

The �̇�  is represented as the total mass flow rate of flue gas. The treated flue gas, which is the flue gas 
after the removal of CO2 content is calculated by Eq.(10). 

�̇� = �̇� − �̇� .  (10) 

The mass flow of rich amine at the outlet of the absorber and inlet of the stripper is given in Eq.(11) 

�̇� = �̇� + �̇� .  (11) 

The inlet and outlet mass balance of the absorber is given in Eq.(12) 

�̇� + �̇� = �̇� + �̇�  (12) 

The rich amine at the outlet of the absorber is pressurized by the pump and preheated by the lean amine 
from the stripper using a heat exchanger (HE) and further sent to the stripper. The mass flow of rich 
amine at the outlet of the absorber and the inlet of the stripper is represented by �̇�  and �̇�  
respectively. 

The Reboiler duty required for capturing CO2 is calculated from Eq.(13) 

𝑄 = 𝑄 ∗ �̇� .  (13) 

The energy rate of the LP steam supplied for the process in the reboiler is given in Eq.(14) 

𝑄 = �̇� ∙ (ℎ − ℎ ) (14) 

The mass flow of captured CO2, �̇� .  is represented as �̇� , which is after stream 22b (in figure 
10) with CO2 and water vapour is cooled to below 30 °C. The cooling process by cooler 4 separates the 
water vapour and CO2. Assuming a 2% loss of H2O content in amine while the regeneration process, the 
mass flow rate of lean solvent at the outlet of the reboiler is given in Eq.(15) 

�̇� = �̇� − �̇� − 2% ∙ �̇�  (15) 

The vapour escaped with the captured CO2 is assumed to be 10%. The calculation of the mass flow of 
captured CO2 with vapour is given in Eq.(16) 

�̇� = �̇� . + 10% ∙ �̇�  (16) 

5 Results of thermodynamic analysis 

5.1 Performance of HRSG using flue gas from different fuels 

The thermodynamic analysis of flue gas and steam passing through each stage of the HRSG components 
is performed. The numbers represent the temperature and enthalpy of the flue gas at various stages of 
the HRSG. The temperature and mass flow rate of steam at the inlet and outlet of each component of 
the HRSG is indicated by the component name. The calculation of enthalpy, LMTD at various stages of 
HRSG, and the rate of heat exchange of each component are performed for the flue gas with different 
mass flow rates obtained from methane fuel and mixture 1 fuel. The mass flow of flue gases obtained 
from firing the gas fuels methane and mixture 1 are 267.78 kg/s and 267.04 kg/s respectively. The flue 
gas temperature and pressure differences at the inlet and outlet of the economizer, evaporator, 
superheater, and DHN heat exchanger is calculated using the Ebsilon Professional software as shown in 
figure 4. 
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Figure 4: Temperature and pressure difference at the inlet and outlet of HRSG components calculated 
using Ebsilon Professional 

5.1.1 Calculation results of HRSG 

Using the temperature from figure 4, the enthalpy of the flue gas at each reference point is calculated as 
shown in table 3. Depending upon the gas content in flue gas and the difference in temperature, the 
enthalpy of the flue gas at each reference point is calculated using Eq(1). The enthalpy of steam at the 
inlet and outlet of each component of the HRSG with reference to the temperature were calculated using 
Ebsilon Professional. 

Table 3: Enthalpy of flue gas at each reference point of HRSG 

Flue gas 
reference 

point 

Flue gas 
temperature 

(°C) 

Enthalpy (kJ/kg) 

Using methane fuel Using mixture 1 fuel 

1 553 893 894.59 
2 479 807.48 825.93 
3 306.3 612.50 612.53 
4 299.6 605.08 605.08 
5 236.4 535.45 535.18 
6 177.13 470.97 470.46 
7 176.9 470.74 470.24 
8 112.2 401.24 400.51 

With the calculated results from tables 3, using equations Eq.(3) to Eq.(7), the rate of heat exchange of 
components and the LMTD of the components in HRSG is calculated as shown in table 4 for the flue 
gases from firing methane fuel and mixture 1 fuel. 

Table 4: Energy balance and LMTD calculations of HRSG 

 HRSG 
components 

Methane fuel Mixture 1 fuel 
LMTD 

(°C) 
Q 

(MW) 
LMTD 

(°C) 
Q 

(MW) 
HP SH 96.21 11.45 86.84 9.167 

HP EVP 76.76 26.11 69.89 28.493 
LP SH 67.04 0.993 67.04 0.997 

HP ECO 36.36 9.32 37.79 9.333 
LP EVA 33.01 8.63 35.01 8.641 
LP ECO 14.45 0.0307 14.9 0.029 

DHN 73.86 9.305 73.92 9.31 

It can be noted from table 3, the heat exchange rate in the HP evaporator is higher compared to that of 
the other components in the HRSG. Following the HP evaporator, the HP and LP superheaters have a 
high heat exchange rate. 
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5.1.2 Emission from HRSG 

The composition of flue gas from the gas turbine to HRSG with different fuels is analyzed using Ebsilon 
professional software. Table 5 shows the flue gas composition of the exhaust gas from the gas turbine 
measured using the SGT800 gas turbine component in Ebsilon Professional. The table shows the 
difference between the composition of flue gases obtained from the combustion of Methane and Mixture 
1 fuels. The CO2 and NOx emissions are the two major pollutants in flue gas with an emission range of 
5% to 7% for CO2 and 0.001% for NOx. 

Table 5: Detailed composition of the exhaust gas from the SGT-800 turbine determined with Ebsilon 
(10 ppmv dry level, 15% O2) 

Component 
Composition of the exhaust gas [%] 

Methane Mixture 1 
Mass Molar Mass Molar 

N2 0.743274 0.751939 0.716727 0.728608 
O2 0.147585 0.130711 0.146017 0.129949 
Ar 0.004314 0.003059 0.004152 0.00296 

H2O 0.050355 0.079213 0.056072 0.088637 
CO2 0.054456 0.035067 0.077016 0.049836 
NOx 0.000016 0.000011 0.000016 0.00001 

 

From table 4, the mass flow rate of CO2 in the flue gases from methane fuel and mixture 1 fuel is 
calculated as 14.73 kg/s and 20.56 kg/s respectively. 

5.2 Results of analysis of post-combustion carbon capture process 

The thermodynamic analysis of HRSG and the calculations shown in unit 5.1 are for one HRSG in the 
CCGT. The CCGT power plant considered for analysis has two HRSG, of which the exhaust is 
connected to the PCCS technology. Therefore, the total flue gas mass flow rate, which is denoted as �̇� , 
from the HRSG with methane and mixture 1 fuel are 267.78 kg/s and 267.04 kg/s respectively. Further 
analysis of PCCS technology with solvents is carried out with the total mass flow rate of the flue gas.  

The required lean MEA solvent for the CO2 content in flue gases from methane and mixture 1 fuel is 
calculated to be 136.27 kg/s and 190.25 kg/s respectively. The MEA lean solvent used for the 
recirculation in the PCCS process consists of 30% MEA + 3.68% CO2 + 66.32% H2O, as the CO2 in 
rich amine cannot be removed completely during the regeneration process in the stripper, which is 
described as lean loading. Similarly, the required lean AMP-PZ solvent for the CO2 content in flue gases 
from methane and mixture 1 fuel is 41.3 kg/s and 54.56 kg/s respectively. With the lean loading of AMP 
and PZ, the lean amine used for the recirculation in PCCS consists of 16% AMP + 14% PZ + 4.5% CO2 
+ 65.5% H2O. 

5.2.1 Results of PCCS process for flue gas from Methane and Mixture 1 fuel 

The results of the balance points obtained by solving Eq.(8) to Eq.(16), the mass flow rate at each point 
for PCCS technology using MEA and AMP-PZ amines with flue gases from methane fuel were 
calculated. The operating parameters are calculated with reference to the balance points mentioned in 
figure 3. The flue gas load is reduced to different loads such as 100%, 75%, 50%, and 25% to analyse 
the important parameters of the PCCS process. Table 6 shows the analysis of PCCS using the solvents 
MEA and AMP-PZ with various loads of flue gas from methane. 

 

 

 

 

871



Table 6: Parameters of PCCS using MEA and AMP-PZ solvents with flue gas from methane fuel 

Parameters Unit MEA 

Load - 100% 75% 50% 25% 

Mass flow of flue gas kg/s 267.78 200.84 133.89 66.95 

Treated flue gas mass flow kg/s 254.52 190.89 127.26 63.63 

Lean amine mass flow kg/s 136.27 102.2 68.13 34.07 

Rich amine mass flow kg/s 149.52 112.14 74.76 37.38 

Mass flow of reboiler steam kg/s 21.99 16.5 10.9 5.5 

Captured CO2 kg/s 13.26 9.94 6.63 3.3 

CO2 in flue gas kg/s 14.73 11.05 7.36 3.68 

Parameters Unit AMP-PZ 

Load - 100% 75% 50% 25% 

Mass flow of flue gas kg/s 267.78 200.84 133.89 66.95 

Treated flue gas mass flow kg/s 254.52 190.89 127.26 63.63 

Lean amine mass flow kg/s 137.68 103.26 68.84 34.42 

Rich amine mass flow kg/s 150.93 113.2 75.47 37.73 

Mass flow of reboiler steam kg/s 21.13 15.84 10.56 5.28 

Captured CO2 kg/s 13.26 9.94 6.63 3.3 

CO2 in flue gas kg/s 14.73 11.05 7.36 3.68 

The operating parameters in table 7 are calculated the same as the parameters in table 6. It is observed 
from Table 6 that the reducing mass flow of flue gas reduces the CO2 content in the flue gas and hence 
the required mass flow rate of the lean amine is reduced as per the CO2 content in the flue gas. Due to 
the low mass flow of lean and rich amine with a lesser load, the energy required for regenerating the 
amine will be reduced. The operating parameters of PCCS using MEA and AMP-PZ with flue gas from 
mixture 1 fuel were calculated in each balance point, and the performances are presented in Table 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

872



Table 7: Parameters of PCCS using MEA and AMP-PZ solvents with flue gas from mixture 1 fuel 

Parameters Unit MEA 

Load - 100% 75% 50% 25% 

Mass flow of flue gas kg/s 267.04 200.28 133.52 66.76 

Treated flue gas mass flow kg/s 248.53 186.4 124.27 62.13 

Lean amine mass flow kg/s 190.25 142.7 95.12 47.56 

Rich amine mass flow kg/s 208.76 156.57 104.38 52.19 

Mass flow of reboiler steam kg/s 30.71 23.03 15.4 7.7 

Captured CO2 kg/s 18.51 13.88 9.25 4.62 

CO2 in flue gas kg/s 20.56 15.42 10.28 5.14 

Parameters Unit AMP-PZ 

Load - 100% 75% 50% 25% 

Mass flow of flue gas kg/s 267.04 200.28 133.52 66.76 

Treated flue gas mass flow kg/s 248.53 186.4 124.27 62.13 

Lean amine mass flow kg/s 192.22 144.16 96.11 48.05 

Rich amine mass flow kg/s 210.72 158.04 105.36 52.68 

Mass flow of reboiler steam kg/s 29.5 22.12 14.75 7.37 

Captured CO2 kg/s 18.51 13.88 9.25 4.62 

CO2 in flue gas kg/s 20.56 15.42 10.28 5.14 

6 Conclusions 

The thermodynamic analysis of a single HRSG in the CCGT power plant with 2X 50 MW gas turbines, 
a steam turbine up to 65 MW, and two HRSG integrated with PCCS technology is performed, and the 
results are presented. With the help of Ebsilon professional software, the flue gases content from firing 
methane and mixture 1 fuels is analyzed. The Logarithmic Temperature Mean Difference (LMTD), heat 
exchange rate, and heat distribution of the components in HRSG are calculated for the flue gases from 
methane and mixture 1 fuels. The mass flow rate of flue gases from two HRSG is taken into 
consideration for the PCCS technology analysis. The various parameters include required mass flow 
rate of amine, required mass flow of steam for amine regeneration, mass flow water for water wash and 
captured CO2 from the PCCS process are calculated and presented. The comparison of parameters 
between amine shows similar values in required mass flow rates and captured CO2. Comparing the 
required steam mass flow rate used in both cases, the steam required for AMP-PZ is less when compared 
to that of MEA amine. This implies that even though the operating parameters of both amines are similar, 
the AMP-PZ solvents require low heat demand for regeneration than MEA. The mass flow of lean amine 
at points 12, 13, and 14 is lower than the actual amine used for the absorption process. This is due to the 
loss of water content in amine during the regeneration process. The amine after the regeneration process 
consists of some content of CO2, which is represented as lean loading that cannot be completely removed 
by the regeneration process or requires a high amount of heat to remove the CO2 completely. The 
requirement of a high amount of heat for the regeneration process may increase the cost of the process 
as well as lead to waste of energy. The lean amine with a small amount of CO2 content is sent to the lean 
amine make-up tank to get the required lean amine proportions and again recirculated to repeat the 
process. To investigate the process thoroughly and perform a comprehensive analysis of PCCS 
technology, the future thermodynamic modelling of PCCS technology is needed. 
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Nomenclature 

ℎ @  
enthalpy of the flue gas at the target temperature, kJ/kg, 

ℎ   enthalpy of flue gas at the inlet of the heat exchanger, kJ/kg, 
ℎ   enthalpy of flue gas at the outlet of the heat exchanger, kJ/kg, 
ℎ

 
enthalpy of the gas component, kJ/kg, 

ℎ   enthalpy of steam at the inlet of the heat exchanger, kJ/kg, 
ℎ   enthalpy of steam at the outlet of the heat exchanger, kJ/kg, 
ℎ

 
enthalpy of steam at reboiler inlet, kJ/kg, 

ℎ
 

enthalpy of steam at reboiler outlet, kJ/kg, 
𝑖 gas component, 
LMTD  logarithmic mean temperature difference, °C, 
�̇� .  

mass flow of CO2 captured at absorber, kg/s, 

�̇� .   mass flow rate of CO2 in flue gas, kg/s, 
�̇�   mass flow rate of flue gas, kg/s,  
𝑚𝑔  CO2-rich loading, kg/kg, 
�̇�   mass flow rate of steam, kg/s, 
�̇�

 
mass flow of flue gas at the inlet of the absorber, kg/s, 

�̇�  treated flue gas, kg/s, 
�̇�

 
rich amine at absorber outlet, kg/s, 

�̇�   mass flow of rich amine at stripper inlet, kg/s, 
�̇�

 
mass flow rate of lean solvent at the outlet of reboiler, kg/s, 

�̇�
 

amount of lean solvent required for CO2 capture, kg/s, 
𝑚

 
mass flow of captured CO2 with vapour at the outlet of the stripper, kg/s, 

�̇�
 

mass flow of captured CO2, kg/s, 
𝑁  number of gas components, 
�̇�  rate of heat exchange, MW, 
𝑄   reboiler duty for the selected solvent, kJ/kg CO2, 
𝑄

 
reboiler duty required for the carbon capture process, MW, 

𝑇   temperature of cold stream inlet, °C, 
𝑇   temperature of cold stream outlet, °C, 
𝑇   temperature of hot stream inlet, °C, 
𝑇   temperature of hot stream outlet, °C, 
𝑋

 
mass composition of the gas component, %. 
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Abstract 

During thermovision temperature measurements, it is necessary to know the radiative temperature of 
the surroundings of the tested object. For objects exposed to an open atmospheric space, such as 
buildings, the surroundings consists of the ground and the sky. Thermographic measurements of the 
temperature of such objects are necessary for the determination of heat losses to the environment. The 
knowledge of heat losses is an important component of energy audits of these facilities, which is the 
basic element in developing the recommendations for rationalization of energy consumption. The article 
concerns the measurement of this temperature using an infrared camera with a long-wave spectral range 
consistent with the so-called an atmospheric window. The result of the measurement of the sky 
temperature is also necessary to determine the equivalent radiative ambient temperature. This 
temperature is needed for the thermovision measurement of the real temperature of the vertical walls or 
sloping roofs of the tested buildings. The temperature obtained as a result of this measurement can be 
used to calculate the thermal emission of the sky inside the spectral range of the camera operation. It is 
also useful for calculating the emission of the sky over the entire spectral range, what is useful in 
calculating the radiative heat exchange between an object in an open atmospheric space and its 
surroundings. It is known that the measurement of the radiation intensity of the sky can be performed 
using specialized measuring equipment, however, we rarely have access to it during thermovision 
inspections. The use of an infrared camera for this purpose is therefore a very convenient method, as the 
thermographer has this device at his disposal when performing object diagnostics. However, this 
measurement result is exposed to a systematic inaccuracy resulting from the radiation distribution of the 
atmosphere inside the atmospheric window and the shape of the infrared camera detector characteristics. 
This is due to the fact that near the boundaries of said window, the atmosphere radiates more intensely 
than in the central part, what the camera will not take into account. As a result, the camera will report a 
temperature lower than the temperature resulting from the real thermal emission of the atmosphere. The 
work contains an analysis and assessment of the scale of this phenomenon. 
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1 Introduction 

Nowadays, one of the key tasks is to improve the energy efficiency of the operation of various devices. 
The thermovision technique is a very useful tool in accomplishing these tasks. The infrared camera 
measurement results allow to determine the temperature distributions on outer surfaces of the examined 
objects and to calculate the heat losses. The method which is based on the concept of one-off 
thermovision measurement of the considered object can be applied to determine the annual heat losses 
[5]. Knowledge of the heat losses from the analyzed objects has an important meaning in the elaboration 
of methods for improving the technical conditions and ways of operation of these objects (buildings, 
overhead pipelines and others) in terms of energy efficiency [3, 4, 5].  

During the infrared camera diagnostics several parameters influence the results of measurement of the 
temperature [3, 5, 6, 7, 8]. Among these parameters the emissivity of the surface under consideration as 
well as the temperature of the surrounding elements may be specified. The non-contact methods are 
based on the measurement of radiation heat flux coming from the surface taken into consideration. 
Usually the total radiative heat flux from the tested surface consists of two parts. The first part presents 
the self-emission heat flux whereas the second part is the radiation flux which comes from surroundings 
and is reflected by the tested surface [3]. The problem arises when the ambient temperature of objects 
placed in open air space needs to be determined. Generally, the ambient of the objects exposed to open 
air space consists of two surfaces: hypothetical sky surface and ground surface [3]. The aforementioned 
elements usually have different values of temperature [1, 2] and because of it the ambient temperature 
value which should be entered into the measuring system of the infrared (IR) camera is not known. The 
method of determination of the temperature representing the radiation of non-isothermal surroundings 
has been developed and shown in [3]. The aforementioned temperature is called an equivalent ambient 
temperature. To calculate its value in the case of the objects exposed to open air space, the temperature 
of sky must be known. It has been proposed to measure this temperature by means of IR camera, the 
same as that one used in potential further thermovision inspections [3, 6]. It should be remembered that 
this temperature is of apparent character and represents the sky thermal radiation within the operational 
spectral range of IR camera. The aforementioned method consists in the conversion of non-isothermal 
surroundings into one-element isothermal surroundings where a method of radiosity and configuration 
factors has been applied [6].  

The next problem is the determination of sky radiation temperature responsible for thermal total  
emission of the sky. In order to determine this temperature, also the measurement with the use of a long-
wave (LW) infrared camera with a special configuration of its measurement parameters has been 
proposed [3, 6]. In this measurement technology the sky is treated as a hemispherical shell. In the case 
of not cloudy weather the sky temperature is relatively low and diversified whereas during cloudy nights 
this temperature is relatively high and quite uniform [3, 6]. Such method of determination of sky thermal 
radiation with the use of infrared camera measurement has been successfully verified [3, 6]. To verify 
the developed method, the results obtained with the use of a LW IR camera and measurement results 
obtained by means of the pyrgeometer have been compared. The results of this comparison are quite 
satisfactory, however there are differences amounting to 5÷7%, relatively, [3, 6]. The reasons of the 
measurements discrepancies have been already mentioned, [3, 6]. The aim of this analysis was to 
recognize the influence of the infrared detector sensitivity characteristic and camera lens transmissivity 
on the sky temperature measurement results and to estimate quantitatively the scale of this effect. 

2 Description of the problem  

Long-wave IR cameras operate within spectral range so-called “atmospheric window” where the thermal 
radiation of the atmosphere is relatively low. In Fig. 1 is shown a part of total spectral range of 
atmospheric air thermal radiation which presents the spectral absorptivity (emissivity) of atmosphere 
layer. The diagram was generated with the use of spectral line model [9] and includes the aforementioned 
atmospheric window. During these calculations only the main active gases responsible for emission and 
absorption of thermal radiation in the atmosphere, i.e. steam and CO2, were taken into consideration. 
The calculations were carried out for typical contents of these components in the atmospheric air. They 
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are specified in Tab. 1. The main task of this diagram was to show a character and estimate a scale of 
spectral emissivity changes of the atmosphere layer. Because of it, for the calculations a minimum 
thickness of atmospheric layer which usually does not contain any clouds was assumed [2]. It is obvious 
that the active thickness of the atmosphere in reality is greater than assumed value amounting to 1000 
m, Fig. 1. However, the scale of the analysed phenomenon will be similar.  

The operation range of LW IR camera covers the spectral band 7.5÷13 μm. By comparison of Figs 1 
and 2 it can be noticed that spectral range of “atmospheric window” plays a very important role in 
radiation heat exchanging. In Fig. 1 can be seen that spectral  emissivity value of the atmosphere near 
the window limits is much more than in central part of this range. This phenomenon brings about some 
deformation of the final measurement result during the thermovision examination of the sky because 
close to the limits of the operation spectral range of the IR camera the radiation intensity is the highest, 
Fig. 1, but the transmissivity of camera lens and the detector efficiency of its conversion into output 
signal are the lowest, Figs 3, 4. This phenomenon will occur in the situations when the spectral 
emissivity of the tested surface is not uniform and depends on wavelength of thermal radiation. In 
consequence, the temperature indicated by IR camera in this case is somewhat lower than the 
temperature value representing the thermal emission flux of the atmosphere within the abovementioned 
window.   

 

Figure 1: Dependence of the spectral absorptivity (spectral emissivity) of the atmosphere layer on 
the temperature and wavelength of thermal radiation     

 

Figure 2: Spectral emission density  Te ,  of a black body as a function of the thermal radiation 
wavelength for different values of its temperature  

During the calibration process of the IR camera, the model of black body is used to set up the relationship 
between the radiative energy flux emitted by the aforementioned body which has a known temperature 
and a temperature value indicated by the IR camera. The heat exchanging inside the camera 
measurement chamber is relatively sophisticated but its construction and software ensure that the output 
detector signal is dependent unambiguously on a radiation energy flux entering through the lens and 
irradiating the detector. In a microbolometric detector the absorbed radiation energy is consumed for 
heating up the detector and thus changing its electrical resistance [10, 11]. This resistance change is 
measured and processed into temperature which can be used to create an image. This type of sensor 
belongs to the group of thermal detectors. Theoretically the sensitivity characteristic as a function of 
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wave-length for this detector type should be flat [11]. In fact, the real characteristics, due to different 
reasons, are not exactly flat [7, 11].  

In Fig. 3 one can see a sample of such characteristic which will be used in further considerations. The 
temperature increase of the thermal sensor is proportional to the amount of the absorbed infrared 
radiation flux which strikes the detector surface. This flux is generated by the examined objects. 
Summing up, it can be said that temperature value indicated by the IR camera results from the amount 
of the heat absorbed by its detector. Next, this quantity is converted into the object temperature on the 
basis of the relations established during the calibration process of the  IR camera. 

 

Figure 3:  Relative transmissivity )(Ls  of the infrared camera lens 

 

Figure 4: Relative spectral response )(Ds  of the FPA microbolometric detector  as a function of 
wavelength of thermal radiation 

During the calibration of the IR camera usually a model of a black body is used. This model has the 
emissivity mb  almost amounting to 1.00  ( mb ≈1.00) but in fact always occurs the relation mb <1.00. 

The energy radiation flux emitted by the black body model during the calibration procedure within the 
camera spectral range is expressed by the relation:  

  



 d,

''

'
 bmbmbm Tee   (1) 

and this radiative energy flux transferred through the IR camera lens and converted into output 
measurement signal generated by the detector is described by the expression: 

      



 d,
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whereas the relationship  Ls  is shown in Fig. 3 and  Ds  in Fig. 4. 

On the basis of the aforementioned quantities a calibration factor bF  can be defined: 
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The radiation energy flux emitted by the atmosphere within the “atmospheric window” (and 
simultaneously the operation spectral range of the infrared camera) is described by the relation: 
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  atatgg TeTe     (4) 

where  atg T,  expresses the changes of spectral emissivity of atmosphere within the “atmospheric 

window”. In further analysis, for all considered calculation cases the individual relations  atg T,  

were calculated on the basis of spectral line model [8] taking into account the parameters specified in 
Tab. 1. The calculation results for sample parameters are shown in Fig. 1.  

Not all amount of energy delivered to the detector via the IR camera lenses is turned into the output 
signal by the detector. The radiation flux emitted by the sky and converted into the measurement signal 
generated by the detector during the measurement process can be expressed as follow: 
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  atatgDLLDg TeTsse    (5) 

For the abovementioned fluxes can be also calculated the ratio  gLDgg eeF  . It can be proved 

that between the calculated quantities the following relation occurs: bg FF  .  

In order to eliminate the influence of surroundings on the measurement result during the thermovision 
examination of sky, in the IR camera measuring system should be set the object emissivity amounting 
to 1.00. To cancel the thermal absorption and radiation of the air layer which is to be found between the 
object and IR camera lens, the distance between the object and the camera has to be set as 0.00 or almost 
zero. In this case the camera measurement system will see the radiation flux emitted by the air layer in 
front of the camera lens. Under such conditions, the camera will work as a radiometer to measure the 
intensity of the infrared radiation emitted by the gas layer in front of the camera lens. This radiative flux 
will be converted into a measurement signal according to equation (5). The equation (6) shows the 
radiation flux cge  of atmosphere layer which can be determined on the basis of the camera 

measurement signal:  

b

LDg
cg F

e
e 




    (6) 

Knowing the radiation flux processed by the camera measurement system, the temperature cbST  shown 

by the camera can be determined from equation (7) assuming that the sky is treated as a black body:  
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The energy flux cge  calculated in this manner is smaller than ge  due to the aforementioned 

relation, i.e. gb FF  . From this relation arises the conclusion that the sky temperature cbST  indicated 

by the IR camera will be underestimated. The radiation flux emitted by the sky within the “atmospheric 
window” and described by the relation (4) can be also expressed as the radiation flux of sky treated as a 
black body at temperature bST :  
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On the basis of equation (8) the temperature bST  can be calculated. This temperature characterizes the 

thermal radiation of the sky which is treated as a black body for the range of the so-called "atmospheric 
window" consistent with the spectral range of the camera operation.  

3 Results of calculation sample  

To recognize the problem quantitatively, the numerical calculations in accordance with the presented 
method have been carried out. The results are collected in Tab. 1. It should be noted that these analyzes 
are performed on the basis of the results of calculations concerning the thermal radiation of gases made 
with the use of the HITEMP line model [8]. The composition of the atmospheric air included only two 
radiation active gaseous components, H2O and CO2, according to the data contained in Tab. 1. It should 
also be emphasized that these results deal only with the sky thermal radiation within the operation 
spectral range of IR camera i.e. 7.5÷13 μm. Very interesting is the difference calculated as follows: 

 cggg eee      (9) 

and the difference related to the radiation flux emitted within the spectral range of IR camera operation: 

  ggg eee  '   (10) 

It should be noticed that the result of measurement realized by means of the pyrgeometer with 
operational spectral range 4.5÷42 μm contains almost entire total long-wave thermal emission of sky, 
see Fig. 2. Thus, the interesting is aforementioned difference in relation to the thermal flux emitted 
within the spectral range of pyrgeometer:   

pggg eee    "   (11) 

On the basis of Eqs (6, 7, 8, 9), the difference between the real sky radiation temperature bST  and the 

sky temperature measured by IR camera cbST  can be calculated: 

cbSbSS TTT    (12) 

The example values of the mentioned quantities are presented in the last columns of Tab. 1.  

Table 1:  Input data and calculation results of the sky emission determined on the basis of the sky 
temperature measured by means of LW infrared camera, molar fraction of carbon dioxide 0.0385 %   

No 
Atmospheric 
temperature  

Atmospheric 
pressure 

Relative 
humidity 

Vapour molar 
fraction  ge   ge   ge  

ST  

- K hPa % % H2O W/m2 % % K 

1 276.5 993 82 0.63 1.1 13.2 0.5 1.3 

2 282.2 1005 80 0.91 1.5 12.5 0.6 1.3 

As we can see, the obtained values of   ge  are of the order of 1÷2 W/m2. Therefore, we can state 

that it is not the crucial importance reason of discrepancy between the pyrgeometer measurement result 
and the calculated one which was determined on the basis of sky temperature measurement [3, 6] by 
means of the IR camera. 

4 Final remarks and conclusions 

In this paper a method for evaluation of influence of the infrared camera lens and bolometric detector 
characteristics on the results of celestial vault temperature measurement has been proposed. The paper 
contains the qualitative and quantitative analysis of this phenomenon. The analysed effect could be also 
observed in laboratory experiment while using a solid body with emissivity depending on wavelength. 
Generally, due to the selective character of atmosphere thermal radiation within the main “atmospheric 
window”, the sky temperature measured by the IR LW camera is underestimated. However, the scale of 
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underestimation is not significant because it is of the order of 1÷2 W/m2 in the case of IR typical 
bolometric FPA detector characteristic taken into consideration.  

However, it should be remembered that the presented calculations deals with the selected cases of 
measurements of the sky. 

In this analysis, when making simplifying assumptions, the principle was applied that their use always 
resulted in underestimating the value of the investigated effect. This phenomenon was the 
underestimation of the sky temperature measured with the use of LW IR camera. The obtained results 
showed that the examined effect exists and its significance is certainly greater than indicated by the 
results of the analysis performed.   

Knowledge of the radiation intensity of the sky is very important for the calculations of the radiative 
heat transfer of objects in open atmospheric space, such as buildings and others. The main idea of this 
work was to develop a technology for the use of the same infrared camera (commonly used camera with 
a spectral range of 7.5÷13 μm) for two tasks. One is the examination of objects placed in open 
atmospheric space and the other is the measurement of the radiation properties of their surroundings, 
especially sky. 

Nomenclature  

F   constant factor, 
),( Te    spectral density of black body self-emission for temperature T , resulting from 

Planck’s law, W/(μm·m2), 

 bmb ee  ,   emissive power of black body or model of black body  in operational spectral 
range of infrared camera  at a given temperature T , W/m2, 

ge   emissive power emitted by atmosphere in operational spectral range of infrared 
camera, W/m2, 

dge   emissive power emitted by atmosphere in operational spectral range of infrared 
camera converted by detector into measurement signal, W/m2 , 

cge   emissive power for operational spectral range of infrared camera calculated on 
the basis of sky temperature measured by means of IR camera, W/m2, 

 Ds   relative spectral response of infrared camera detector, 

 Ls   transmissivity of camera lens, 

T   temperature, K, 

atT   temperature of atmospheric air, K, 

bT   temperature of black body, K, 

 Tg ,   spectral emissivity of air at temperature T , 

   wave length of thermal radiation, μm, 
 ,   spectral limits of infrared camera operation, μm, 

at   deals with atmospheric air , 
b   deals with black body , 
bm   deals with model of black body (real black body), 
c   deals with IR camera measurement, 
D   deals with infrared camera detector, 
g   deals with grey gas, 
L   deals with camera lens, 
p   deals with spectral range of pyrgeometer i.e. 4.5÷42 μm, 
   deals with spectral range of infrared camera  i.e. 7.5÷13 μm, 

S   deals with sky, 
IR  infrared, 
LW  long-wave. 
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Abstract 

Solid oxide fuel cells (SOFCs) are potentially driven by directly feeding humidified methane to the 
anodes when steam reforming of methane proceeds using nickel in the anode as a catalyst. The 
advantage is that the heat released from the electrochemical reaction, which is usually wasted, can be 
effectively utilized for the reforming reaction. However, the reforming reaction, which is a strong 
endothermic reaction, can proceed rapidly near the fuel inlet, resulting in a large temperature gradient 
on a cell. We recently reported that mixing ammonia with humidified methane allows the methane 
reforming reaction to proceed gradually at the Ni–YSZ electrode, a typical anode material of SOFCs,. 
As a result, the steep temperature gradient is mitigated. In this study, we experimentally investigate the 
effect of catalyst supports on the reaction characteristics of the methane–ammonia mixed gas in the 
nickel-based catalyst. In the experiment, inlet gases with various compositions are supplied to catalysts 
with different catalyst support materials, i.e., Ni–YSZ, Ni–GDC, and Ni–Al2O3. It is found the steam 
methane reforming reaction is suppressed by adding ammonia in all the catalysts analyzed, while the 
extent of suppression depends on the catalyst support. The suppression effect is more significant in the 
Ni–YSZ, Ni–GDC, and Ni–Al2O3, in that order. The porous microstructure of the catalysts and the 
adsorption/desorption isotherms are also obtained and analyzed. From these results, it is suggested that 
the suppression effect can be associated with the amount of nickel–pore contact surface area and the 
adsorption property of the support materials. 

1 Introduction 

Solid oxide fuel cell (SOFC) is one of the fuel cells which can directly convert chemical energy to 
electric energy and has been attracting attention because of its high conversion efficiency. Although 
hydrogen is considered as fuel for fuel cells, its storage and transport are difficult because of its cost and 
safety. Therefore, commercialized SOFCs currently use hydrocarbon fuels such as methane by 
converting it to hydrogen through a reforming reaction. To overcome the potential difficulty of storage 
and transport of hydrogen, direct internal reforming SOFC (DIR-SOFC) is proposed. In the DIR-SOFCs, 
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methane and steam are directly supplied to the anode of SOFCs and the steam reforming reaction occurs 
in the anode to produce hydrogen, which is then used for electric generation. When humidified methane 
is supplied to the anode of SOFCs, two reactions shown below proceed using nickel in the anode as a 
catalyst. 

CH + H O → 3H + CO   ∆𝐻 = 206 kJ/mol (1) 

CO + H O → H + CO    ∆𝐻 = −41 kJ/mol (2) 

The DIR-SOFC can omit the pre-reforming modules and make efficient use of heat produced by the 
electrochemical reactions within the cell. For this reason, research has been actively taking place [1-4]. 
However, since the reaction rate of the endothermic steam reforming reaction on the nickel-based 
catalysts is typically high, it tends to rapidly proceed near the inlet of the anode [5]. As a result of the 
steam reforming reaction and the electrochemical reaction, a large temperature gradient tends to be 
formed on the cell, resulting in mechanical damage to the cell [6-8]. To overcome this problem, the 
temperature gradient within the cell needs to be alleviated.  

Boder et al. [9] reported that the replacement of a part of nickel near the inlet of the cell with cupper, 
which has lower catalytic activity, can suppress the steam methane reforming and in turn, the steap 
temperature gradient can be mitigated. However, they also reported that the electrode performance was 
decreased owing to the lower electrocatalytic activity of cupper. Teramoto et al. [10] reported that 
addition of ammonia to the methane fuel can suppress the steam methane reforming. When methane–
ammonia mixed fuel is supplied to the nickel-based catalysts, the ammonia decomposition reaction 
shown in Eq. (3) was found to occur on the catalyst preferentially to the steam methane reforming 
reactions (1) and (2). 

NH → 1.5H + 0.5N    ∆𝐻 = 46 kJ/mol (3)
By fueling humidified methane–ammonia mixed gas to the nickel-baesd catalysts, the ammonia 
decomposition proceeded preferentially over the steam methane reforming reaction, resulting in 
decreasing the temperature gradient along the catalyst. They also reported that high hydrogen yield was 
obtained when an appropriate composition of the mixed gas was supplied. Moreover, they proposed a 
reaction mechanism of methane–ammonia mixed gas; the supplied ammonia prevented steam from 
being adsorbed on the YSZ used as the catalyst support, and thereby steam methane reforming was 
suppressed.  

The activity of the catalysts is not only determined by the catalytic materials themselves but also by 
their supporting materials. The catalyst supports play several important roles such as expanding specific 
surface area and adsorbing reactants. In SOFCs, the catalyst supports used for the anodes are also 
required to have high oxide ion conductivity. From this requirement, doped-ceria materials, such as 
GDC (gadolinium-doped ceria), are potential choices for the catalyst support of nickel used in the SOFC 
anodes. Since the extent of suppression of steam methane reforming reaction by ammonia is likely to 
depend on the material used for the oxide support, it is important to understand the effect of oxide 
supports on the reaction characteristics of methane–ammonia mixed gas. 

This study, therefore, aims to experimentally investigate the influence of the catalyst support on the 
reaction property of the methane–ammonia mixed fuel. Catalysts with three different catalyst supports 
are used and compared, i.e., Ni–YSZ, Ni–GDC, and Ni–Al2O3. For comparative analysis, the single 
methane fuel and the single ammonia fuels (dry and wet conditions) are also fed to the catalysts. In 
addition, the porous microstructure and the adsorption property of the catalysts are investigated to 
discuss the reaction characteristics of the methane–ammonia mixed gas on the catalysts.  

2 Experiment 

2.1 Catalyst and Supports 

In this study, nickel-based catalysts with three different support materials, i.e., YSZ (TZ-8Y, TOSOH 
CORPORATION, Japan), GDC (Gd0.1Ce0.9O3, Shin-Etsu Astech Co., Ltd., Japan), and Al2O3 (AKP-15, 
SUMITOMO CHEMICAL COMPANY, LIMITED, Japan), were used and compared in terms of their 
effect on the reaction of methane–ammonia mixed gas. NiO (FUJIFILM Wako Pure Chemical 
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Corporation, Japan) and oxide support powder were mixed with the composition ratio of Ni:support = 
50:50 vol.%. Adding an appropriate amount of ethanol to this mixed powder, it was mixed for 1 h with 
zirconia balls using planetary ball milling. Here, the rotation speed was 600 rpm, and the rotating 
direction was changed once in 30 minutes. After ethanol was evaporated completely, the mixed powder 
was sieved with a 53 μm opening to remove agglomerates. The obtained mixed powder was formed into 
a disk using a uniaxial press. The diameter of the disk was 30 mm and its thickness was about 3 mm. 
The disks were sintered at 1400°C for 5 h. The heating and cooling rates were both 200°C/h. The sintered 
samples were crushed and sieved to 250–500 μm. In addition, to compare the effects of oxide supports, 
a pure nickel catalyst without an oxide support was prepared. Polymer beads (crosslinked polymethyl 
methacrylate, Techpolymer SSX series, 1 μm in diameter, Sekisui Kasei Co., Ltd., Japan) were added 
as a pore-forming agent at a ratio of 1 wt.% to NiO to obtain a microstructure similar to that of the 
supported catalysts. The fabrication process was the same except that the sintering temperature was at 
1000°C. 

The catalytic activity of the fabricated catalysts was experimentally evaluated using 0.30 g of the 
catalysts so that the temperature gradient and concentration gradient within the catalysts were considered 
negligible. A quartz tube with a 0.70 mm inner diameter was filled with 0.30 g of the prepared catalyst. 
Quartz wool was also filled in the tube at the upstream and downstream sides of the catalyst. Before the 
measurement, pure hydrogen was supplied at 200 mL/min for 3 h at 800°C to reduce NiO in the catalyst 
to nickel. 

2.2 Measurement System 

A schematic figure of the experimental apparatus is shown in Figure 1. The quartz tube with the catalysts 
was held in an electric furnace to control its temperature. Methane, ammonia, and argon used as a 
balance gas were mixed and provided to the catalyst. Their flow rates were controlled by the mass flow 
controllers. Steam was provided using the bubbler, whose temperature was controlled to determine the 
amount of supplied steam. The flow channel was heated with a ribbon heater to prevent steam from 
condensation. The dilute sulfuric acid trap was used to remove the remaining ammonia from the outlet 
gas, while the cold trap to remove the remaining steam. Afterward, the total amount of the outlet gas 
was measured with a film flowmeter and its composition with a gas chromatograph.  

 

Figure 1: Schematic of the experimental apparatus. 

2.3 Experimental Conditions 

The flow rates of the supplied methane and ammonia were decided so that hydrogen yield is 120 mL/min 
when steam methane reforming and ammonia decomposition completely proceed. Argon was supplied 
so that the total amount of the inlet gas was 360 mL/min. Figure 2 shows the supply gas compositions 
in this study. As shown in Figure 2(a), for the methane–ammonia mixed gas, the flow rates of methane 
and ammonia were first 0 mL/min and 80 mL/min, respectively, then, the flow rate of methane was 
gradually increased as decreasing that of ammonia. In addition, to clarify the influence of mixing 
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ammonia with methane, the reaction properties of the single methane fuel (Figure 2(b)) and single 
ammonia fuel (Figure 2(c)) were also measured. For the single ammonia fuel, the effect of steam on the 
ammonia decomposition was also investigated (Figure 2(d)). The supply conditions of the single fuels 
were determined so that the mole fraction of the gas of interest was the same as that of the mixed fuel 
supply condition. Note that if the steam to carbon ratio (S/C) is below about 2.0, methane decomposition 
reaction Eq. (4) and Boudouard reaction Eq. (5) could proceed in the anode, leaving solid carbon 
deposition within the anode [11].  To avoid degradation of catalysts by carbon decomposition, S/C was 
set above 2.0 in all supply conditions.  

CH → C + 2H    ∆𝐻 = 75 kJ/mol (4) 

CO →
1

2
C +

1

2
CO    ∆𝐻 = −86 kJ/mol (5) 

 

Figure 2: Supply gas conditions of (a) methane–ammonia mixed fuels, (b) methane single fuel, (c) dry 
ammonia single fuel, and (d) wet ammonia single fuel. 

To analyze the reaction characteristics quantitatively, the methane reforming rate and ammonia 
decomposition rate were evaluated using (5) and (6), respectively. 

 

𝑥 =
Δ�̇�

�̇� ,

× 100 =
�̇� , − �̇� ,

�̇� ,

× 100 [%] (6) 

𝑥 =
Δ�̇�

�̇� ,

× 100 =
2�̇� ,

�̇� ,

× 100 [%] (7) 

�̇� ,   inlet flow rate of gas species i, mL/min, 
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�̇� ,   outlet flow rate of gas species i, mL/min, 
𝑥   reforming/decomposition rate of fuel i, %. 

To purely understand the effect of the catalyst and its support material, the gas-phase reaction should 
not occur. Therefore, as a preliminary experiment, humidified methane fuel, and ammonia fuel were 
supplied to the quartz tube without packing the catalyst, and the outlet gas was analyzed. As a result, the 
reforming rate and the decomposition rate were found to be below 1% as long as the furnace temperature 
was below 750°C. Therefore, the experiment was carried out at 600°C and 700°C in this study. 

2.4 Microstructure Analysis 

The microstructure of the catalysts was observed using a scanning electron microscope (SEM) for 
quantitative analysis. The catalysts used for the experiment were first impregnated with epoxy resin so 
that the solid and pore phases could be easily identified during the SEM imaging. The cured samples 
were cut and polished using sandpaper and diamond paste to expose a flat surface. Two-dimensional 
SEM images were obtained and segmented into nickel, catalyst support, and pore phases using the image 
analysis software, Avizo (Thermo Fisher Scientific Inc., U.S.A.). The following microstructural 
parameters were quantified from the segmented images. (i) volume fraction of phase i (i = Ni, Sup, Pore) 
in catalyst X (X = Ni, Ni–YSZ, Ni–GDC, Ni–Al2O3), 𝑉 , , was obtained by counting the total number 
of pixels corresponding to the phase, and dividing it by the total number of pixels in the image. (ii) 
average diameter of thase i, 𝑑 , , was obtained using the line-intercept method [12]. (iii) surface-to-
volume ratio of phase i, (𝑆 𝑉⁄ ) , , was obtained from the average size as (𝑆 𝑉⁄ ) , = 4 𝑑 ,⁄  assuming 
that the porous structure consists of spheres. (iv) contact area density between phase i and j, 𝑆 , , was 
obtained from the combination of the surface-to-volume ratio. 

2.5 Steam Adsorption Test 

To measure the adsorption characteristics of the prepared catalysts, i.e., Ni, Ni–YSZ, Ni–GDC, and Ni–
Al2O3, the adsorption isotherm was measured using the high precision gas/vapor adsorption 
measurement system (BELSORP-MAX II, Microtrac MRB, Japan). About 1~2 g of the catalyst samples 
were put in a measurement cell in the device. As a preprocessing, the measurement cell was degenerated 
for over 2 h under the vacuum condition. The total adsorbed volume of steam per catalyst weight 
(𝑣 , , ) was obtained by the constant volume method, in which the change in the number of gas 
molecules before and after adsorption was calculated from the pressure change in a fixed volume. The 
total volume of adsorbed steam per catalyst volume was obtained as follows. 

𝑣 , , = 𝜌 𝑣 , , (8) 

𝑣 , ,  total volume of adsorbed steam in catalyst X per catalyst volume, m3/m3, 
𝑣 , ,  total volume of adsorbed steam in catalyst X per catalyst weight, cm3/g, 
𝜌  density of catalyst X, g/cm3. 

From the results of the Ni catalyst, the total volume of adsorbed steam per unit Ni-Pore contact area can 
be evaluated as follows. 

𝑣 , , =
𝑣 , , 𝑉 ,

𝑆 ,

(9) 

𝑣 , ,  total volume of adsorbed steam in catalyst X per unit Ni–Pore contact area, m3/m2, 
𝑆 ,  contact area density between phase i and j in catalyst X, m2/m3 (i, j = Ni, Pore, and 
Support), 
Vi,X volume fraction of phase i in catalyst X. 

Assuming that the total volume of adsorbed steam per contact area between nickel and pore is the same 
for all the catalysts (eq. (10)), eq. (11) is obtained in terms of the total volume of adsorbed steam per 
catalyst volume.  
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𝑣 , , = 𝑣 , , (10)

𝑣 , , 𝑆 , + 𝑣 , , 𝑆 , = 𝑣 , , (1 − 𝑉 , ) (11)
 

𝑣 , ,   total volume of adsorbed steam in catalyst X per unit Sup-Pore contact area, m3/m2. 

By solving this equation, the value of 𝑣 , ,  can be evaluated. 

3 Results and Discussion 

3.1 Catalyst Microstructures 

Examples of the cross-sectional SEM images of the catalysts are shown in Figure 3. The white, grey, 
and black regions correspond to nickel, support, and pore phases, respectively. Microstructure 
parameters of the catalysts quantified from the cross-sectional images are summarized in Table 1 and 
Table 2. Note that the quantification was performed on three different locations for each sample and the 
averaged values are shown. 

The densities of Ni–YSZ, Ni–GDC, and Ni–Al2O3 (shown in Table 3) were calculated from the densities 
of Ni, YSZ, GDC, and Al2O3 and their volume fraction in Table 1. The total contact area between nickel 
and pore phases within the 0.3g of catalyst X was calculated from the 𝑆 ,  and the catalyst density 
𝜌  and shown in Table 4.  

 

Figure 3: Cross-sectional SEM images of catalysts. 

Table 1: Quantified microstructural parameters of catalysts: volume fraction and average size. 

 

 

 

 

 

Table 2: Quantified microstructural parameters of catalysts: surface-to-volume ratio and contact area 
density. 

 

Table 3: Density of the materials. 

 Ni YSZ GDC Al2O3 Ni–YSZ Ni–GDC Ni–Al2O3 

Density [g/cm ] 8.91 5.90 7.21 3.95 7.41 8.02 5.74 

Catalyst 𝑉  𝑉  𝑉  𝑑  𝑑  𝑑  
 [%] [%] [%] [μm] [μm] [μm] 
Ni 77.7 – 22.3 1.58 – 0.488 
Ni–YSZ 39.9 39.4 20.7 0.909 0.542 0.336 
Ni–GDC 36.7 40.8 22.5 0.628 0.492 0.343 
Ni–Al2O3 28.1 49.7 22.1 0.719 0.863 0.380 

Catalyst (𝑆/𝑉)  (𝑆/𝑉)  (𝑆/𝑉)  𝑆  𝑆  𝑆  
 [μm /μm ] [μm /μm ] [μm /μm ] [μm /μm ] [μm /μm ] [μm /μm ] 
Ni 2.53 – 8.19 1.90 – – 
Ni–YSZ 4.40 7.39 11.9 0.657 1.81 1.10 
Ni–GDC 6.37 8.13 11.7 0.825 1.80 1.51 
Ni–Al2O3 5.56 4.64 10.5 0.792 1.53 0.771 
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Table 4: Total contact area between Ni and Pore of 0.30g catalyst. 

 

 

 

 

3.2 Adsorption Test 

Figure 4 shows the adsorption/desorption isotherm of the Ni, Ni–YSZ, Ni–GDC, and Ni–Al2O3 
catalysts. The horizontal axis is the relative pressure, the ratio of the adsorption equilibrium pressure p 
to the saturation pressure p0 [-], while the vertical axis represents the weight of steam adsorbed on the 
catalyst X per catalyst weight [cm3/g]. In Figure 4, the adsorption isotherm (ADS) and the desorption 
isotherm (DES) are depicted. It is suggested that all four catalysts are categorized as the type II according 
to the IUPAC classifications, indicating that the catalysts are likely to have macro-pores (pores over 50 
nm). This result is consistent with the quantified average pore size 𝑑  obtained from the 
microstructure analysis shown in Table 1. In both ADS and DES, the volume of steam adsorbed on a 
catalyst per catalyst weight is greater for Ni–Al2O3, Ni–GDC, Ni–YSZ, and Ni, in that order, at any 
relative pressure. This means that Ni–Al2O3 has the highest adsorbing site density and Ni has the least 
among the four catalysts. 

Table 5 shows the amount of adsorbed steam on the catalysts at the maximum relative pressure. Using 
Eqs. (8) – (11), 𝑣 , , , 𝑣 , ,  and 𝑣 , ,  were calculated. Note that 𝑣 , ,  was 

assumed to be the same among the catalysts. From 𝑣 , , , it is found that all of the oxide 

supports used in this study can absorb more steam than Ni, and 𝑣 , ,  is greater for Ni–Al2O3, 
Ni–GDC, and Ni–YSZ, in that order. It is worth noting that Al2O3 absorbs steam about 1.5 times more 
than YSZ per contact area between pores and itself.  

 

Figure 4: Adsorption/desorption isotherm of catalysts 

Table 5: Amount of adsorbed steam in catalysts at maximum relative pressure. 

 𝑣 , ,  𝑣 , ,  𝑣 , ,  𝑣 , ,  
 [cm /g] [m /m ] [m /m ] [m /m ] 
Ni 0.282 2.51 1.03 × 10   
Ni–YSZ 0.574 4.26 1.03 × 10  1.49 × 10  
Ni–GDC 0.615 4.93 1.03 × 10  1.65 × 10  
Ni–Al2O3 0.933 5.36 1.03 × 10  2.19 × 10  

 Contact area between Ni and Pore [m2]  
Ni 0.0821 
Ni–YSZ 0.0335 
Ni–GDC 0.0398 
Ni–Al2O3 0.0532 
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3.3 Results of Single Fuel 

3.3.1 Single Methane Fuel 

  

Figure 5: Effect of methane flow rate on methane conversion and reforming rate at 600 and 700°C: 
Results under the supply gas condition (b) in Fig. 2.  

Figure 5 shows the amount of converted methane and the methane reforming rate of single methane fuel 
at 600°C and 700°C. In both conditions, the amount of converted methane increases as the methane flow 
rate increases, while the methane reforming rate decreases as increasing the methane flow rate. In all 
the supply conditions, the amount of converted methane and the methane reforming rate are higher at 
700°C .  

The catalytic activity for the methane single fuel is found to be greater for Ni–Al2O3, Ni–GDC, and Ni–
YSZ, in that order. Assuming that the steam methane reforming reaction takes place on the Ni–Pore 
contact surface and the neighboring support material enhances the supply of steam to the reaction sites, 
the observed trend can be associated with the total contact area between the Ni and pore phases shown 
in Table 4 and the adsorption property of the catalyst support shown in Table 5. Both of these factors 
are greater for Ni–Al2O3, Ni–GDC, and Ni–YSZ, in that order. 
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3.3.2 Dry Ammonia and Wet Ammonia Fuels 

 

Figure 6: Effect of ammonia flow rate on ammonia conversion and decomposition rate at 600°C and 
700°C: Results under the supply gas conditions (c) and (d) in Fig. 2. 

Figure 6 shows the amount of converted ammonia and the ammonia decomposition rate of dry ammonia 
and wet ammonia fuels at 600°C and 700°C. In both conditions, the amount of converted ammonia 
increases as the ammonia flow rate increases, while the ammonia decomposition rate decreases as 
increasing the ammonia flow rate. This is partly because a part of generated hydrogen remains on the 
nickel surface and inhibits the ammonia decomposition reaction (hydrogen inhibition phenomenon). In 
all the supply conditions, the amount of converted ammonia and the ammonia decomposition rate are 
higher at 700°C.  

In both temperature conditions, the decomposition rate is lower for the wet ammonia than dry ammonia. 
This indicates competitive adsorption of ammonia and steam on the nickel surface. When ammonia is 
supplied accompanied by steam, a part of the reaction site, i.e., the nickel-pore contact area, is occupied 
by the steam molecules, lowering the ammonia decomposition rate in the catalyst. 

The catalyst activity for the dry and wet ammonia fuels is greater for Ni–Al2O3, Ni–GDC, and Ni–YSZ, 
in that order. Considering that ammonia and steam are competitively adsorbed to the Ni–Pore contact 
surface and adsorbed ammonia is decomposed on the surface, the observed trend can be related to the 
total contact area between Ni and pore shown in Table 4, which is greater for Ni–Al2O3, Ni–GDC, and 
Ni–YSZ, in that order. In addition to this, the trend could also be attributed to the catalyst supports 
because it was reported that they can alleviate the hydrogen inhibition phenomenon [13-14]. 
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3.4 Methane–ammonia Mixed Fuel  

 

Figure 7: Effect of ammonia flow rate on methane reforming rate and ammonia decomposition rate in 
methane–ammonia mixed fuel at 600°C and 700°C: Results under the supply gas condition (a) in Fig. 

2. 

Figure 7 shows the methane reforming rate and ammonia decomposition rate of methane–ammonia 
mixed fuel at 600°C and 700°C. Note that the top horizontal axis of the methane flow rate is reversed, 
with methane supply decreasing from left to right. The methane reforming rate is found to be 
significantly smaller than that of single methane fuel at 600°C and 700°C shown in Figure 5. In contrast, 
the ammonia decomposition rate is almost the same as that of the single ammonia fuel at 600°C and 
700°C. These results suggest that methane, steam, and ammonia are competitively adsorbed to the nickel 
surface and ammonia is preferentially adsorbed to the nickel surface. This trend is consistent with that 
reported in the literature [2] for the Ni–YSZ catalyst. In addition, it is found that Ni-GDC and Ni–Al2O3 
also show the same trend as Ni–YSZ. with the effect of ammonia inhibition of steam methane reforming 
being greater for Ni–YSZ, Ni–GDC, and Ni–Al2O3, in that order.  
In the methane–ammonia mixed fuel, catalyst activity is greater for Ni–Al2O3, Ni–GDC, and Ni–YSZ, 
in that order. In the mixed fuel, the same discussion as the single methane fuel (3.2) can be applied. A 
catalyst that has larger Ni–Pore contact area and higher steam adsorption performance yields a higher 
methane reforming rate. Moreover, in the methane–ammonia mixed fuel, steam and ammonia could be 
competitively adsorbed to the oxide supports. Assuming that ammonia inhibits steam adsorption on the 
oxide supports, the steam supply to the nickel surface from oxide supports could decrease, which results 
in lower methane reforming rate in the methane–ammonia mixed fuel. 
From the same discussion of the dry ammonia and wet ammonia fuels (3.3), a catalyst that has larger 
Ni–Pore contact area exhibits a higher ammonia decomposition rate.  

4 Conclusions 

In this study, the influence of catalyst supports on the reaction property of the methane–ammonia mixed 
fuel was investigated using three different catalysts (Ni–YSZ, Ni–GDC, and Ni–Al2O3). To understand 
the property of effects of oxide support on the methane–ammonia mixed fuel, the amount of adsorbed 
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steam on catalysts was experimentally obtained. The microstructures of each catalyst were quantified. 
It was found that methane reforming rate and ammonia decomposition rate decrease in the methane–
ammonia mixed fuel since methane, ammonia, and steam are competitively adsorbed on catalyst. Here, 
the decrease in methane reforming rate was more remarkable than the ammonia decomposition rate. 
This could be explained by the mechanism where ammonia is preferentially adsorbed on Ni and oxide 
supports. From the comparison between the three catalysts’ results, the extent of suppression of steam 
methane reforming was greater for Ni–YSZ, Ni–GDC, and Ni–Al2O3, in that order. This result implies 
that the property of oxide supports, i.e. total contact area between Ni and Pore, and adsorption amount 
of oxide support, attribute to reaction activity in the methane–ammonia mixed fuel.  
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Abstract 

Low-emission power technologies with gas turbines are intensely developed and implemented as the 
most promising energy technologies based on fossil fuels. One promising solution under strong 
development is a technology using gaseous fuel combustion in pure oxygen when the exhaust gas 
mixture is composed of H2O and CO2. The paper presents results of computational analyses providing 
to the Spray-Ejector Condenser (SEC) development, which is one of the crucial components of the being 
under development negative CO2 gas power plant (nCO2pp) cycle. The Spray-Ejector Condenser is 
developed to ensure high effectiveness of processes such as the condensation of vapor and compression 
of CO2 with preparation for separation. Firstly, the main operating conditions in the characteristic points 
were investigated to evaluate the impact of the operating conditions on the SEC performances. The 
amount of motive water needed for the cooling purpose is susceptible to the inlet water pressure and 
temperature and strongly affects the generated pressure of the suction stream. Inside the SEC, the steam 
and CO2 generated in the Wet Combustion Chamber (WCC) of nCO2pp are in direct contact with cold 
water. The heat transfer coefficient can reach high values during the direct contact condensation inside 
the Spray-Ejector Condenser. Still, inert CO2 in the gas stream can significantly reduce the rate of 
condensation. The development of SEC in thus operating conditions needs to use advanced 
computational methods and approaches to develop basic design, which is one of the main project goals. 
The paper presents adopted numerical and analytical approaches leading to the development of the 
characteristic dimensions of developed SEC and the opportunity to investigate the turbulent flow of 
water/steam/CO2 mixture together with the condensation process occurring at this same time. The paper 
also presents the preliminary results of a basic design and geometrical dimensions of the Spray-Ejector 
Condenser to be applied in the negative CO2 power plant cycle at two different variants. The further 
direction of the presented computational research activities and results is to test various designs of 
Spray-Ejector Condensers that will enable the evaluation of the direct contact condensation process and 
develop the final geometrical design. 
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1 Introduction 

In surface condensers, the direct contact between exhaust vapor (mainly it is steam) and fluid (mainly it 
is water) doesn’t exist. The vapor (steam) passes over the outer surface of tubes when a cooling fluid 
(water) is supplied through the tubes. The temperature of condensed steam depends on the pressure 
inside the surface condenser (saturation temperature at condenser pressure). The temperature of cooling 
water increases, which depends on the mass flow rate of cooling water [1-4]. In jet-type condensers, the 
exhaust steam and water come in direct contact with each other. The condensate temperature is the same 
as that of cooling water leaving the condenser. The cooling water is sprayed into the exhaust steam to 
start a rapid condensation. Heat exchange occurs by direct contact between the steam and water. If the 
cooling water is not pure and free from harmful impurities, then the condensate cannot be reused as feed 
water. Direct Contact Condensers have been widely used for over a century in various industrial 
applications such as petroleum and chemical engineering, desalination installations and power plants 
[5]. Due to the pump's loss of condensate and high power requirement, these condensers are rarely used 
in modern steam power plants. One of the proposed types of Direct Contact Condensers is a Spray-
Ejector Condenser, a combination of an ejector providing pressure lift and a condenser allowing gas 
condensation. 

The name Spray-Ejector Condenser reflects the processes that were assumed to help realize the 
condensation of vapour and compression of CO2 with preparation for separation. The first part “Spray,” 
is related to the case following the phenomenon of the breakup of water leaving the nozzle. The second 
part “Ejector,” means that to a large extent, the device has the shape and function of a water-gas jet, and 
the last part “Condenser,” refers to the main role of the device, which is the condensation of steam. The 
phenomena that improve the exchange of mass, momentum, and energy start from the supply nozzle, 
where the primary fluid can be appropriately applied and broken up into tens to thousands of droplets 
of dimensions resulting from the geometry of a nozzle, supply parameters, and geometry of the channel 
appropriate to the parameters of the SEC device. Consequently, localized flow discontinuities in the 
integrity of the jet can form at the edges, i.e. voids are created at pressures well below the saturation 
pressure of the fluid. In doing so, the disintegration of the liquid into droplets occurs, and the conversion 
of the internal energy and enthalpy of the liquid stream into kinetic energy and surface tension energy 
can then take place as a result of the destruction of the continuous media. The stream of primary fluid 
thus leaves the nozzle cross-section in a discrete form with a huge number of droplets having a velocity 
that depends on the nozzle shape. Under extreme conditions, the dispersed jet of motive fluid can behave 
in principle as a free stream, i.e. not interacting with the surrounding gaseous stream drawn into the 
nozzle. However, a number of small-scale phenomena occur in reality [6-9]. These phenomena affect 
the global characteristics of the device, which will be obtained through experimental and theoretical 
analysis. The direct condensation of steam from a mixture of steam and inert gas (CO2) occurs on 
droplets formed from the decomposition of the cooling water jet, where the water flow and the steam-
gas mixture do not form a supercritical flow. When a supercritical flow is formed from a mixture of 
steam and gas and cooling water, a shock wave is formed, condensing the steam under conditions of 
thermodynamic non-equilibrium. Such condensation can arise without the cooling water cooling the 
mixture. Such a case occurs in the last stages of steam turbines.  

This paper presents the first case of a subcritical flow of a mixture of steam and inert gas and cooling 
water and the study aims to introduce the results of numerical calculations for developing the Spray-
Ejector Condenser as an application for the negative CO2 gas power plant cycle. The necessary 
simulations were performed in the first step to verify the possibilities of SEC application and evaluate 
the nominal conditions of the presented solution. Then, using calculated values, a more detailed models 
were developed, allowing an opportunity to analyse the physical phenomena inside SEC and their impact 
on the performances of the developed device. The presented results are directly connected with ongoing 
research on the concept of prototype research of the Negative CO2 emission Gas Power Plant [10]. 
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2 Negative CO2 emission gas power plant concept 

The negative CO2 emission has gained special significance in recent years because of the rising 
importance of developing new efficient energy technologies. Ziółkowski et al. [11] presented the 
developed cycle of a negative CO2 emission power plant using gasified sewage sludge as a main fuel. 
The results of a negative CO2 emission power plant modeling, using gasified sewage sludge as a main 
fuel, with a turbine cooperating with a Spray-Ejector Condenser (SEC) are presented in details in 
[12,13]. Simulations performed with three different tools (Aspen Plus, Aspen Hysys, and Ebsilon) 
showed similar results for a turbine gross efficiency and output power. The presented cycle (Figure 1) 
is based on combustion in an oxygen atmosphere, giving mainly CO2 and water vapor. The CO2 capture 
method uses a direct-contact heat exchanger (Spray-Ejector Condenser - SEC) to condense steam and 
thereby separate CO2. This method and installation of CCS (Carbon Capture and Storage) reduce CO2 
emission below zero level in case of negative CO2 emission gas power plant. 

 

Figure 1: Process flow diagram of a negative CO2 emission gas cycle 

The cycle based on the oxy-combustion gas turbine cycle with the CO2 capture installation components, 
is presented in Figure 1. The flows of gas fuel (Stream 0fuel) and oxygen (Stream 0O2) are compressed in 
compressors Coxy and Cfuel from the inlet pressures to combustor injection pressure and fed (Streams 1Fuel 
and 1O2) to the WCC. The inlet liquid water flow (Stream 01-H2O) is pumped (pump P), heated in a 
recuperator (heat exchanger HE1) and then injected (Stream 1H2O) to the WCC. The fuel is burned with 
oxygen. Water is injected and evaporated to keep the temperature appropriate for the strength of 
materials. The flue gas (Stream 2) is expanded trough gas turbines GT1 and GT2, and then used to heat 
the incoming water (HE1). The gas turbines power the compressors, a pump and a generator, G. 
Assuming complete combustion with the stoichiometric air, the flue gas (Streams 2 to 5) consists of 
H2O and CO2. The exhaust gases at the GT2 outlet (Stream 5) are ducted to the Spray-Ejector Condenser 
(SEC), whereby the steam is condensed by direct contact with the cold inlet water (Stream 1SEC) 
delivered by the water pump (PEC). The further step is cooling the mixture of water/CO2 (Stream 21-SEC) 
by heat exchange with a low-temperature cooling medium (Streams 1LTS to 2LTS) in heat exchanger HE2. 
Here (Stream 22-SEC), a substantial part of the H2O condenses to liquid, which is separated (Stream 6) in 
a separator (S) and directed out of the system (Stream 1PROD) or re-used for injection to the SEC or the 
WCC and for cooling (HE4, HE3). The remaining CO2 rich gas (Stream 1CCU) is compressed (C1CO2, 
C2CO2) and cooled (HE3, HE4) before it is removed beyond the system boundary (Stream 5CCU). Electric 
motors, M, runs the pump PEC and the compressors C1CO2, C2CO2. 
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3 Spray-Ejector Condenser operation in nCO2pp 

A schematic view of a Spray-Ejector Condenser is shown in Figure 2. The cooling water enters the 
condenser and is discharged in the motive nozzle, where the potential energy is converted into kinetic 
energy, and thus a low-pressure area is created. The exhaust gases (steam and CO2) enter the condenser 
and condense through the mixing section with cooling water; thus, the further vacuum increases. The 
mixture after passing through the mixing section passes through the divergent nozzle. When it passes 
through the divergent nozzle the kinetic energy of condensate reconverts into potential energy. Thus, 
higher pressure than the atmospheric pressure is obtained, which forces the condensate to the hot 
ambient. Thus, in this condenser, no air extraction pump is required. 

 

Figure 2: General scheme of the ejector condenser principles operation 

3.1 Conditions of Spray-Ejector Condenser operation 

The presented approach of the Spray-Ejector Condenser and with physical phenomena background make 
the Spray-Ejector Condenser (SEC) the preferred device for nCO2PP cycles with CO2 capture. In the 
case of the nCO2PP thermodynamic cycle, it can speak of a three-component ejector, as the steam is 
mixed with CO2. The Spray-Ejector Condenser (SEC) is a device in which the liquid is used for 
compression, partial (or complete) condensation, and pumping of the gaseous mixture of steam and CO2. 
In the presented case, the driving fluid is circulating water at a pressure about 8 bar and a temperature 
of 15oC. The gas is a binary mixture of water vapor and carbon dioxide from the turbine's low-pressure 
part. In contrast (to blowers and compressors), the main feature of this device is that it lacks the metal 
moving surfaces on which the medium usually acquires work, which is subsequently used for 
compression and kinetic energy [14]. The transfer of kinetic energy carried by the atomized water to the 
aspirated gas is therefore a complex phenomenon in which various mechanisms are present. This process 
continues in the mixing section, which - having a constant cross-section - neither accelerates nor slows 
down the mixing phenomena of the two streams. Its length is most often determined experimentally and 
chosen so that the phenomena have time to equalize the driving potentials - hence it is usually assumed 
that the mixture stream leaving the mixing chamber should be homogeneous. In the case of a Spray-
Ejector Condenser, there should be no homogenization with CO2, so that the gas is precipitated from the 
liquid in the separator, e.g. using centrifugal force or other phenomena to release CO2 from the water. 
At the same time, however, a condensation process should take place on the water droplets in the mixing 
chamber, so that the resulting water also takes part in the subsequent compression of CO2. 
Nevertheless, the final parameters can only be determined after the measurement campaign, as it is not 
entirely clear how the condensation will affect the nature of the flow. Further conversion of the kinetic 
energy of the mixture into its compression energy takes place in the outlet diffuser, where the stream is 
decelerated. Separation of the components can also occur in the diffuser but ultimately takes place in 
the separator (S in Figure 1). In the diffuser, there should be a substantial increase in outlet pressure to 
the required value. The performance of the diffuser as a flow inhibition device is highly dependent on 
the homogeneity of the velocity field at the outlet of the mixing chamber. Research on diffusers shows 
that in diffusers with an opening angle of α~10o, up to 80% of the compression energy can be recovered 
[15-17].  
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The main sources of exergy destruction in the presented cycle (Figure 1) are the wet combustion 
chamber and the ejector condenser [18]. It can be noted that the mass flow rate of injected water is quite 
large and can reach about 200 times that of the flue gas. To avoid the efficiency reduction of the 
presented cycle (Figure 1), one of the research activities has to be focused on developing the most 
effective design of the Spray-Ejector Condenser. The nominal operating parameters and basic design of 
the proposed solution can be obtained thanks to the numerical results of two-phase ejector operation 
[19], numerical results with the use of CFD modeling approach [20], and analytical modeling results 
[6]. Within the project framework, the computational results' experimental validation is planned with a 
sing of a prototype test-rig installation. The studies [21,22] include a description of the concept, 
schematics, operating ranges, proposals for acquisition and monitoring of operating parameters, and 
basic assumptions for implementing the Spray-Ejector Condenser installation. The selected crucial 
issues to carrying out the experimental research in the SEC system were investigated. 

3.2 Simulation of Spray-Ejector Condenser operation 

To calculate the basic nominal operating conditions of the SEC, the results were obtained using adopted 
curves from GEA and “Steam Jet Vacuum Pump” model [23]. Single stage steam jet vacuum pumps 
achieve a compression ratio p2/p1 of up to 10 given a sufficiently high expansion ratio of p3/p1. For 
higher compression ratios (or lower vacuum), multi-stage vacuum pumps are used which can be 
modelled by a series of steam jet vacuum pump units. The presented model was modified and adopted 
to use the motive fluid (water) and condense the suction steam (exhaust gases). The modification of 
ejector characteristics can be performed, and the mass entrainment ratio can be set as a value in the range 

between 0.0038 to 0.0059 ( 1

3

0.0049
m

m
  




when the motive pressure is equal to 6 bar) [17].  

 

Figure 3: The scheme of ejector with marked main parameters: Expansion ratio E=P3/P1 and the 
compression ratio K=P2/P1 

The calculated data as motive water mass flow rate mm, discharge fluid temperature td, expansion ratio 
E, compression ratio K and mass entrainment ratio   are presented in  
Table 1.  
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where: 

1 2 3, ,p p p - pressure of suction (inlet), discharge (outlet) and motive (inlet) stream, bar 

1 2 3, ,m m m   - mass flow rate of suction (inlet), discharge (outlet) and motive (inlet) stream, kg/s 
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The results were computed with the assumption that motive water pressure pm varies within the range 4 
- 8 bar, and the rest conditions are constant and as follows: motive water temperature t3 = 15°C, suction 
exhaust gas pressure p1 = 0.077 bar, suction exhaust gas temperature t1 = 42 °C, exhaust gas composition 
xCO2 = 18%, xH2O = 82% , and discharge pressure p2 = 1.05 bar. 

Table 1: Spray-Ejector Condenser calculation results 

No. Motive 
pressure 

p3, bar 

Motive 
water mass 
flow rate 
 m3, (kg/s) 

Discharge 
pressure 
p2 ,(bar) 

Discharge 
temperature 

t2, (°C) 

Expansion 
ratio E, 
(p3/p1) 

Compression 
ratio K, (p2/p1) 

Mass 
Entrainment 

ratio 𝝌, 
(m1/m3) 

1 8 16.86 1.05 18.1 103.90 13.64 0.0059 

2 7.5 17.49 1.05 18.0 97.40 13.64 0.0057 

3 6.5 19.11 1.05 17.7 84.42 13.64 0.0052 

4 6 20.09 1.05 17.6 77.92 13.64 0.0049 

5 5.5 21.23 1.05 17.4 71.43 13.64 0.0047 

6 5 22.56 1.05 17.3 64.94 13.64 0.0044 

7 4.5 24.16 1.05 17.1 58.44 13.64 0.0041 

8 4 26.10 1.05 16.9 51.95 13.64 0.0038 

 

Figure 4: Cooling water mass flow rate m3 and discharge temperature t2 as a function of motive 
pressure p3 

 

Figure 5: Expansion ratio E, compression ratio K and mass entrainment ratio χ as a function of 
motive pressure p3 
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4 Modeling of Spray-Ejector Condenser 

The chapter presents the main data for the different numerical and analytical approaches applied to 
developing new models of steam direct contact condensation in the presence of the inert CO2 gas. These 
approaches allow for modeling Spray-Ejector Condenser operation, evaluating its efficiency, and 
preparing the final design of the SEC for the application in the nCO2pp cycle. The complexity of 
physical phenomena occurring in the Spray Ejector Condenser (SEC) imposes demanding requirements 
on the computational tool to be used. 

One approach is using an upgraded model of the previously developed 1D ejector model for transcritical 
CO2 ejectors in refrigeration applications [19]. Despite one-dimensionality, due to expected subcritical 
velocities throughout SEC flow path and no shock wave propagation, it is expected the model should 
catch most of the governing phenomena here, being able to deliver estimates of flow profiles for given 
geometry and boundary conditions. In the presented approach of 1D Spray-Ejector Condenser 
modelling, the original form was developed purely for transonic flows in two-phase CO2 ejectors and 
was tuned according to the experimental data registered at the CO2 test rig at SINTEF Energi laboratory. 
The tuning procedure comprised basically adjusting the two parameters crucial for capturing the 
momentum transfer intensity and effectiveness, namely (i) the equivalent roughness of the mixing layer 
and (ii) the mixing layer drag coefficient [19]. 

The second modeling approach is to develop a two-dimensional numerical model of SEC, using CFD 
modeling and software. In CFD models, mainly three different approaches are used for the multiphase 
problem modeling: Mixture Multiphase Model (MMP), Volume of Fluid (VOF), and Eulerian 
Multiphase Model (EMP) [20]. The model of the developed device can be made: two-dimensional flow, 
axisymmetric, steady-state, liquid–gas multiphase flow, heat transfer mechanism. The model of selected 
problem includes Reynolds-Averaged Navier-Stokes Turbulence (RANS) model (k-w SST) complex 
interactions between phases. Multiphase flow regime set in case of liquid-gas interaction, can be 
described with the following approaches and properties: Drag force (Schiller-Naumann - First and 
Second Regime Drag Coefficient, Strybelj-Tiselj Intermediate Drag Coefficient), Interaction Area 
Density (First Regime Interaction Length Scale 0.001 m, Second Regime Interaction Length Scale 
0.0005 m), Interaction Length Scale, Interphase Energy Transfer, Large Scale. To modeling of 
condensation process, Spalding Evaporation/Condensation model for Mixture Multiphase Model 
(MMP) can be used in the developed CFD model. The main idea of this model is to express the steady 
convective mass transfer phenomena using the Ohm’s law relation [24]: 

m gB      (4) 

where: 

m  - rate of the transfer of substance, kg/s 

g  -  surface conductance, kg/s 

B  - dimensionless driving force 

Another approach to condensation process modeling in the developed 2D CFD model is the 
Boiling/Condensation model, which is also available where the Mixture Multiphase Model (MMP) is 
used. The model is thermally driven, and the rate of boiling/condensation depends only on the heat 
transfer rate between phases. The concentration-driven mass transfer is not taken into account. The 
interface mass flux is calculated based on the formula: 

( ) ( )
( )

ij ij
i jij

ij

Q Q
m

h





     (5) 

where: 
( )ijm – mass transfer rate from phase i to phase j, kg/(m3·s) 
( )ij
iQ  – heat transfer rate from the interface to i (continuous phase), W/m3 

( )ij
jQ  – heat transfer rate from the interface to j (dispersed phase), W/m3 
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ijh  – enthalpy difference (latent heat), J/kg 

The heat transfer rate from the interface to each of the two phases can be calculated as follows: 

 ( ) ( )ij ij
i i ij ij iQ h T T       (6) 

 ( ) ( )ij ij
j j ij ij jQ h T T       (7) 

where: 
( )ij
ih  – heat transfer coefficient, W/(m2·K) 

ij  – weighted coefficient 

ijT  – interface temperature (saturation temperature), K 

,i jT T  – bulk temperature of continuous/dispersed phase, K 

In order to maximize the device efficiency, a proper ejector design and analysis is required. Adiabatic 
irreversible flow model [6] is used for the ejector analysis, wherein frictional losses through the ejector 
are considered. The study focuses on the ejector nozzle, pre-mixing chamber, mixing section and 
diffuser for the ejector design. Flow properties and ejector geometry are considered using the 
thermodynamic equations, conservation equations, and other assumptions based on literature data. 

5 Results of Spray-Ejector condenser modeling 

The results of mathematical modeling of the Spray-Ejector Condenser should lead to development of 
the geometrical design of the proposed solution of the two-phase ejector condenser. The main 
geometrical parameters allowing to design of the device are presented in Figure 6. 

 

Figure 6: Two-phase ejector condenser with main dimensions 

The initial boundary conditions used for dimensioning of SEC, giving the possibility to install SEC in 
the developed nCO2pp cycle (chapter 3.2) are listed in Table 2. 

Table 2: Boundary conditions imposed for dimensioning of SEC 

Parameter Motive stream Suction stream Outlet 
Pressure, bar 12 output ca. 1 bar 
Temperature, deg C 17 150 output 
Mass flow rate, kg/s degree of freedom 0.01 output 
Mass fraction of water,- 100% 80% output 

The calculation of the main properties at the inlets at the outlet for the selected developed variants of 
SEC (Low-Pressure Lift – LPL; High-Pressure Lift – HPL) are presented in Table 3. The results 
presented in Table 3 are the motive water mass flow rate needed to generate low pressure at the suction 
side (p1), and to condense steam in direct contact with water. Averaged outlet temperature at the SEC 
outlet is calculated based on the balance calculations. The expansion ratio E, compression ratio K, and 
mass entrainment ratio   are known and estimated based on the literature data [17]. More detailed 
approaches are needed to evaluate SEC performances and investigate physical phenomena inside the 
SEC during turbulent flow of water/steam/CO2 mixture and during the direct contact condensation 
process.  

904



Table 3: The basic parameters calculated for the designed installation and selected two SEC variants 

 LPL HPL 

Water inlet Pressure of the steam / CO2 mixture 
at the inlet to the spray-ejector condenser 

0.9 bar 0.2 bar 

Water vapour stream at the inlet to the water 
jet 

8 g/s 8 g/s 

CO2 mass flow at the inlet to the SEC 2 g/s 2 g/s 

Motive water mass flow at inlet to the SEC 340 g/s 4399 g/s 
Water, steam and CO2 mixture mass flow at  
SEC outlet 

350 g/s 4409 g/s 

Averaged mixture temperature at the SEC 
outlet 

32.2 ºC 18.4 ºC 

The data presented in Tables 4 and 5 are the results of the basic design process, obtained thanks to the 
presented approach of 1D numerical modeling approach. Two separated variants represent two solutions 
that should allow high steam condensation efficiency in the presence of inert CO2 gas. High effective 
steam condensation occurs with the pressure increase of the mixture at the SEC outlet starting from two 
different points of exhaust gas pressure, 0.9 (LPL solution) and 0.2 bar (HPL solution), respectively. 

Table 4: Main dimensions of the two-phase ejector condenser LPL 

Parameter Value Parameter Value Parameter Value Parameter Value 
DMN_1[mm] 25.4 DDIF [mm] 100 LMCH [mm] 25 𝛾SN [o] 45 
DMN_2[mm] 3 DMIX [mm] 25.4 𝛾MN_1 [o] 30 𝛾DIF [o] 10 
DMN_4[mm] 40 LMIX [mm] 1050 𝛾MN_3 [o] 45   

Table 5: Main dimensions of the two-phase ejector condenser HPL 

Parameter Value Parameter Value Parameter Value Parameter Value 
DMN_1[mm] 50 DDIF [mm] 100 LMCH [mm] 28 𝛾SN [o] 45 
DMN_2[mm] 10.73 DMIX [mm] 50 𝛾MN_1 [o] 30 𝛾DIF [o] 10 
DMN_4[mm] 80 LMIX [mm] 800 𝛾MN_3 [o] 45   

Therefore, it was assumed that the modeling results and tuned models should be further used for 
dimensioning of the SEC. At the same time, a new tuning procedure is expected to be performed once 
experimental data recorded at the SEC test facility are available. The preliminary results of detailed SEC 
modeling indicate that full condensation inside the SEC is possible, but the increased CO2 content in the 
flue gas strongly reduces condensation efficiency. For the presented cases and basic developed design 
of LPL and HPL solution, the condensation efficiency is reduced because of relatively high CO2 (xCO2 
= 20%) content at the suction side of SEC. The gas temperature at the SEC outlet varies between 120 to 
147 °C, and water temperature at the outlet can vary between 18 and 30 °C. 

6 Conclusions 

The difference between surface-type and jet-type condensers is the most important reason for their 
application. Even if the surface type condensers are more popular and widely used in the power 
engineering sector, in analyzed nCO2PP cycle, the application of jet-type condensers is possible because 
of exhaust gas quality and compositions (H2O and CO2). In the paper, the idea of Spray-Ejector Condeser 
combination with the nCO2pp cycle is described with details. The mass flow rate strongly depends on 
ejector design and entrainment fraction ratio (mass/volumetric). In the analyzed cycle, one of the main 
issues is to design and develop the Spray-Ejector Condenser system to keep the low pressure of exhaust 
gases. With the use of the developed simulation model and adopted characteristic curves of ejector 
operation, the range of the main properties of SEC operation were calculated. Main operating conditions 
such as motive water mass flow rate, outlet pressure, outlet temperature, expansion ratio, compression 
ratio, and mass entrainment ratio were estimated. The different modeling approaches, briefly described 
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in the paper, and based on the proposed modeling techniques, are helpful in developing the basic 
geometrical design of the Spray-Ejector Condenser. The main dimensional parameters of the basic 
design are presented. SEC modeling results using different numerical methods allows for analyzing the 
direct contact condensation inside the SEC and calculating SEC outlet conditions. The presented basic 
design is planned to be tested within experimental activities when the next step of the whole project is 
connected with experimental verification of selected parameters of Spray-Ejector Condenser modeling 
results. The experimental activities will be focused on the laboratory scale of the designed installation 
(steam and CO2 mass flow rate around 10 g/s), taking into account opportunities to investigate the direct 
contact condensation process during flow through the two-phase ejector. The measured results can be 
adopted in the tuning process of developed models and to improve the efficiency of the developed Spray-
Ejector Condenser for use in a negative CO2 emission gas power plant. 
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Abstract 

The Carbon Capture Utilization and Storage (CCUS) technologies reduce greenhouse gas emissions, 
and one specific approach is combining CCUS with oxy-combustion power generation units. Oxygen is 
used for the combustion process instead of air, mainly to eliminate the nitrogen content in the flue gas, 
and it allows generating flue gas with carbon dioxide and water vapor as the major contents. The paper 
presents the conceptual design of a prototype experimental facility for mixing jet-type flow condensers 
investigations when the steam in exhaust gases is condensed on the water jet in the presence of CO2. 
The proposed experimental test rig was designed to give abilities to investigate the effectiveness of jet 
condensers experimentally as part of the CO2 capture phase and especially to investigate Spray-Ejector 
Condensers (SEC) developed as the combination of ejector and condenser devices. The paper presents 
the design and key features of the prototype installation components. The basic design was developed 
based on the simulation results, and for this purpose model of installation, including characteristics of 
individual components, was built. The developed model helps to evaluate the main performances of the 
conceptual test rig and supports the test-rig design process. The main components and the features of 
the steam generation unit, CO2 supply and mixing with steam, process water preparation, and H2O and 
CO2 separation subsystem are discussed. The measuring system was designed to test the efficiency of 
compression and condensation processes of the SEC fed by the CO2/H20 gas mixture. 
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1 Introduction 

Direct Contact Condensation (DCC) is widely used in a variety of industries, and direct contact 
condensers, are devices in which direct contact condensation is utilized. DCC has been widely used for 
over a century in various industrial applications such as petroleum and chemical engineering, 
desalination installations and power plants [1]. In [2] reports that the advantages of direct contact 
condensation compared to conventional processes using metal transfer surfaces are due to the relative 
simplicity of design, fewer problems with corrosion and scaling, lower maintenance costs, higher 
specified transfer surfaces and higher transfer rates. The authors report that DCC studies are usually 
associated with one-component, two-phase (vapor-water) systems, pure or containing trace amounts of 
non-condensable substances. DCC is inherently limited by the equilibrium between the latent heat of 
condensation and the sensible heat that the liquid can absorb until it is saturated. The experimental study 
of heat exchange with direct contact of water vapor with the water stream was the subject of the work 
[3]. The authors investigated the process of condensation of a stable steam jet in the flow of water in a 
vertical pipe using a high-speed camera and a mobile thermocouple probe. Condensation characteristics 
were investigated, including streak shape, flux length, temperature distribution, mean heat transfer 
coefficient and mean Nusselt number. The paper [4] presents the effect of non-condensing gas contained 
in a condensing gas on the characteristics of a gas-concentrated water ejector, where the gas is steam, 
water and air, respectively, and liquid and non-condensing gas are the gas. The performance of ejector 
expressed in ejected water flow rate was found to increase firstly with a small amount of non-
condensable gas, and decrease when the non-condensable gas reaches a certain amount. In addition, the 
distributions of multiple local flow parameters including pressure, condensation rate and gas volume 
fraction, velocity and temperature inside the ejector were shown for different non-condensable 
concentration, by which the mechanism for the change of ejector performance under varying non-
condensable concentration was demonstrated. The latter has recently gained a special significance 
because of the rising importance of new efficient energy technologies. Ziółkowski et al. [5] presented 
simulation model of a negative CO2 emission power plant, using gasified sewage sludge as a main fuel, 
with a turbine cooperating with a spray ejector condenser. Simulations performed with three different 
tools (Aspen Plus, Aspen Hysys and Ebsilon) showed similar results of a turbine's gross efficiency and 
output power. The next step of the whole project is connected with experimental verification of selected 
parameters. The presented paper covers a concept for the development of novel negative CO2 emission 
gas power plant cycle with the use of Wet Combustion Chamber and a prototype research installation 
of a Spray-Ejector Condenser to be used to condense water vapour contained in a gas mixture (e.g. with 
CO2) and to generate a pressure rise of the gas mixture. Madejski et al. presented [6,7] the study includes 
a description of the concept, schematics, operating ranges, proposals for acquisition and monitoring of 
operating parameters and basic assumptions for the implementation of the Spray-Ejector Condenser 
installation. In these studies the selected crucial issues and possibilities to carrying out the experimental 
research about DCC in the two-phase ejector condenser system were investigated. The experimental 
activities were focused on the laboratory scale of designed installation (steam and CO2 mass flow rate 
around 10 g/s) taking into account opportunities to investigate condensation process during flow through 
the two-phase ejector. Several studies on test rigs with direct contact condensers have been published 
recently. The first one was built by the Thermochemical Power Group (TPG) at the Polytechnic School 
of the University of Genoa. Authors studied a method of water introduction in a gas turbine circuit 
known as the humid air turbine cycle (HAT). The humidification was provided by a column pressurised 
saturator. The rig's design, mathematical model and experimental results were described [8], [9]. For 
temperature measurement inside the column the K type thermocouples were used. Piezoresistive 
absolute and differential pressure transducers and mechanical water flow meters with reed switches were 
used. The test rig is monitored by a LabView Interface. The acquisition time of 0.1 s was set to catch 
transitional states during the tests. The maximum values of the following variables were set: operating 
pressure of the vessel of 5 bar, gas inlet temperature of 300°C, liquid water inlet temperature of 135°C, 
gas mass flow rate of 10 g/s and liquid water mass flow rate of 10 g/s. An application of the direct 
contact condenser for the enhancement of energy recovery from the low-grade heat sources was studied 
in [10], [11], [12]. The condenser was made as a 70 cm high Perspex column with 4 cm internal diameter. 
Pentane vapour (the dispersed phase) with different initial temperatures was directly contacted with 
water (the continuous phase). For temperature measurements a K-type calibrated thermocouples were 
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connected to the data logger and then were visualised on a PC. During the tests temperatures not 
exceeded 50°C. A rotameter was used for measuring the continuous phase (water) mass flow rate 
pumped from a 160 L storage tank. Kwidzinski [13], [14] presented results of laboratory experiments 
with the low pressure steam–water injector. The device was originally built to study passive safety 
system for pressurized water reactors (PWR). The sheathed K-type thermocouples were used for 
temperature measurements. Piezoelectric transducers with accuracy of 0.1% were applied. Vortex and 
Coriolis flow meters measured steam and water mass flow rates, respectively. There were noticed long-
term fluctuations of inlet steam parameters caused by the control systems of steam generator and 
superheater and not exceeded 3%. The digital acquisition system recorded measured variables after 
averaging over 1 min interval for steady working conditions. Shah et al. [15], [16] investigated a steam 
jet pump using the test rig with a steam boiler with a maximum flow rate of 52 kg/h at a maximum 
operating pressure of 8 bar. Two data acquisition systems were connected to K-type thermocouples and 
pressure transducers and with an external computer. Authors studied impact of geometrical parameters 
on the operation of the device. These experimental studies, however important from the practical point 
of view, as providing necessary base for the test rig design, were not devoted to CO2 as the working gas. 
Such works also have been presented recently with application of spray ejector condensers in the 
recovery of flue gas waste heat and CO2 in microalgae cultivation with power production [17], cryogenic 
removal of CO2 from natural gas [18], non-condensable gases gas removal system [19] or cooling of the 
working fluid [20] in the geothermal power plant. Use of direct contact condensers with CO2 in thermal 
power plants has been presented only in a few works, recently. Amann et al. [21] simulated the energy 
and environmental performances of the natural gas combined cycle (NGCC) power plant with an 
OP2/CO2 cycle and with a CO2 recovery process based on a cryogenic separation of carbon dioxide from 
inert gases. The oxygen required is produced by an air separation unit including a spray-condenser used 
to condensate the gaseous stream in the high pressure part to supply heat to the low pressure part. 
Simulations were performed in AspenPlus. Hussain [22] in AspenHysys simulated the recovery of CO2 
from flue gas based on a single stage membrane process. The flue gas was fed to a direct contact 
condenser where it was cooled down. This increased the amount of water and some trace gases removed 
from the inlet flue gas. As these are simulation studies, the need to develop a test rig to experimentally 
investigate operation of the two-phase direct contact condenser in thermal power plant for CO2 
separation emerged. This study aims to cover this gap. For presented reasons the necessary simulations 
were performed at first. Then, using output values of process parameters, their variability ranges were 
defined as the base for the conceptual design of the test rig.  

The presented project contains a concept for the development of a prototype research installation of 
Spray-Ejector Condensers applicable in the case of the necessity to condense water vapour contained in 
a gas mixture (e.g. with CO2) and to generate a pressure increase of the gas mixture. The presented study 
includes a description of the concept, schematics, operating ranges, proposals for monitoring and control 
of operating parameters and basic assumptions for the implementation of the installation. 

2 General scheme of prototype experimental test-rig installation 

The presented test-rig facility is a prototype test rig for jet-type flow condensers, equipped with the 
required systems: 

 Superheated steam generation system with controllable temperature, pressure, and mass flux of 
steam. 

 CO2 supply system with the possibility of temperature, pressure, and mass flux regulation, together 
with the CO2-steam mixing system. 

 Water supply system to the water jet with the possibility of adjusting temperature, pressure, and 
mass flux of water. 

 Water/steam/CO2 mixture outlet system to the tank for separation and mixture into gas and liquid 
parts along with gas and a liquid outlet. 

 System for special mounting and connection of the jet condenser under test to the test plant. 
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 A control and measurement system to record the necessary measurement signals and to control 
selected parameters of the plant operation. 

A schematic diagram of the test stand with all the systems is shown in Figure 1. The conceptual 
design of the prototype test stand includes assumptions designed to enable the implementation of tests 
on stream condensers, especially the possibility of feeding the condenser with a liquefied medium (water 
vapour/CO2 mixture), feeding the condenser with cooling water, the output of the mixture in the form 
of water/water vapour/CO2 and separation of the gaseous part from the liquid (water) part. Condenser 
testing will be performed by controlling and monitoring selected plant parameters. 

 

Figure 1: Scheme and results of calculations of the basic parameters of the designed prototype 
research installation 

2.1 Spray-Ejector Condenser operation principles 

The layout of the spray-ejector condensers is shown in Figure 2. When a high pressure motive fluid 
enters the nozzle, this result in a decreasing pressure and increasing velocity of the fluid. Next the fluid 
enters in the diffuser which result in a increasing pressure and decreasing velocity of the fluid so due to 
pressure difference vacuum is created in between the nozzle and diffuser. This negative pressure causes 
the suction of a mixture of water vapor and CO2. The mixture then enters the condenser, where the steam 
is condensed. 

 

Figure 2: Schematic of the connection system with the main thermodynamic parameters at the inlets 
and outlet of SEC 
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The spray-ejector condenser system consists of: 

 A connection section for the drive water (with possible adjustment of length and change of inlet 
diameter to the streamer), together with pressure and temperature sensors to enable the connection 
of the streamer. 

 A connection section for a water vapour and CO2 mixture, together with temperature and pressure 
sensors and a stub for attaching a differential pressure sensor (Pitot tube), together with a valve 
enabling mixture pressure regulation at the inlet to the injector, together with temperature and 
pressure sensors. 

 A steam/CO2 mixture inlet section together with a by-pass for directing the mixture to the separator. 

 Water/steam/CO2 connection for the water/steam/CO2 mixture outlet (with possible length 
adjustment), together with pressure and temperature sensors. 

2.2 Water and CO2 separation principles 

In order to effectively separate the mixture at the outlet of the ejector (CO2 + water), Figure 3 shows the 
concept of making the separator. The lower part of the lance should be immersed in water to be cooled 
in a closed circuit. The outlet mixture of the stream (water/steam/CO2) is introduced under increased 
pressure into the water tank, allowing the condensation process to be completed by contacting the steam 
with the cooling water. Water from reservoir 5 will go to overflow 6, where phase separation takes place: 
liquid phase goes to reservoir and outlet 9; gas phase through louver condenser 7 to outlet 10. 

 

Figure 3: The concept of implementation of an integrated condenser with phase separator and water 
cooler. 1 - cooling water inlet, 2 - gas mixture, 3 - jet condenser, 4 - cooling coil, 5 - cooling water 
tank, 6 - cooling water overflow, 7 - mechanical condenser, 8 - external water separator tank, 9 - 

cooling water outlet 10 - CO2 gas outlet 

The system for removing the water/steam/CO2 mixture, which includes the separator, is shown in Figure 
4. This system consists of: 

 Inlet of the vapor/water/CO2 mixture from the test object. 

 A mechanical separator to separate the gaseous part from the liquid part. 

 A tank in which the separator will be immersed, together with the water cooling system. 

 Gas outlet section from the tank with a valve enabling gas pressure regulation in the separator. 

 Liquid outlet section, complete with valve. 

 Pressure and temperature measuring sensors at the outlet of the condenser. 

 Measuring sensors for pressure, temperature and mass flow of gases (CO2) at the outlet of the 
separator. 

 Water temperature measuring sensors inside the tank with a separator (on the water from the cooler). 

 Water outlet section to the water tank feeding the nozzles. 
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Figure 4: Diagram of system (water/vapour/CO2 mixture outlet to the tank for separation and mixture 
into gas and liquid part with gas and liquid outlet) 

3 Basic calculations of designed test rig 

In order to design and select appropriate components for the prototype research installation, calculations 
and simulations of the operation of the entire system were performed. The calculations results allowed 
to indicate the required range of operating parameters for individual systems and components. 

3.1 Input data for designed test rig 

At the stage of designing the stand, the following assumptions were made regarding the nominal 
operating parameters of the tested Spray-Ejector Condenser (Table 1). The operating parameters are the 
result of the first stage of condenser design, which should be examined and tested on the designed stand. 
For this purpose, the system must be equipped with elements that allow adjusting the operating 
parameters in the range presented in Table 2. 

Table 1: Nominal operating parameters of the tested condenser for which the prototype research 
installation is designed 

 Temperature [ºC] Pressure [bar] Flow [kg/s] 
Water inlet 17 12 Resulting 
Gas inlet 150 0.2; 0.9 0.010 
Outlet Resulting 1.10; 1.15 Resulting 

Table 2: The range of operating parameters that the designed research installation should enable for 
the purpose of carrying out experimental tests on an ejector condenser 

 Temperature [ºC] Pressure [bar] Flow [kg/s] 
Water inlet 5-20 2-16 Resulting 
Gas inlet 110-170 0.2-2.0 0.008-0.015 
Outlet Resulting 1-3 Resulting 

3.2 Simulation model of proposed test-rig installation 

The ranges of the installation operating parameters have been selected considering the possibility of 
carrying out tests on condensers in a wide range of operation, not only at the nominal point. The diagram 
(Figure 1) shows the example of calculations results of thermal and flow parameters at all points based 
on the simulation of the station's operation. The calculations were carried out for two states representing 
two selected variants of the condenser operation (gas pressure at the inlet 0.2 bar and 0.9 bar). Table 3 
presents selected results for the two analyzed variants (Variant 1, and Variant 2). 
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Table 3: Values of the basic parameters of the designed installation for the selected two variants of 
ejectors 

 Variant 1 Variant 2 

Water inlet Pressure of the steam / CO2 mixture 
at the inlet to the ejector 

0.9 bar 0.2 bar 

Water vapour stream at the inlet to the water 
jet 

8 g/s 8 g/s 

CO2 mass flow at the inlet to the ejector 2 g/s 2 g/s 

Motive water mass flow at inlet to the ejector 340 g/s 4399 g/s 
Water, steam and CO2 mixture mass flow at 
ejector outlet 

350 g/s 4409 g/s 

Averaged mixture temperature at the ejector 
outlet 

32.2 ºC 18.4 ºC 

Electrical power of steam generator 22.3 kW 22.3 kW 
Electrical power of CO2 heater 0.26 kW 0.26 kW 
Cooling unit power (separator tank + feed 
water tank) 

0.49 kW + 0.877 kW 1.697 kW + 1.09 kW 

4 Measuring techniques and sensors 

There should be defined boundary conditions to select measurement methods and devices properly. In 
the considered system they should be understood as variability range of basic thermodynamic variables, 
i.e. temperatures, pressures and mass flows. Based on the performed simulations there were assumed 
minimum and maximum expected values of these parameters (Table 1 and Table 2) to be taken into 
account in further considerations. 

4.1 Temperature 

The design of the test rig imposed obviously use of the electrical sensors. Hence, there was a choice 
between resistance temperature detectors (RTD) and thermocouples (TC). Both of them have pros and 
cons in certain conditions. Their basic features are discussed in the following sections taking into 
account the physical conditions of the considered test bed, especially that steam and water are 
electrically conductive process fluids.  Two construction variants exist of RTDs [23-27], namely wire-
wound and thin-film sensors (Figure 5). Their length can be from about 2-3 millimetres to several 
centimetres. The sensor's length and the resistive wire's winding determines the measurement's character 
from "spot" to spatial. 

 

Figure 5: Wire wound (left) and thin-film (right) platinum RTDs.  

To protect resistive winding against an impact of external environment (corrosion, mechanical stress, 
etc.), the sensor is placed into an external sheath (Figure 6), usually made of brass, steel or ceramic 
material. 
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Figure 6: Typical RTDs in sheaths. 

Using external sheath significantly impacts the thermal time constant of sensors, which is crucial when 
considering systems with rapidly varying temperatures. To illustrate this issue in Figure 7 there is 
presented time response of various sensors with external sheaths which were immersed into water and 
ice mixture at a temperature of °C and then placed into still air at a temperature of 20°C. The fastest 
sensor (TOP1068) is showed in Figure 6 (right). The second sensor (TOPE3) is showed in Figure 6 on 
the right with (TOPE3-3H13) and without the additional sheath mounted in piping to allow fast 
replacement in case of failures. Hence, its thermal time constant is the lowest among presented cases.  

 

 

Figure 7: Time response of various RTDs. 

In thermocouples, the sensitive part of the sensor is the TC junction. Hence, the measurement of 
temperature in this sensor is, in essence, of local-type. However, sheaths are also used to protect the 
junction from the external environment. To reduce the thermal time constant of the sensor, two different 
construction variants are used (Figure 8), namely with grounded and ungrounded junctions. However, 
the first solution can't be used when several sensors are mounted in electrically conducting materials 
like steel. Then, electrical loops are created and low voltage signal from the thermocouple can be 
disturbed. 

 

Figure 8: Grounded (a) and ungrounded (b) thermocouples. 
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To properly measure the temperature of surrounding liquid or gas, appropriate thermal conditions should 
be created between the sensor and measured substance. Greater surface of the sensor results in higher 
mass and thermal time constant but improves heat transfer with the environment. When comparing these 
two kinds of sensors, their basic features should be taken into account [23]. The most important 
advantages of RTDs are their accuracy and stability. Because of their geometry they are useful in 
measurement of surface temperature. On the other hand, they are more expensive, more fragile, larger 
in size and their thermal response time is longer. Also inevitable self-heating error occurs because of 
Joule's effect due to the flow of the electric current. For example, in [28] for the sensor in a sheath of 11 
mm diameter there are given values of T0.9 in well mixed water for RTD, TC (isolated) and TC 
(grounded) of 120 s, 90 s and 15 s, respectively. Thermocouples are relatively inexpensive, small, 
reasonably stable and fast. Thermoelectric force is also independent of wire length and diameter. They 
are useful in measurement of local temperature (point). But they are sensitive to electrical noise, bare 
thermocouples cannot be used in conductive fluids and dependence of the thermoelectric force on the 
temperature is nonlinear. In the considered test bed well developed flows are supposed to occur in CO2, 
water and steam piping. Hence, preferably RTDs can be used in these points. But when more local-
directed measurements are needed, for example to assess temperature distribution in the pipeline cross-
section, then TCs are preferable. These tips are in line with the conclusions presented in the introduction. 

4.2 Pressure 

The considered test stand selection of the pressure sensors is based not only on the expected pressure 
values in measurement points but also on the maximum temperature of the working fluid. Piezoelectric 
transducers are commonly used among various electric pressure transducers due to their accuracy, 
stability, linearity and favourable price. In order to reduce temperature errors, the sensitive elements 
should be protected against the action of high-temperature fluid. Typical working temperatures of 
piezoelectric transducers vary between 80°C and 125°C. However, in the designed test bed temperature 
of process fluids may reach 160-170°C.  Hence additional protection should be used. Usually two 
solutions are used. A non-insulated siphon tube directly in front of the pressure gauge, in which 
condensate or chilled water accumulates, protects the elastic element against high fluid temperature. Its 
length depends on the pressure sensor's working fluid temperature and maximum working temperature. 
It can be applied for process temperatures up to several hundred Celsius degrees. For the temperatures 
of 200-300° cooling elements with special fins are used. Among various solutions, the S-20 pressure 
transmitter was recommended for general industrial applications manufactured by WIKA. An additional 
cooling element with 5 fins (Figure 9) can be used to process medium temperatures up to 200°C. In 
points where process temperature is below 125°C it can be used without any additional protecting 
elements. 

 

 

Figure 9: Cooling element with 5 fins [29]. 

4.3 Mass flow rate 

Mass flow rate measurement is technically difficult and complex issue. However, there exist a number 
of methods used in this category of measurement. Based on the literature review, a short summary of 
the most popular and commercially available measurement techniques can be successfully applied here 
[30]. The differential pressure flowmeters (orifice plate, Venturi tube, and nozzle) are simple and 
reliable when manufactured and installed following relevant standards. Their main disadvantage is 
pressure drop and their sensitivity to installation conditions. The turbine flow meters perform best when 
measuring clean, conditioned, steady flows of gases and liquids with low kinematic viscosities. Typical 
accuracy is of 0.25%.  The electromagnetic flow meters can be used only for conductive liquids.  Hence, 
they are not suitable for gas flow. Typical accuracy can be of 0.5% to 1%. Impurities of liquids and the 
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contact resistances of the electrodes can worsen accuracy to the value of 5%. Ultrasonic flowmeters can 
be applied in nearly any kind of flowing liquid providing no obstruction to flow. Two types are in use: 
Doppler and transit time. They are sensitive to entrained gas bubbles reflecting the ultrasonic beam. 
Also solid particles scatter the ultrasonic wave. The main advantage of a vortex flow meter is 
independence of measured volumetric flow on the fluid density, simple construction, lack of moving 
parts and good operation with liquids and gases, but it creates pressure drop comparable to orifice plate 
or turbine meters. Typically it has 1% accuracy. Coriolis flow meters directly measure the mass flow of 
fluids of different densities and viscosities. They can also measure the mass flow of two-phase mixtures, 
liquid-liquid (such as emulsions) and liquid-solid. The operation of thermal flow meters is based on the 
principle that the rate of heat absorbed by a flowing fluid is directly proportional to the mass flow rate. 
These meters are theoretically applicable to measuring liquid flows. But, in practice, they are used 
mostly in gas flows measurements, but particulates and condensates should be avoided. Typical 
accuracy is of 2%. For further consideration there were selected the following most important points 
and measurement devices: 

 CO2 at the inlet to the ejector: thermal flow meter (mass flow rate), 

 steam at the outlet of the steam generator: vortex flow meter (mass flow rate), 

 steam and CO2 mixture at the inlet to the ejector: vortex flow meter (mass flow rate). 

 motive water mass flow at inlet to the ejector: electromagnetic flow meter (volume flow rate). 

4.4 CO2 content 

Measurement of CO2 content is technically a demanding issue due to the physical and chemical 
properties of this gas. There exist several methods currently in use in technical applications, and several 
CO2 sensors that possibly would be applicable in the designed test rig [30]. There are as follows: 

 Potentiometric sensors – Severinghaus, 

 Potentiometric sensors – Solid electrolyte sensors, 

 Non-dispersive infrared (NDIR) CO2 sensors. 

The main disadvantage of potentiometric sensor is necessity to calibrate them before measurements. 
The calibration of electrochemical CO2 sensors is difficult if measurements under field conditions and 
in solutions of unknown and changing composition must be carried out. Their typical response time T0.9 
is between 30 s and 120 s, measuring temperature is up to 50°C. Solid electrolyte sensors are, in 
principle, similar to the abovementioned. For physical reasons operational temperature is typically 
within the 200-750°C range. In case of semiconductors – from -10 to 100°C. Additional power is 
required to heat up the sensor when working in low temperatures. Output electrical signal depends on 
gas concentration, response time is typically below 1 s and they don't require calibration, but can be 
used only in gas applications. Non-dispersive infrared (NDIR) sensors use the concentration-dependent 
absorption of electromagnetic radiation in the IR range. Their typical response time is between 5-30 s 
and typical operating temperature: 0-50°C. Modern solutions have in-build converters have self-
calibration functions. Measurement of CO2 dissolved in water is technically troublesome, because 
requires longer time and stable conditions. Concentration of gaseous CO2 can be estimated using 
commercially available NDIR sensors.  

4.5 Data acquisition system 

Data acquisition system – a device with simultaneous sampling of measured inputs is recommended. 
That device should have number of analogue inputs equal to the number of measurement sensors. 
Typical output signals from sensors are recommended, both in voltage (0–10 V) or in current (4–20 mA) 
standards. The latter is safer from a practical perspective because zero current means failure occurred in 
the circuit. In case of no voltage this state can be interpreted as zero value of the measured quantity or 
as a fault in the system. Flow meters are usually equipped with current (4-20 mA) and pulse/frequency 
outputs proportional to value of measured quantity. Considerations presented in introductory section 
indicate that the possible solution should allow data recording with time stamp from about 0.1–1 seconds 
to about 10 minutes.  
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5 Conclusions 

The paper presents conceptual design of an experimental facility for mixing jet-type flow condensers 
and Spray-Ejector Condensers investigations, together with the idea of water-CO2 separation. The 
design process was supported by the simulation results of the test rig operation. For this purpose, the 
simulation model was built, and variability ranges of input parameters were tested. Results of simulation 
for two different basic designs of Spray-Ejector Condensers (Variant 1, Variant 2) allowed determine 
pressure, temperature and mass flow ranges in the most important points of the whole circuit. Test rig 
operation was designed for the boundary conditions of inlet water (17°C; 12 bar; 340/4399 g/s) and 
steam/CO2 mixture (150 °C; 0.2/0.9 bar; 10 g/s) to the Spray-Ejector Condenser. Nominal conditions of 
main components needed for the building of the test rig experimental installation were selected. Based 
on them, the most appropriate measurement techniques dedicated to temperature, pressure, mass flow 
and CO2 concentration were discussed and recommended in terms of the design assumptions. Finally, 
the data acquisition system was proposed.  
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Abstract 

In the last decade vertical axis wind turbines (VAWTs) have gained increased interest among researchers 
worldwide. This paper aims to present structural topology optimization of the H-Rotor wind turbines 
blade combined with one-way Fluid Structure Interaction (FSI) approach. The developed methodology 
couples the set of Unsteady Reynolds Averaged Navier-Stokes Equations (URANS) with the steady 
linear elasticity equations and density based topology optimization method to reduce the mass of the 
blades with respect to maximum stress and deformation limits. The obtained results provide detailed 
information on the unsteady flow fields around the operating wind turbine as well as optimized topology 
of blade interior without affecting the external aerodynamic profile. The load of pressure profile from 
CFD simulation was implemented at the point of rotation at which force values observed at blade surface 
were the highest. The centrifugal force was considered in the structural model. Computations were 
carried out for the wind speed equal to 30 m/s and the tip speed ratio equal to 4. The parameters were to 
represent the extreme operating conditions. The simulations were performed using the commercial 
ANSYS software. The obtained results showed that the mass of blade, made of the same material, can 
be easily reduced by around 60% with the reduction of the observed stress values and deformations. 

1 Introduction 

The dynamics of climate change and complicated geopolitical situation leads private and business 
consumers to major reconsideration of energy sources. The potential of small scale wind turbines, which 
can be used in the near area of households is huge, despite the fact that trends in wind turbine industry 
are heading to large scale onshore and offshore turbines. Especially, the vertical axis wind turbines are 
considered as promising way in research worldwide because of many undeniable advantages over 
horizontal axis wind turbines, such as lower noise emission, higher cut off wind speed, lower minimal 
operational wind speed, extremely low susceptibility on the turbulence level of the wind, 
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omnidirectionality and more compact construction. In an off-grid system a small scale wind turbine  can 
be an excellent complement to a photovoltaic installation and can ensure more stable electricity 
production throughout a day and year resulting in lower demand for energy storage. However, the 
VAWT constructions also have drawbacks when compared to HAWTs, mainly the lower efficiency and 
issues arising to material strength and construction mass. To make VAWTs the next generation of wind 
turbines competitive to modern HAWTs, every aspect of VAWTs construction should be verified and 
optimized. 

This paper scope is structural topology optimization of the H-Rotor wind turbines blade combined with 
one-way Fluid Structure Interaction (FSI) approach. The developed methodology couples the set of 
Unsteady Reynolds Averaged Navier-Stokes Equations (URANS) with the steady linear elasticity 
equations and density based topology optimization method to reduce the mass of the blades with respect 
to maximum stress and deformation limits. 

In the last decade, researchers have made significant progress in the implementation of structural 
topology optimization. Picelli et al. [1] showed the innovative bi-directional evolutionary structural 
optimization method (BESO) of structural optimization with CFD source of boundary conditions in 
steady state simulation. Li et al. [2] carried out the benchmark of many practical examples of FSI 
simulations involving the three-dimensional level-set  topology optimization. Zhu et al.[3] presented the 
complex optimization process of internal structural support of  a single marine turbine blade with FSI 
calculated loads. Guan et al. [4] also presented similar approach in multi-objective structural 
optimization of a working marine propeller.  

2 CFD and FEM numerical models 

The workflow of  structural optimization starts with the unsteady CFD simulation of H-Rotor VAWT 
and importing the pressure profile from one of the rotors blade as the initial boundary condition to Finite 
Element Method (FEM) simulation and further density-based structural optimization. Simulations were 
carried out in commercial software ANSYS Fluent and ANSYS Mechanical. 

2.1 Turbine rotor geometry 

The basic turbine rotor blade is based on a 287mm chord length NACA 0018 airfoil profile. The rotor 
is 1800 mm high and 2000 mm in diameter. For the FEM simulation the mounting profiles were 
implemented as can be seen in Fig. 1. One of the blades, which is highlighted in orange in Fig. 1, was 
designated to observe the force and pressure values during calculation and the further export of pressure 
profile.  

 

Figure 1: Geometry of basic rotors for FEM and CFD analysis. 
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2.2 Computational domains and numerical grids 

To avoid the influence of boundary conditions on operating turbine the size of stationary domain was 
set up based on T. Krysiński research on the methodology of mathematical modelling of Savonius type 
VAWT [5]. The size of domain relative to the turbine rotor size is 10D out of   20D  of total height, 20D 
out of  40D of total width and 20D length before the turbine and 40D behind. Where D is rotor diameter. 
Stationary computational domain is shown in Fig. 2.  

 

 

Figure 2: CFD computational domain and boundary conditions. 

The CFD computational mesh was generated with hybrid polyhedral and hexahedral mesh elements. 
The element types was chosen in order to achieve high quality mesh. The CFD mesh was established 
with approximately 28000000 elements and the value of minimal orthogonal quality was equal to 0.32. 
In Figure 3 the mesh around the turbine blade is presented. 

 

 

Figure 3: Detail of CFD numerical mesh. 

The FEM computational mesh was generated with hexahedral mesh elements. The chosen element types 
were a compromise between reasonable size of numerical mesh and its quality. The FEM mesh was 
established with approximately 2700000 nodes with minimal element quality value of 0.24. In Figure 4 
the detail of FEM mesh in contact area can be seen. The geometry of aluminum mountings and 
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composite blade were decomposed to archive the highest possible mesh quality and the frictionless 
contacts were prescribed between the mountings and the blade.  

 

Figure 4: Detail of FEM numerical mesh. 

3 Mathematical model 

3.1 Computational Fluid Dynamics 

Air in mathematical model is treated as incompressible gas. The flow is transient, isothermal  and 
turbulent. Radiation was neglected. The model uses Unsteady Reynolds Average Navier-Stokes 
(URANS) set of equations. The k-ω SST turbulence model and sliding mesh method, were implemented. 

The mass conservation equation can be written as [1]: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝒖 = 0 (1) 

where  ρ stands for the fluid density, u is the velocity vector and  t represents time. 

The momentum conservation equation [2]: 

𝜕(𝜌𝒖)

𝜕𝑡
+ ∇ ∙ (𝜌𝒖𝒖) = −∇𝑝 + ∇ ∙ 𝑻 + 𝜌𝒈 + ∇ ∙ 𝝉𝑹 (2) 

p is the static pressure, 𝜌𝒈 and T represent the gravitational body force and stress tensor. 𝝉𝑹 stands for 
Reynolds stress tensor.  

 

Energy conservation equation: 

𝜕(𝜌𝐸)

𝜕𝑡
+ ∇ ∙ 𝒖(𝜌𝐸 + 𝑝) = ∇ ∙ 𝑘 ∇T  (3) 

where E is the total energy,  keff  represents the effective conductivity which is the sum of thermal 
conductivity and turbulent  thermal conductivity. 

To simulate turbulent flow the two equation k-ω SST model was used. The k-ω SST model is 
a  combination of  k – ω and k –   turbulence models, hence it combines the best features of both models. 
It is able to predict freestream flows as well as flows in viscous near wall regions with reasonable 
accuracy.  
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3.2 Structural Analysis 

The governing equation of a linear, isotropic elastic solid is written as below: 

𝜌
𝑆

𝜕2vS

𝜕𝑡2
= ∇ ∙ 𝝈𝑺 + fS (4) 

Where ρs is the solid density, fs stands for body forces acting on the solid,  vs refers to the displacement 
field in the solid and  σs  is the stress tensor dependent on the local strain field as follows: 

𝜎 , = 𝜆∇ ∙ vSδ + 𝐺
𝜕v

𝜕x
+

𝜕v

𝜕x
 (5) 

Where λ and G are Lame’s constants (G is also called modulus of elasticity in shear).  Commonly, these 
constants are written in terms of Young’s modulus E of material and Poisson’s ratio ν. 

𝜆 =
𝐸𝜈

(1 + 𝜈)(1 − 2𝜈)
 (6) 

𝐺 =
𝐸

2(1 + 𝜈)
 (7) 

For the considered problem, the equation of motion of a turbine rotor is written in the rotating reference 
frame, therefore additional terms related to inertial body forces need to be considered.  Hence the second 
term on the right hand side of equation (4) writes: 

𝒇𝒔 = −𝜚 2𝝎 ×
𝜕𝒗𝒔

𝜕𝑡
+ 𝝎 × 𝝎 × 𝐫  (8) 

Where ω is the vector of angular velocity of solid with respect to global inertial reference frame, ∂vs/∂t 
refers to the rate of deformation of solid in the rotating reference  frame  and r stands  for  position  
vector  in  the  rotating  reference frame. 

3.3 Topology optimization 

The Density Based Topology Optimization method was chosen due to its good performance and 
accuracy. Density based solver is based on Sequential Convex Programming method (SCP), which 
requires the derivatives of all functions present in the topology optimization problem. SCP extends the 
method of moving asymptotes (MMA) to ensure convergence by rejecting steps that do not lead to an 
optimal solution of the underlying problem. The test for acceptance is done by a merit function and a 
corresponding line search procedure. The goal of the merit function is to measure the progress and 
enable the objective function and the constraints to be combined in a suitable way. MMA is a nonlinear 
programming algorithm that approximates a solution for a Topology Optimization problem by solving 
a sequence of convex and separable subproblems. The algorithm allows to set a simple compliance 
objective that uses a volume, stress or displacement constraints.  

4 Boundary conditions and solver settings 

4.1 CFD solver settings 

Boundary conditions in CFD simulation in ANSYS Fluent were established based on the value of the  
performance coefficient characterizing wind turbine operation, namely the Tip Speed Ratio (TSR). It 
was set up to 4 and the wind velocity 30 m/s, which corresponds to extreme operating conditions for a 
typical VAWT, the resulting rotational velocity of rotor was set to 90 rad/s. The constant wind velocity 
normal to the domain inlet was prescribed, as presented in the Fig. 2. The pressure outlet boundary 
condition was set in the opposite side of the computational domain. The top, bottom and side boundaries 
was set up as symmetry type boundary conditions. Between stationary domain and rotational domain 
the periodic type of sliding mesh interface was established.  
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The pressure based solver was used because of the low velocities and uncompressible characteristics of 
the flow. Due to usage of the triangular prism and tetrahedron types mesh the PRESTO (Pressure 
Staggered Grid) method for pressure field discretization  was used. The pressure-velocity coupling was 
handled with the Coupled algorithm. The length of the time step was set up to 0.0001939254724438 s, 
which is an equivalent of one degree of rotor rotation.  

4.2 FEM solver settings 

The FEM model was constrained with Fixed Support (A in Fig. 6) at the ends of the mounting profiles 
and the centrifugal force (B in Fig. 6) was set for all of bodies. The pressure profile from CFD solver 
was implemented on the outer surface of the blade (D in Fig. 6) and the gravity force was not neglected.  

 

Figure 5: Boundary Conditions in FEM model. 

The mounting profiles were determined to be made of aluminium and the blade was treated as made of 
polypropylene with 30% of glass fiber addition (PPGF30). This kind of homopolymer is popular 
filament that can be easily used in 3D printer and also provides good mechanical properties and UV 
resistance. Thus, at a later work stage it can be easily produced for a validation model.  

The material properties of aluminium alloy and PPGF30 are presented in Table 1. 

Table 1: Material properties of used materials 

Parameter Aluminium PPGF30 Unit 

Young’s Modulus 71000 6201 MPa 

Density 2770 1125 Kg/m3 

Poisson’s Ratio 0.33 0.36 - 

Tensile Yield Strength 280 69.8 MPa 

Tensile Ultimate Strength 310 80.76 MPa 
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4.3 Density-based optimization method settings 

The entire inner volume of blade was the object of topological optimization, except for the mounting 
elements and the outer surface of blade which were set up to not be involved in topology optimization 
to avoid affecting aerodynamic performance of the rotor. The objective of optimization was to minimize 
the mass of the blade and the response constraint was defined to not exceed the 450 MPa value of global 
von-Mises Stress. 

5 Results 

5.1 CFD results 

The CFD simulation achieved quasi-steady state after ten revolutions and the charts presented in Figures 
6 and 7 shows the values of torque and forces for the eleventh revolution. The highest values of forces 
were observed in the 270th degree of rotation and it was marked with a red line on the charts. The 
pressure profile from the moment of highest observed forces was exported as a boundary condition to 
structural solver. 

 
Figure 6: Profiles of instantaneous force acting on the turbine blade as a function of the rotor angle 

for the last revolution 

 
Figure 7: Instantaneous torque produced by the turbine as a function of the rotor angle for the last 

revolution 
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The location dependent pressure profile representing rotor position at 270 ° was exported to FEM solver 
and can be seen in Fig. 8. The coordinates of basic FEM model geometry were exactly the same as in 
the CFD model at the position of interest. 

 
 

Figure 8: Contours of exported pressure profile on the blade 

5.2 FEM and optimization results 

The results of preliminary FEM simulation showed  large deformation in the area of blade tips, as can 
be seen in Fig. 10. The maximum values were around 113mm, which was a relatively significant value 
in the perspective of the rotor overall size. The maximal value of Von-Mises Stress observed in the 
model was about 1.1 GPa, which was unacceptable from the point of view of the usability of chosen 
material.  

After 16 iterations of Density-based optimalization solver a converged solution was obtained. The 
weight of the final geometry has been reduced from 20.373 kg to 7.7953 kg which is equal to  38% of 
the basic blade.  The results of maximal value of von-Misess stress has been reduced by around 30 times, 
from 1112 MPa to 38 MPa and maximal deformations from 113 mm to 37.7 mm, as can be seen in Fig. 
10. The final topology is presented in Fig. 9. For better visualization, the left side of the figure shows 
the volume removed and the right side shows the volume retained. 

 

928



 

Figure 9: Removed (left) and retained (right) geometry after topology optimization 

 

 

Figure 10: Contours of deformation value and the 1:1 scale deformation compared to the shadow of 
undeformed geometry for basic (left) and optimized (right) blade topology 
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6 Conclusion 

The topology optimisation coupled with the pressure load exported from CFD simulation allowed to 
reduce the rotor weight by over 62% and revealed how the rotor blade should be designed to avoid 
excessive deformation and stresses. Especially, the hallow blade volume over and beneath the mounting 
elements shows that the mass reduction leads to a reduction of the deformation of blade tips that occur 
due to centrifugal force. The developed methodology can be crucial at the design phase of VAWT 
blades, so that manufacturing costs can be reduces while the robustness of the entire rotor is improved. 

Nomenclature 

D diameter, m 
p pressure, Pa 
t  time, s 
u  velocity, m/s 
w  wind velocity, m/s 
TSR  Tip Speed Ratio, - 
Cp Power Coefficient, - 
Ct  Torque Coefficient, - 
Tavg Average Torque, Nm 

Greek symbols 

 λ tip speed ratio 
ρ density, kg/m3 
μ  dynamic viscosity coefficient, Pa 
ν kinematic viscosity coefficient, kg/(s∙m) 
ω radial velocity, rad/s 

Acronyms 

HAWT Horizontal Axis Wind Turbine 
VAWT Vertical Axis Wind Turbine 
TSR Tip Speed Ratio 
SST Shear Stress Transport 
PRESTO Pressure Staggered Grid 
FSI Fluid Structure Interaction 
FEM  Finite Element Method 
SCP Sequential Convex Programming method  
MMA Method of Moving Asymptotes  
PPGF30 Polypropylene 30% Glass Fiber  
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Abstract 

The paper presents methodology of 3D optimization of a shape of the blades of H-Rotor type wind 
turbine. The original unsteady proper orthogonal decomposition (POD) approach was  together with the 
radial basis function (RBF) approximation to build an reduced order model (ROM) of operating wind 
turbine.  The developed ROM was further applied for optimisation of the rotor shape. The reduced order 
model was built based on the full-scale transient three-dimensional computational fluid dynamics (CFD) 
models of working wind turbine. The definition of rotors topology was based on the results of structural 
analysis of deformation due to centrifugal force. The developed ROM was verified against the full-scale 
three-dimansional unsteady CFD results and its high accuracy has been indicated. The developed ROM 
methodology allowed us to decrease computational time of vertical axis wind turbines by a few orders 
of magnitude. Hence, it allowed us to carry out effectively the 3D shape optimization of the wind turbine 
blades. 

1 Introduction 

The complicated geopolitical situation and dynamics of climate changes lead people all over the world 
to major reconsideration of energy sources. The potential of small scale wind turbines, which can be 
used in the near area of households is huge. Especially, the vertical axis wind turbines are considered as 
promising way in research worldwide because of many undeniable advantages over horizontal axis wind 
turbines, such as lower noise emission, higher cut off wind speed, lower minimal operational wind 
speed, extremely low susceptibility on the turbulence level of the wind, omnidirectionality and compact 
construction. In an off-grid system a small scale wind turbine  can be an excellent complement to a 
photovoltaic installation and can ensure more stable electricity production throughout a day and year 
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resulting in lower demand for energy storage. However, the VAWT constructions have also drawbacks 
when compared to HAWTs, mainly the lower efficiency and issues arising to material strength and 
construction mass. To make VAWTs the next generation of wind turbines competitive to modern 
HAWTs, aspect wide range of elements of VAWTs construction should be verified and optimized. 

This paper scope is 3D aerodynamic optimization of shape of the deformed blades of H-Rotor VAWT. 
Analysed blade deformation in the centrifugal direction with respect to the turbine rotation axis, reflects 
structural bending due to centrifugal force. The reduced order model was built based on the full-scale 
transient 3D CFD models of working wind turbine. Original unsteady proper orthogonal decomposition 
(POD) approach was employed together with the radial basis function (RBF) to build the ROM of the 
operating wind turbine that was further applied to optimize blades shape. The developed low-order 
model was verified against the full-scale unsteady CFD results which has shown high accuracy of the 
developed ROM approach. The developed methodology allowed to decrease a few orders of magnitude 
the computational time for simulation of vertical axis wind turbines and helped to carry out effectively 
shape optimisation. 

2 CFD numerical model 

2.1 Turbine rotor geometry 

The basic turbine rotor is based on a 50 mm chord length NACA 0018 air foil profile. The basic rotor is 
0.5 m high and 0.5 m in diameter. The air foil profile and  basic geometry can be seen in Figure 1. In 
the further considerations the straight bladed rotor is described as the reference model. 

 

 

 

Figure 1: Geometry of basic rotor for CFD analysis. 

To define the deformed blades geometry, each blade was fixed at the half its height on the inside, which 
is the representation of a single mount between the shaft and the blades. The three bended types of blades 
with offset from bladed axis of 10, 30 and 50 mm can be seen in Fig. 2. 
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Figure 2: Geometry of bended rotors for CFD analysis. 

The one of crucial parameters  that influences performance of different kinds of wind turbine rotors is a 
swept area of rotor. Obviously, bending the blades off axis leads to increase of swept area values and so 
on the power coefficient values. Swept area values of each rotor with comparison to the reference model 
are shown in Table 1. 

Table 1: Swept area of each rotor type 

Offset Area, m2 Percent of 
reference area, % 

0 mm - Reference  0.2294 - 
10 mm  0.2383 103.9 
30 mm  0.2540 110.7 
50 para 0.2671 116.5 

2.2 Computational domains and numerical grids 

To avoid the influence of boundary conditions on operating turbine the size of stationary domain was 
set up based on the guidelines for three-dimensional computation of VAWTs presented by Krysiński 
[1]. The size of domain with respect of turbine rotor axes  is 10D out of   20 D  of total height, 20D out 
of  40 D of total width and 20 D length before the turbine and 40D behind. Stationary computational 
domain is shown in Fig. 3.  

 

 

Figure 3: CFD computational domain and boundary conditions. 
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The CFD computational meshes were generated with hybrid polyhedral and hexahedral mesh elements. 
The three-dimensional numerical mesh having around 21000000 elements was built. The mesh os 
characterized by very good quality the values of minimal orthogonal quality were in range of 0.27 to 
0.32. In Figure 4 the detail of CFD mesh in the vicinity of blade surface is presented. 
 

 

Figure 4: Detail of CFD numerical mesh. 

3 Mathematical model 

3.1 Computational Fluid Dynamics 

Air in mathematical model is treated as incompressible gas. The flow is transient, isothermal  and 
turbulent. The mathematical model uses the Unsteady Reynolds Average Navier-Stokes (URANS) set 
of equations. The k-ω SST turbulence model and dynamic mesh with smoothing method, were 
implemented. 

The mass conservation equation can be written as [1]: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝒖 = 0 (1) 

where  ρ stands for the fluid density, u is the velocity vector and  t represents time. 

The momentum conservation equation [2]: 

𝜕

𝜕𝑡
𝜌 + ∇ ∙ (𝜌𝒖𝒖) = −∇𝑝 + ∇ ∙ 𝑻 + 𝜌𝒈 + ∇ ∙ 𝝉𝑹 (2) 

p is the static pressure, 𝜌𝒈 and T represent the gravitational body force and stress tensor. 𝝉𝑹 stands for 
Reynolds stress tensor.  

To simulate turbulent flow the two equation k-ω SST model was used. The k-ω SST model is 
a  combination of  k – ω and k –   turbulence models, hence it combines the best features of both models. 
It is good in freestream calculation like k –  model  and also in predicting of flow in viscous near wall 
regions like k-ω model.  

The transport equations used in k-ω SST are written as below: 

𝜕

𝜕𝑡
(ρ𝑘) +

𝜕

𝜕𝑥
(ρ𝑘ui) =

𝜕

𝜕𝑥
μ +

𝜇

𝜎

𝜕𝑘

𝜕𝑘
+ 𝑃 ± 𝑌  (4) 

 

936



𝜕

𝜕𝑡
(𝜌ω) +

𝜕

𝜕𝑥
(𝜌ωui) =

𝜕

𝜕𝑥
𝜇 +

𝜇

𝜎

𝜕ω

𝜕𝑥
+ 𝑃 − 𝑌 + 𝐷  (5) 

where PK and Pω  defines production of turbulent kinetic energy and specific dissipation rate. YK and Yω 

stands for dissipation rates of k and ω  respectively. Dω is  additional cross-diffusion term defined as: 

𝐷  = 2(1 − 𝐹 )
𝜌

ω𝜎 ,
 

𝜕𝑘

𝜕𝑥
 
𝜕ω

𝜕𝑥
 (6) 

Where σ ,   is a model constant  and F1 is a blending function computed as: 

𝐹 = 𝑡𝑎𝑛 ℎ(𝑎𝑟𝑔 ) (7) 

𝑎𝑟𝑔 = min max
√𝑘

0.09ωy
,

500𝜇

𝜌𝑦 𝜔
,

4𝜌𝑘

𝜎 , 𝐷 𝑦
 (8) 

y is the distance to nearest surface and 𝐷  is a positive portion a cross-diffusion term which is defined 
as below: 

𝐷 = max 2
𝜌

ω𝜎 ,
 

𝜕𝑘

𝜕𝑥
 
𝜕ω

𝜕𝑥
, 10  (9) 

Turbulent viscosity µt is computed as: 

μ =
ρ𝑘

ω
 

1

max
1

𝛼∗ ,
𝑆𝐹
𝑎 𝜔

 (10) 

where α* is a damping coefficient which is calculates as in k – ω model, S is magnitude of strain rate. 
The function F2 is calculated as above: 

𝐹 = 𝑡𝑎𝑛 h(𝑎𝑟𝑔 ) (11) 

𝑎𝑟𝑔 = max 2
√𝑘

0.09ω𝑦
 ,

500𝜇

ρ𝑦 ω
 (12) 

Turbulent Prandtl numbers from transport equations are computed due to: 

𝜎 =
1

𝐹
𝜎 ,

+
(1 − 𝐹 )

𝜎 ,

 
(13) 

𝜎 =
1

𝐹
𝜎 ,

+
(1 − 𝐹 )

𝜎 ,

 
(14) 

Turbulence kinetic energy k is calculated in the same way as in standard k – ω model. The main 
difference is in the term Pω in transport equations, which is calculated by: 

𝑃 =
𝛼𝛼∗

𝑣
 𝑃  (15) 

in k – ω SST model the α∞ is not a constant as in standard k – ω model and it is calculated: 

𝛼 = 𝐹 𝛼 , + (1 + 𝐹 )𝛼 ,  (16) 

where: 

𝛼 , =
β ,

𝛽∗ −
𝑘

𝜎 , 𝛽∗
 (17) 
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𝛼 , =
𝛽 ,

𝛽∗ −
𝑘

𝜎 , 𝛽∗
 (18) 

The variable of βi is blended with F1 function as below 

𝛽 = 𝐹 𝛽 , + (1 − 𝐹 )𝛽 ,  (19) 

Yk defines the dissipation of turbulence kinetic energy which is calculated as below: 

𝑌 =  𝜌𝛽∗𝑘ω (20) 

Constants represents the default values: 

σk,1=1.176, σk,2=1.0, σ ω,1=2.0, σ ω,2=1.168 (21) 

a1=0.31, βi,1=0.075, βi,2=0.0828, k=0.41 (22) 

3.2 Reduce Order Modelling 

The CFD model as described in the previous section is very attractive and can be highly accurate. 
However, it is difficult to use this model for optimisation purposes because in case of time-dependent 
and three-dimensional simulation of the VAWT, the computational time can vary from few days up to 
a couple of weeks. Therefore, model order reduction techniques was used to developed low-cost model 
offering acceptable accuracy and considerably lower computational time. The Proper Order 
Decomposition  (POD) technique together with Sirovich images techniques was used to build this low-
order model. In this methodology an accurate mathematical model (e.g. CFD model) is used to generate 
a series of solutions which are called images for different values of input data, it might be different value 
of physical properties, boundary conditions or geometry as well. In the work an input data for POD 
analysis was a vector describing parametrisation of the shape of wind turbine blade. While, the single 
image was set of data representing computational result.  

Carrying out a number of computations for different input data allowed us to build a matrix of images. 
In this matrix, subsequent columns represent results of computations for different input data. After the 
image matrix was built, it was further decomposed using Singular Value Decomposition technique into 
the matrix of left singular vectors U, the matrix of singular values  and the matrix of right singular 
vectors V: 

𝐘 = 𝐔∑𝑽𝒕 = 𝑼𝑨 (23) 

The matrix of left singular vectors represents vectors spanning the solution space which depends on the 
independent variables (space and time), the right singular matrix represents vectors spanning input 
space, i.e. the space of input parameters. The singular values measure the amount of information that is 
carried by every singular vector (mode). Hence, the SVD in this context can be treated as a kind of 
variable separation which allows decoupling the input and output spaces and influence of a single vector 
from those spaces are weighted by singular values. Moreover, the singular values for subsequent modes 
decrease rapidly. Therefore some number of modes can be truncated without loss of accuracy of the 
representation.  

Finally, it was assumed that the product of the matrix of singular values and the matrix of right singular 
vectors, forms a so-called matrix of amplitudes, which elements depends only on the input parameters:  

𝐘 ≅ 𝒀 = 𝐔∑𝑽
𝒕

= 𝑼(𝒙, 𝒕)𝑨(𝑲) (24) 

Therefore this matrix was approximated by use of some arbitrary base functions of the input 
parameters K: 

∑ 𝑽
𝑻

= 𝑼𝑻𝒀 = 𝑨 (𝑲) = 𝑩𝚪(𝑲) (25) 

In this work the Radial Basis Functions approximating base functions were used, because they are very 
robust and can be easily applied to approximate scattered data. Development of the reduced order model 
requaried carrying just 12 off-line computationos of full scale model which sampled space describing 
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influence of operation point and geometrical parameters on the turbine operation. Computation of a 
single full scale model took around 2 weeks on the high performance compute cluster. 

4 Boundary conditions and solver settings 

4.1 CFD solver settings 

Boundary conditions in CFD simulation in ANSYS Fluent were established assuming value of the Tip 
Speed Ratio (TSR) which is a coefficient characterising performance of wind turbine. For the ROM 
learning stage, values equal to 1.5, 3 and 4 were set up. Wind velocity was equal to 15 m/s for every 
case and the resulting rotational velocity value was set up due to each TSR value. The constant wind 
velocity was prescribed normal to the inlet boundary, as presented in the Fig. 3,. The pressure outlet 
boundary condition was set in the opposite side of the computational domain and the top, bottom and 
side boundaries was set up as symmetry type boundary condition. Between stationary domain and 
rotational domain the periodic type of sliding mesh interface was prescribed.  

The pressure based solver was applied to solve set of governing differential equations, because oflow 
air velocity and incompressible characteristics of the flow. Due to usage of the triangular prism and 
tetrahedron types mesh, the PRESTO (Pressure Staggered Grid) method was applied for pressure field 
discretization. The pressure-velocity coupling was handled with the Coupled algorithm. The d time steps 
size was set up as an equivalent to one degree of rotor rotation for each case, due to the rotational 
velocity. 

5 Optimisation results 

 

The power coefficient Cp was considered in this work as a measure of the turbine performance. The 
power coefficient is defined as: 

𝐶 = 𝐶 ∙ TSR (30) 

where TSR is a Tip Speed Ratio and Ct is a Coefficient of Torque which are defined as below: 

𝜆 =
𝜔𝐷

2𝑤
 (31) 

𝐶 =
𝑇

𝑇
=

4𝑇

𝐴𝜌𝐷𝑤
 (32) 

where Tavg stands for an average turbine torque over one full rotor revolution and w∞ is the wind velocity 
set up as a boundary condition. ρ is the wind density, D is a rotor diameter and A refers to the rotor swept 
area.  

The results from CFD calculations for all rotor shapes and three TSR values are collected in Table 2. 
The values of Tavg shows the averaged torque for the eleventh revolution, after achieving quasi-steady 
state. 
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Table 2: Results of average torque, torque coefficient and power coefficient 

Offset, mm TSR Tavg, Nm Cp, - Ct, - 

0 - Reference 

1.5 0.2322 0.1834 0.1223 
3 0.5820 0.4598 0.1532 
4 0.0484 0.0382 0.0095 

     

10 

1.5 0.2148 0.1697 0.1131 
3 0.5871 0.4639 0.1546 

4 -0.0387 0.0306 0.0076 

     

30 

1.5 0.2706 0.2138 0.1425 
3 0.5772 0.4560 0.1520 
4 0.1023 0.0807 -0.0202 

     

50 

1.5 0.3082 0.2435 0.1623 
3 0.5588 0.4415 0.1471 
4 -0.1426 0.1127 0.0281 

The instantaneous torque profile for the whole revolution in quasi steady state is shown in Figures 5,6 
and 7 for the following TSR values. It should be noted that the most significant differences in torque 
values for each rotor type are observed for TSR 1.5 and 4.  

 

Figure 5: Instantaneous torque produced by the rotors as a function of the rotor angle for the last 
revolution -TSR 1.5 
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Figure 6: Instantaneous torque produced by the rotors as a function of the rotor angle for the last 
revolution -TSR 3 

 

 

Figure 7: Instantaneous torque produced by the rotors as a function of the rotor angle for the last 
revolution -TSR 4 

The optimization results revealed that the highest achievable torque value is 0.749 Nm at TSR value of 
2.51 and a blade deflection of 0.04m, which indicates over 27% increase of previously observed values 
calculated in CFD simulations. The values of average torque in function of blade deflection and TSR 
values can be observed in Fig. 8. Figure 9 shows  the dependency of optimal torque values on the  blade 
deflection and optimal TSR values. 
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Figure 8: Values of average torque in function of blade deflection and TSR values 

 

Figure 9: Values of optimal torque in function of blade deflection and optimal TSR values in function 
of blade deflection  

The results of the obtained optimal TSR values were verified against CFD calculations which indicate 
the high level of accuracy of the applied Reduced Order Model.  

 

Figure 10: Instantaneous torque produced by the rotors as a function of the rotor angle for the last 
revolution – optimal TSR 
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A significant increase in torque values in optimal TSR range and a weak dependence on blade deflection 
can be seen in both Fig. 10 and Table 3. 

Table 3: Results of average torque, torque coefficient and power coefficient for optimal TSR values 

Optimal TSR 

Offset, mm TSR Tavg, Nm Cp, - Ct, - 
 

10 2.65 0.7274 0.5748 0.2169 

30 2.585 0.7427 0.5868 0.2270 

50 2.54 0.7452 0.5888 0.2318 

The work showed little effect of deflection on rotor efficiency at optimal TSR values, but has a 
noticeable effect on turbine operation at any other TSR values. Further work will focus on investigating 
other blade shapes and finding the optimal solution. 

Nomenclature 

D diameter, m 
p pressure, Pa 
t  time, s 
u  velocity, m/s 
w  wind velocity, m/s 
TSR  Tip Speed Ratio, - 
Cp Power Coefficient, - 
Ct  Torque Coefficient, - 
Tavg Average Torque, Nm 

Greek symbols 
 λ tip speed ratio 
ρ density, kg/m3 
μ  dynamic viscosity, Pa 
ν kinematic viscosity, kg/(s∙m) 
ω radial velocity, rad/s 

Acronyms 
HAWT Horizontal Axis Wind Turbine 
VAWT Vertical Axis Wind Turbine 
TSR Tip Speed Ratio 
SST Shear Stress Transport 
PRESTO Pressure Staggered Grid 
POD  Proper Orthogonal Decomposition 
RBF Radial Basic Functions 
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Abstract 

The decarbonization of the industrial and transport sectors requires the supply of green chemicals and 
fuels, which most likely will be derived from novel processes converting biomass and/or renewable 
electricity. For instance, biomass pyrolysis can be integrated with electrolysis to maximize carbon 
conversion into methanol (MeOH), while efficiently using excess power from fluctuating energy 
sources. However, the effective conversion of carbon and power consumption may be conflicting 
objectives in the design of methanol production plants integrated with electrolysis. Although several 
conversion routes and plant designs have been proposed recently, the trade-offs between carbon 
conversion, power consumption and efficiency were seldom evaluated and discussed. Thus, this research 
investigates the influence of two different electrolysis systems (steam and co-electrolysis) on the 
performance of methanol synthesis from straw pyrolysis. These designs are benchmarked against a base 
scenario of methanol production without electrolysis aid. The results show that carbon conversions 
above 80% can only be achieved in scenarios including electrolysis systems. In addition, the electrolysis 
system can increase exergy efficiency up to 70%, 18 percentage points higher than the base case. 
However, this may require a significant increase in power consumption per kg of methanol, up to 19.2 
MJ/kg (0.96 J/JMeOH,LHV) for 97% carbon conversion, which can be reduced in the co-electrolysis design 
(17.7 MJ/kg – 0.89 J/JMeOH,LHV) due to its lower steam consumption compared with steam electrolysis. 
These trade-offs relationships can be considered in the optimization of biomass to methanol plants for 
different fuel costs, electricity prices and emissions. 
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1 Introduction 

The conversion of waste biomass into products for the transportation sector and the chemical industry 
has the potential to reduce the global dependence on non-renewable energy sources. However, this 
process is limited by the availability of biomass resources [1], which can severely limit the scalability 
of these solutions in locations where biomass is scarce. In this context, several studies have been 
proposing the use of renewable electricity through electrolysis to boost the production yield and 
efficiency of biomass thermochemical conversion (i.e. pyrolysis and gasification). For instance, Nguyen 
and Clausen [2] have evaluated the integration of electrolysis and pyrolysis to design polygeneration 
systems, which were able to achieve high carbon conversion efficiencies (95-98%) by producing 
synthetic natural gas or methanol. In Ref. [3], the same authors have indicated that feedstock and 
electricity costs were responsible for up to 60% of the product cost. This high influence of the electricity 
costs has instigated researchers to propose flexible solutions. Butera et al. [4], for example, proposed a 
flexible production unit that uses a combination of gasification and solid oxide cells to produce and/or 
store electricity as methanol, depending on the costs of products/resources. They also have observed 
that electricity and biomass costs constitute a major fraction of the products costs. 

Although different studies have reported on the integration of electrolysis and biomass conversion, the 
relationship between carbon conversion, efficiency and power consumption was seldom analysed. As 
indicated by previous research [2–4], this relationship has a crucial role on the economic viability of 
these novel designs. Thus, this research aims to identify the optimal relation between carbon conversion 
efficiency and power consumption using a linear optimization framework based on pinch analysis. To 
provide a broad perspective of the competitiveness of electrolysis integration, two different designs are 
proposed and benchmarked against a base scenario using CO2 removal from the pyrolysis gas. 

2 Problem description 

This research evaluates the integration of two different types of electrolysis, i.e. steam electrolysis and 
co-electrolysis, with methanol production using carbon derived from straw pyrolysis. In addition, a base 
case consisting of methanol production from straw pyrolysis without electrolysis aid was also considered 
as the benchmark case. Thus, two scenarios using electrolysis to recover carbon into methanol were 
compared with a base case without electrolysis, as depicted in Figure 1. 

Pyrolysis

Reforming

Amine 
absorption

Steam 
electrolysis

Methanol 
synthesis

Biomass 
conversion

Syngas 
conversion

Stoichiometric 
ratio correction

Chemical 
production

Co-electrolysis

Base case

Steam electrolysis
case

Co-electrolysis
case

Legend

Burner

Steam 
generator

Utility systems

 

Figure 1: Graphical summary of the research problem 
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In order to evaluate each scenario, it is necessary to size each process/utility unit while considering the 
possible energy integrations between them. This study solves this problem by representing each unit as 
a linear system, as exemplified in Figure 2, and solving a linear programming optimization problem [5]. 
For a set of units with fixed operational conditions, the optimization problem can determine the scale 
factor (𝑓 ) for each unit that minimizes the total electricity consumption. As previously mentioned, 
electricity consumption is expected to be heavily influence the operating costs of electrolysis systems, 
therefore its minimization should lead to more economically advantageous solutions. The optimization 
problem can be described as the minimization of electricity consumption, Eq.(1), subject to constraints 
of mass balance, Eq.(2), and heat cascade from pinch analysis, Eqs.(3)-(6). In this study, this 
optimization problem is solved in Julia programming language using JuMP framework [5] and the 
GLPK solver [6]. 

Process/utility 
unit 1

f1m1
2

Process/utility 
unit 3

Process/utility 
unit 2

Mass flow
connection

f2m2
1

f1Q1
1 f1Q1

2

f1W1
1 f3W3

1

f3Q3
1

f3m3
2

 

Figure 2: Representation of process/utility units as linear systems 

 

min  �̇� 𝑓  (1) 

 
Subjected to, 

�̇� 𝑓

 

= �̇� 𝑓   ∀ 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 (2) 

𝑅 + 𝑓 �̇� , = 𝑅   ∀ 𝑘 (3) 

�̇� , > 0 𝑖𝑓 n 𝑖𝑠 𝑎 ℎ𝑜𝑡 𝑠𝑡𝑟𝑒𝑎𝑚

�̇� , < 0 𝑖𝑓 𝑛 𝑖𝑠 𝑎 𝑐𝑜𝑙𝑑 𝑠𝑡𝑟𝑒𝑎𝑚
 (4) 

𝑅 ≥ 0 (5) 

𝑅 = 𝑅 = 0 (6) 

 

𝜔 and Ω unit counter and unit set. 
�̇�   net electricity consumption/production of unit “𝜔”, kW. 
𝑖 and 𝑜 inlet and outlet counters. 
�̇�

 
mass flow rate of stream “𝑖" related to unit “𝜔”, kg/s.  

𝑅
 

residual heat load from the temperature interval “k”, kW.  
𝑛 and 𝑁 stream counter and stream set.  
�̇� ,  heat transfer rate of stream “𝑛” of unit “𝜔” at the temperature interval “𝑘”, kW. 
𝑘 and 𝐾 temperature interval counter and last temperature interval.  
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It is important to highlight that each linear system is based on the results from a detailed model, as 
presented in the following subsections. The method described allows one to use the solution from 
different software, but it is restricted to fixed operational conditions (e.g., temperature, pressure, recycle 
ratios, etc.). The main assumptions of the scenarios proposed in this study are summarized in Table 1. 

Table 1: Summary of main assumptions for each scenario 

Parameter Value Unit 
Compressors isentropic efficiency 75 % 
Blowers and pumps isentropic efficiency 70 % 
Electric driver efficiency 95 % 
Temperature approach to equilibrium   

- Methanol synthesis +20 °C 
- Steam reforming -20 °C 
- Others 0 °C 

Global temperature approach for pinch analysis [7] 15 °C 

2.1 Pyrolysis 

In the pyrolysis process, illustrated in Figure 3, straw pellets are thermochemically converted into char, 
oil and gas by exposing biomass to a high temperature environment operating close to atmospheric 
pressure (1.05 bar). Since the overall process is endothermic, the reactor temperature (500°C) is 
maintained by recycling and reheating the gas stream (from 300°C to 500°C). Moreover, steam (450°C 
and 1.05 bar) is added to the reactor to control the char temperature. 
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Steam
1.05 bar 

sat.

1.05 bar 
450 °C

500 °C
1.04 bar

Char

300 °C
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500 °C110 °C
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Straw
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Oxygen
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300 °C
1.01 bar

1.01 bar 
40 °C

1.01 bar 
110 °C

Pyrolysis
Tar
cracker

Legend
Heat

Power

 

Figure 3: Pyrolysis unit 

The pyrolysis reactor is modelled based on the conservation of species and assuming that the energy 
flow rate (lower heating value basis) of the products is equal to the dry reactants [4]. Furthermore, the 
concentration of certain species in the products are set to resemble the measured composition (see Table 
2). The oil fraction in the pyrolysis gases is assumed to be ideally separated at 110 ˚C. The tar cracker 
converts CnHm (n > 2) hydrocarbons (e.g., ethane, ethylene, propane, among others) into CH4, CO, CO2 
and H2 to avoid undesirable reactions (i.e., steam cracking and carbon formation) and large temperature 
drops in the downstream processes. The mathematical model for the pyrolysis reactor was developed in 
EES V11, while the Tar cracker was modelled in Aspen Plus V11. 
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Table 2: Pyrolysis unit assumptions and parameters 

Parameter Value Unit 
Straw energy input 2 MW (Lower heating 

value - LHV - dry basis) 
Straw composition  47.3% C,  5.6% H, 41.3% O, 0.7% 

N and 5.2% ash  
wt.% (dry basis) 

Straw moisture 10 % wt. % 
Straw heating value 18.3 MJ/kg (Higher heating 

value - HHV – dry basis) 
Straw specific heat capacity 1.35 kJ/kg K 
Char composition 71.8% C, 2.9% H, 6.4% O, 1.3% 

N and 17.7% ash 
wt.% (dry basis) 

Char heating value 28.26 MJ/kg (HHV – dry basis) 
Char specific heat capacity 1 kJ/kg 
Char moisture 0 wt.% 
Steam/inert consumption 0.05 kg/kgstraw 
Oil composition 71.3% C,  8.3% H, 18.0% O and 

2.4% N 
wt.% 

Oil heating value 32.77 MJ/kg (HHV – dry basis) 
Oil specific heat capacity 2 kJ/kg-K 
Oil enthalpy of vaporization 450 kJ/kg 
Oil dew temperature 250 ˚C 
Oil bubble temperature 110 ˚C 
Carbon ratio – oil/gas 0.323 kgC-oil/kgC-gas 
Dry gas composition – fixed 
components 

11.97% H2, 2.67% C2H6, 1.23% 
C2H4, 0.86% C3H6 and 0.58% 
C3H8 

mol % 

Dry gas composition – calculated 
components 

7.21% CO, 49.69% CO2 and 
25.78% CH4 

 

Heat loss – Pyrolysis reactor 0.02 kJ/kJstraw-LHV 
Pressure drop - Pyrolysis reactor 3 kPa 
Thermodynamic mixture model Ideal  

2.2 Reforming 

To maximize methanol synthesis, it is necessary to have 2 moles of H2 per mole of CO and 3 moles of 
H2 per mole of CO2. For syngas mixtures, this stoichiometric relation is usually defined based on the S 
ratio, as described in Eq.(7), which should be equal to 2 for methanol production. Thus, the reforming 
unit aims to increase the S ratio by converting hydrocarbons into hydrogen and carbon monoxide. In 
addition, the final concentration of methane should also be minimized to avoid its accumulation in the 
methanol synthesis loop, which would reduce the efficiency of this process. Figure 4 depicts the 
reforming unit proposed in this study to attain these objectives. 
 

𝑆 =
�̇� − �̇�

�̇� + �̇�
 (7) 

 
𝑆 stoichiometric ratio for syngas mixtures. 
�̇�  molar flow rate of specie j, kmol/s. 
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Figure 4: Reforming unit 

As shown in Fig. 4, the reforming unit consists of three steps: steam reforming, autothermal reforming 
and water gas shift. The steam reforming produces hydrogen and carbon monoxide by converting 
methane with an external heat supply. Since this process may have a relatively high methane slip, a 
second step named autothermal reforming uses oxygen to minimize methane concentration in the 
reformate. Oxygen consumption in the secondary reformer is controlled to attain an overall methane slip 
equal to the co-electrolysis scenario. For scenarios using electrolysis, pure oxygen is supplied from the 
electrochemical reactions while in the base scenario it is assumed to be supplied from an ideal reservoir. 
Lastly, in the base scenario, a water gas shift reactor is used to increase the concentration of CO2 in the 
reformate. This process is required to allow sufficient carbon to be removed in the amine absorption and 
attain the required S ratio for methanol production. In other scenarios, steam electrolysis and co-
electrolysis, the water gas shift reactor is by-passed. Table 3 summarizes the main modelling 
assumptions for this unit. The reforming unit model was developed in Aspen Plus V11. 

Table 3: Reforming unit assumptions and parameters 

Parameter / Assumption Value Unit 
Pre-reformer O2 consumption 0.3 kmol/h 
Sulphur removal efficiency  100% % S removed 
Steam consumption Stoichiometric ratio for steam 

reforming 
 

Methane slip in reforming unit 7.2 (equal to co-electrolysis) % CH4 inlet 
Thermodynamic mixture model Soave-Redlich-Kwong EOS  

2.3 Amine absorption 

In the base scenario of this study (Figure 1), excess carbon dioxide is separated in an amine absorption 
unit to reach the targeted S ratio. The amine absorption unit, illustrated in Figure 5, uses an aqueous 
solution (33% wt.) of methyldiethanolamine (MDEA) to remove CO2 from reformate in an absorber 
column. The amine solution is then regenerated in another column with an external heat supply (i.e., 
steam). Makeup water and MDEA are supplied to the regenerated solution to maintain the amine 
concentration. Table 4 summarizes the main modelling assumptions for this unit. The amine absorption 
unit was also modelled and simulated in Aspen Plus V11. 
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Figure 5: Amine absorption unit 

Table 4: Amine absorption unit assumptions and parameters 

Parameter / Assumption Value Unit 
Number of stages (Absorber & Stripper) 21  
Packing vendor / material (Absorber & Stripper) GENERIC / PLASTIC  
Packing dimensions (Absorber & Stripper) 16  mm 
Section packing height 

 Absorber 
 Stripper 

 
9 
10 

 
m 
m 

Column diameter 
 Absorber 
 Stripper 

 
0.25 
0.35 

 
m 
m 

Stripper - condenser type Partial-Vapor  
Stripper – condenser temperature 45 ˚C 
Stripper – reboiler type Kettle  
Stripper – feeding stage 2  
Thermodynamic mixture model Electrolyte NRTL  

2.4 Steam electrolysis and co-electrolysis 

The electrolysis unit aims to supply the hydrogen required to convert all carbon available in the 
reformate gas, instead of separating the excess carbon as in the base scenario. Among the different 
electrolysis technologies, this study considers the use of solid oxide electrolyzer cells (SOECs) due to 
their high efficiency. In addition, since SOECs operate at high temperatures (>600 ˚C), this technology 
has more possibilities for integration with other thermochemical conversion processes (e.g., pyrolysis, 
reforming, methanol synthesis). Figure 6 and Figure 7 illustrate, respectively, the steam electrolysis and 
co-electrolysis designs. 

As it can be observed, the major difference between the electrolysis designs is the type of reactant used 
to produce hydrogen. In steam electrolysis, only water and a fraction of recycled products are used to 
produce hydrogen, while co-electrolysis uses pyrolysis gas and steam. Since the solid oxide cells can 
also reform methane, the co-electrolysis can supersede the reforming unit described in Section 2.2. Both 
designs produce oxygen as a side-product, which is partially consumed in the reforming unit. 
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Figure 6: Steam electrolysis unit 
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Figure 7: Co-electrolysis unit 

A quasi-2D model for solid oxide fuel cells developed in a previous work [8,9] was updated to model 
the electrolysis process. The dusty gas diffusion model was implemented to describe the transport of 
species in the porous electrodes [10]. In addition, the electrochemistry model was also modified 
according to the equations and parameters proposed by Nami et al. [11], which are shown in Eqs.(8)-
(14) and Table 5, respectively. The comparison of the model results with experimental data is shown in 
Figure 8. 

𝑉 = −
Δ𝐺 ,

2𝐹
+

𝑅𝑇

2𝐹
ln

𝑃 ,

𝑃 ,

𝑃 ,

𝑃

.

− 𝜂 − 𝜂 , − 𝜂 ,  (8) 

In which, 

𝜂 = 𝑗𝑅  (9) 

𝑅 =
𝑇

7.8247 ⋅ 10
exp

8.0022 ⋅ 10

𝑅𝑇
 (10) 

𝑗 = 𝑗 , exp 0.77251
2𝐹

𝑅𝑇
𝜂 , − exp 0.22749

2𝐹

𝑅𝑇
𝜂 ,  (11) 

𝑗 , = 8997693𝑇
𝑃 ,

𝑃

. 𝑃 ,

𝑃

.

exp −
120551

𝑅𝑇
 (12) 

𝑗 = 𝑗 , exp 0.83035
2𝐹

𝑅𝑇
𝜂 , − exp 0.16965

2𝐹

𝑅𝑇
𝜂 ,  (13) 

𝑗 , = 243410164𝑇
𝑃 ,

𝑃

.

exp −
148142

𝑅𝑇
 (14) 
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𝑉 cell voltage, V. 
Δ𝐺 ,   Gibbs free energy of water electrolysis reaction at temperature T and reference pressure, 

kJ/mol. 
𝐹 and 𝑅 Faraday constant, s A/mol, and universal gas constant, J/mol K. 
𝑇

 
temperature, K. 

𝑃 ,  partial pressure of species “i" at the triple phase boundary, Pa 
𝑃  reference pressure, Pa. 
𝜂  ohmic overpotential, V. 
𝜂  activation overpotential (H2 and O2 half reactions), V. 
𝑗 local current density, A/m2. 
𝑅  ohmic equivalent resistance, Ω.m2. 
𝑗  exchange current density (H2 and O2 half reactions), A/m2. 

Table 5: Electrochemistry model parameters 

Parameter Value Unit 
Cathode / anode / electrolyte thickness 350 / 40 / 10  μm 
Cathode / anode porosity 0.31 / 0.40  
Cathode / anode tortuosity 2.52  
Cathode / anode mean pore radius 1.75 × 10-6 m 
Cell dimensions 0.2 × 0.2 m × m 

 

  
(a) 51% H2O and 49% H2 (b) 50% CO2, 40% H2O and 10% H2 

Figure 8: Model results compared with experimental data (operation with pure O2) from DTU-Energy 
for newer cells with LSF-CGO electrodes [11] 

The co-electrolysis process is simplified as a combination of water electrolysis and water gas shift 
reactions. The water gas shift reaction rate proposed by Haberman and Young [12] was used to estimate 
the changes in fuel composition along the cells length. Although there are larger deviations compared 
with results for H2O-H2 mixtures, the simplifications proposed in this study can reproduce the 
polarization curve trends with reasonable accuracy. A summary of the main assumptions adopted in the 
modelling of the electrolysis units is presented in Table 6. The steam electrolysis and co-electrolysis 
unit were modelled in Julia programming language as differential equations and solved using the 
package “DifferentialEquations.jl” [13]. The details of the thermodynamic and transport properties can 
be consulted in Refs. [8,9]. 
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Table 6: Electrolysis unit assumptions and parameters 

Parameter / Assumption Value Unit 
Minimal inlet molar fraction of H2 0.1  
Fuel utilization efficiency - steam electrolysis 0.7  
Fuel utilization efficiency – co-electrolysis 0.65  
Pressure loss – SOEC stack 0.03 bar 
Percentage of excess oxygen 200 % stoichiometric O2 
Ejector efficiency [14] 10 % 
Thermodynamic mixture model Ideal  

2.5 Methanol production 

The methanol synthesis unit, shown in Figure 9, is based on the isothermal reactor design with a high 
recycle ratio to maximize methanol yield and recover energy as high temperature steam.  Methanol is 
separated from water in a two-step distillation process to attain fuel grade purity, while the unconverted 
portion of syngas is burned in the heat recovery system. The main modelling parameters for the methanol 
synthesis unit are presented in Table 7. 
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Figure 9: Methanol synthesis unit 

2.6 Burners and steam generation 

In order to supply heat for the process plant, three different types of fuel were considered for burning: 
straw, pyrolysis oil and pyrolysis gas (syngas). In addition, four pressure levels of steam (1.05, 1.12, 2.5 
and 15 bar) were considered, based on the operational conditions of the pyrolysis, steam electrolysis and 
reforming units. These utility systems were modeled as depicted in Figure 10 and parameters presented 
in Table 8. As considered for the other units, these processes were assumed to be linearly scalable with 
constant performance. Mathematical models for the utility system units were developed in the EES 
software. 
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Table 7: Methanol synthesis unit assumptions and parameters 

Parameter / Assumption Value Unit 
Methanol reactor temperature 265 ˚C 
Methanol reactor pressure 90 bar 
Recycle ratio in methanol synthesis 0.99 - 
Column stages 

 Topping 
 Distillation 

 
27 
50 

(equilibrium) 

Condenser type 
 Topping 
 Distillation 

 
Partial-Vapor 
Total 

 

Feeding stage 
 Topping 
 Distillation 

 
15 
30 

 

Reboiler type (Topping & distillation) Kettle  
 
 

25 °C
1.01 bar

125 °C
1.05 bar

Air

Flue
gas

160 °C
1.01 bar

Fuel (straw, oil 
or syngas)

 

 
 

Water
Steam

1.05 bar/
1.12 bar/
2.5 bar/

17 bar sat.

 
(a) Furnace (b) Steam generation 

Figure 10: Burners and steam generation units 

Table 8: Utilities systems assumptions and parameters 

Parameter / Assumption Value Unit 
Burners - Percentage of excess air 

 Gaseous fuel 
 Liquid fuel 
 Solid fuel 

 
15 
20 
25 

% of stoichiometric air 

Fuel type/consumption Determined by optimization  
Steam pressure/flow rate Determined by optimization  

2.7 Performance indicators 

The technical performance of each scenario is evaluated using exergy analysis. The exergy efficiency, 
defined in Eq.(15), aims to determine the overall performance in converting syngas into methanol. 
Physical exergy was estimated as a function of enthalpy and entropy values of selected streams and 
ambient conditions (25°C and 1 atm). Chemical exergy was calculated based on methods and tabulated 
values reported by Szargut, et al. [15]. Since char and oil production are not significantly altered by the 
proposed scenarios of this study, the exergy efficiency definition is modified to mainly evaluate the 
conversion of pyrolysis gases into methanol. 
 

𝜂 =
�̇� + �̇� ,

�̇� − (�̇� + �̇� , ) + �̇� +  �̇� + �̇� ,

 (15) 
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𝜂  exergy efficiency. 
�̇�   exergy flow rate related to product/consumption “i”, kW. 
�̇� ,   exergy flow rate related to net oil production, kW. 
�̇�   total power consumption, kW. 
 

Carbon conversion efficiency is defined as the ratio of carbon in products (methanol, char and oil) per 
carbon in feedstock (straw). This ratio can be calculated as exemplified in Eq.(16) and aims to provide 
an environmental performance indicator. 

C =
�̇� + �̇� + �̇�

�̇�
 (166) 

𝑐̇  mass flow rate of carbon in methanol, kg/s. 
𝑐̇   mass flow rate of carbon in char, kg/s. 
𝑐̇   mass flow rate of carbon in oil, kg/s. 
𝑐̇   mass flow rate of carbon in straw, kg/s. 
 
Lastly, the specific power demand is defined as the electricity consumption required to produce a 
kilogram of methanol in a specific scenario, as exemplified in Eq.(17). It is important to highlight that 
the specific power demand is directly proportional to the operational costs of each scenario. 

𝑤 =
 �̇�

�̇�
 (177) 

𝑤  specific power demand, MJ/kg. 
�̇�   mass flow rate of produced methanol, kg/s. 

3 Results and discussions 

The specific power consumption (MJ/kg-methanol) and exergy efficiency for each scenario as a function 
of carbon conversion are presented in Figure 11. In all cases presented in Figure 11, the linear 
optimization results indicate that burning syngas is the most effective option to supply heat with minimal 
losses in carbon conversion, since this fuel has a significant concentration of H2. Table 9 denotes two 
extreme conditions for each scenario: the maximum carbon conversion and the minimal specific power 
demand. The first extreme condition is obtained by substituting gas burning with electrical heating. On 
the other hand, the minimal specific power demand represents a design where all heating demands are 
supplied internally by burning pyrolysis gas.  
 

  
(a) Specific power consumption (b) Exergy efficiency 

Figure 11: Specific power consumption and exergy efficiency as a function of carbon conversion 
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Table 9: Summary of main results for selected scenarios 

 Scenarios 
 Base scenario Steam electrolysis Co-electrolysis 
 Max. 

C  
Min 
𝑤  

Max. 
C  

Min 
𝑤  

Max. 
C  

Min 
𝑤  

Efficiency  50.19 % 40.40 % 65.25 % 57.45 % 68.47 % 62.38 % 
Carbon recovery 79.40 % 72.27 % 97.55 % 84.25 % 97.77 % 88.01 % 
Furnace auxiliary fuel - Pyrolysis 

gas 
- Pyrolysis 

gas 
- Pyrolysis 

gas 
Electric heating demand 290 kW - 135 kW - 240 kW - 
Electrolyzer power demand - - 639 kW 397 kW 675 kW 489 kW 
Total electricity demand 359 kW 42 kW 999 kW 475 kW 929 kW 577 kW 
Straw demand 11.2 t/d 11.2 t/d 11.2 t/d 11.2 t/d 11.2 t/d 11.2 t/d 
Methanol production 2.23 t/d 1.30 t/d 4.50 t/d 2.81 t/d 4.54 t/d 3.29 t/d 
Char production 2.95 t/d 2.95 t/d 2.95 t/d 2.95 t/d 2.95 t/d 2.95 t/d 
Oil production 1.21 t/d 1.21 t/d 1.21 t/d 1.21 t/d 1.21 t/d 1.21 t/d 
Electrolyzer total active area - - 64.0 m2 41.1 m2  64.0 m2 46.4 m2 

 

Figure 11 shows that the overall power consumption significantly increases to attain high carbon 
conversion efficiencies. For instance, the specific power consumption varies from 2.8 to 19.2 MJ/kg 
(0.14-0.96 J/JMeOH,LHV) for carbon conversion efficiencies between 72 and 98%. In addition, carbon 
conversion efficiencies higher than 80% can only be obtained with electrolysis aid. On the other hand, 
exergy efficiency increases for higher carbon recovery ratios since the production of methanol (the main 
product in Eq. (15)) is linearly proportional to the amount of carbon converted in the system. 

The detailed data in Table 9 shows that electric heating is the main power consumption in the base 
scenario, while in other scenarios the electrolysis unit is the main consumer. The use of electric heating 
significantly impacts methanol production (1.30-2.23 t/d for base scenario) because it replaces pyrolysis 
gas which would otherwise be converted into methanol. Using electric heating (direct or indirect through 
heat pumps) may be economically advantageous if the ratio between methanol and electricity cost is 
sufficiently high. Thus, electric heating may be used to exploit low-cost renewable electricity from 
wind/solar energy and increase methanol production to maximize operating revenues. 

Table 9 also describes the expected increase in methanol production with the inclusion of electrolysis 
systems. For instance, in cases of maximum carbon recovery, methanol production can be doubled using 
electrolysis compared with the base scenario for the same biomass input. Therefore, in cases in which 
biomass availability is limited [1], electrolysis may play a center role in maximizing the potential of 
using biomass resources to replace fossil fuel derivatives in industry and transportation. A similar 
observation can be made analyzing the exergy balances for each scenario operating at minimal power 
consumption, as presented in the Figures 12-14. In the base scenario, the exergy flow rate of methanol 
is bounded by the pyrolysis gas which is partially consumed to supply heat for all processes units. On 
the other scenarios, the electrolysis unit provides hydrogen exergy to the methanol synthesis and 
significantly expands the threshold imposed by the laws of thermodynamics. 
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Figure 12: Exergy flow rates for base scenario operating at minimal power consumption 

 

Figure 13: Exergy flow rates for steam electrolysis operating at minimal power consumption 

 

Figure 14: Exergy flow rates for co-electrolysis operating at minimal power consumption 

Figures 12-14 also pinpoint that exergy is mainly destroyed in pyrolysis, burner, and heat recovery units. 
Higher efficiencies can be obtained by improving or avoiding these processes whenever possible. In 
fact, the higher efficiency of co-electrolysis can be mostly attributed to the lower amount of fuel burning 
compared with other designs. It is important to highlight that the high efficiency of co-electrolysis is a 
counter-intuitive result since this process requires more power to produce the same amount of hydrogen 
than steam electrolysis (Table 9). Thus, the competitive advantage of co-electrolysis can be attributed 
to the integration with other processes, as shown in the integrated composite curves in Figure 15. The 
integrated composite curves also illustrate that the pyrolysis reactor, steam generation and reboilers 
heavily influence the pinch point; therefore, reducing the heat demand of these processes can improve 
the energy integration of the whole system. 
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a)  Base scenario (Min 𝑤 ) (b) Steam electrolysis (Min 𝑤 ) 

 

 
(c) Co-electrolysis (Min 𝑤 ) 

Figure 15: Composite curves for each scenario operating at minimal power consumption 

4 Conclusions 

In this paper, a linear programming optimization problem was used to integrate different process/utility 
units to produce methanol, char and oil from straw biomass. Two scenarios based on solid oxide 
electrolyzer cells, steam electrolysis and co-electrolysis, were proposed and compared with a base 
scenario using amine absorption to achieve the stoichiometric mixture for methanol production. The 
results indicate a non-linear relation between specific power consumption and carbon conversion, which 
directly impacts the operational costs of these novel biomass to fuel systems. For instance, the electricity 
consumption may vary from 2.8 MJ/kg (0.14 J/JMeOH,LHV) of methanol at 72% carbon conversion to 17.7 
MJ/kg (0.89 J/JMeOH,LHV) at 98% carbon conversion in the best scenario (co-electrolysis). The results 
also highlighted that carbon conversions above 80% can only be achieved in scenarios including 
electrolysis systems. 

Despite the increase in power consumption due to the use of electric heating, the exergy efficiency of 
the analyzed scenarios is estimated to increase linearly with carbon conversion. Exergy destruction can 
be mainly attributed to the pyrolysis, burner and heat recovery units. Therefore any improvement (or 
avoidance) of these processes significantly impacts the overall system performance. In fact, the co-
electrolysis design can achieve higher efficiencies, despite requiring more power to produce H2 
(compared with steam electrolysis), due to its lower consumption of steam and, consequently, less use 
of burners and heat recovery. 
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Abstract 

In this article, the use of gas generated in the pyrolysis of plastic waste and biomass for firing a reheating 
furnace was proposed as an example of effective waste management. The material used for the research 
was lignocellulosic biomass in the form of alder and pine chips and (PP) polypropylene waste, for which 
the content of carbon, hydrogen, nitrogen, sulphur and oxygen was determined. The research was 
conducted for a pusher-type metallurgical reheating furnace, fired with a mixture of natural gas and coke 
oven gas. The design capacity of the furnace was 80 Mg/h and the installed power of the furnace was 
72.3 MW. The share of pyrolysis gas in the fuel mixture fed to the furnace was 5-15%. The chemical 
composition of pyrolysis gas was experimentally estimated on a test stand for solid fuels conversion in 
a stationary bed at the temperature of 600°C. Based on data gained from the rolling mill of one of the 
steel mills located in Poland, an analysis of the profitability of using pyrolysis gas for co-combustion 
with coke oven gas and natural gas in an industrial heating furnace was carried out. The results showed 
that the use of pyrolysis gas is an effective way to reduce the production costs of the analyzed steel 
company, leading to an increase in its attractiveness. As plastic waste and biomass, used as energy 
sources, are generally available, the proposed technology exhibits a considerable potential for its wide 
application in the future. 
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1 Introduction 

The metallurgical industry, apart from high emissions of pollutants, is also characterized by high energy 
consumption. Significant benefits of improving energy efficiency are seen in the improvement of 
energy-consuming steel production processes. Among the many mechanisms used in European 
countries in the field of increasing energy efficiency in the steel industry, it is proposed, inter alia, use 
of the potential of post-process gases, such as coke oven gas and gases from thermal waste conversion 
[1]. Therefore pyrolysis gas being a gaseous product of thermal waste conversion, deserves special 
attention. The energetic use of pyrolysis gas proposed in the article becomes important if this gas is 
obtained from non-biodegradable waste, such as plastic waste. 

Contemporary waste management systems are based on thermal treatment methods, in particular 
combustion [2]. In addition to incineration, waste is also subjected to thermal conversion using other 
processes, such as pyrolysis and gasification. Both of these processes are part of the concept of a circular 
economy, which assumes the constant use and processing of waste into new raw materials [3]. Therefore, 
a more desirable action is the disposal of plastics through thermal conversion methods [4, 5]. Literature 
data indicate that among all the above-mentioned processes, pyrolysis is one of the most prospective, 
economic and effective method of waste disposal [6]. Pyrolysis is considered as a chemical recycling 
process and, unlike incineration, it enables the recovery of both energy and solid (carbon-rich) as well 
as liquid and gaseous hydrocarbon products. The pyrolysis process allows for the recovery of valuable 
components from waste, which perfectly fits the idea of a circular economy. In addition, pyrolysis 
products can be used for energy and production purposes, and the process itself can reduce the problem 
of waste storage and the emission of harmful substances and greenhouse gases [1, 7]. 

The pyrolysis process involves thermal degassing of organic compounds found in waste plastics [8]. 
The pyrolysis is carried out under inert conditions, most often in a nitrogen atmosphere, without oxygen 
access, and leads to solid (char), liquid (pyrolysis oil) and gaseous (pyrolysis gas) products [9] (Fig. 1). 
Plastics are polymerized mixtures of hydrocarbons, thanks to which the obtained products, i.e. liquid 
and gas, can be used as an alternative fuel in engines and combined heat and power plants, after 
examining their properties. 

 

Figure 1: Schematic diagram of waste pyrolysis [9] 

Pyrolysis process exhibits advantages over other thermal waste conversion processes. The main one is 
its flexibility in the selection of process parameters such as temperature, pressure and residence time 
[10], which determine the share of individual fractions of products of this process. In addition, pyrolysis 
is characterized by low emission of carbon monoxide (CO) and carbon dioxide (CO2), which makes the 
process more environmentally friendly [11]. Furthermore, investment in a pyrolysis installation 
guarantees a high return, which justifies the cost-effectiveness of its construction [12–16]. 
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The pyrolysis technology is characterized by a great potential, thanks to which various types of solid 
waste can be converted into an environmentally friendly way, including biomass, plastics and their 
mixtures, creating valuable chemical products and fuels. The presence of plastics in the waste stream 
subjected to pyrolysis increases the calorific value of the manufactured products, reduces the formation 
of oxygen and reduces the proportion of coke in the pyrolysis products [17] [18].  

The methods of pyrolysis gas management to date focused largely on the use of all the gas produced to 
maintain the continuous operation of the pyrolysis installation. It is a popular solution that was described 
in detail in [19].  

Another way to use pyrolysis gas is to use it as an alternative fuel in internal combustion engines [20]. 

This article proposes an innovative approach to the energetic use of pyrolysis gas, consisting in the co-
firing of this gas with natural and coke oven gas in a pusher-type metallurgical heating furnace. 

2 Research methodology  

2.1 Materials and methods 

The material used for the research was lignocellulosic biomass in the form of alder and pine chips and 
PP waste, for which the content of carbon, hydrogen, nitrogen and sulfur was determined using the Vario 
Macro Cube CHNS analyzer. The oxygen content was determined by the direct method, consisting in 
the pyrolysis of the analyzed waste in a reducing atmosphere (N2/H2 95%/5%) at the temperature of 
1120°C. Oxygen was determined with an automatic elemental analyzer by Elementar Analsensysteme 
GmbH. The calorific value of the analyzed biomass was determined using the calorimetric method in a 
calorimetric bomb under constant volume conditions. The calorific values of the tested materials were 
determined on the basis of the value of the temperature rise, the calorimeter heat capacity and the mass 
of the samples. The obtained values were corrected by the values resulting from the combustion of 
auxiliary substances, i.e. the ignition wire. The results of the tests performed are summarized in Table 
1. 

Table 1: Proximate and ultimate analysis of pine, alder wood, PP 

Parameter Unit PP Pine Wood Alder 
Wood 

Expanded 
uncertainty 

Moisture content—Wa 

Wt% 

0 3.13 4.5 0.1 
Ash content—Aa 0 1.58 1.3 0.2 
Volatile matter content—Va 100 81.5 87.55 0.45 
Carbon content—Cta 84.8 49.5 47.5 0.6 
Hydrogen content—Ht

a 14.55 6.43 6.37 0.32 
Nitrogen content—Na 0.14 0.07 0.29 0.01 
Sulfur content—St

a 0.23 0.06 0.15 0.01 
Oxygen content—Ot

a 0.28 42.99 40.85 0.82 
Heat of combustion—HHV MJ/kg 45.80 20.22 19.62 0.20 

Cellulose 
Wt% 

- 41.75 35.45 1.5 
Hemicellulose - 25.29 28.30 0.6 
Lignin - 22.79 26.45 0.4 

2.2 Experimental stand 

The pyrolysis process of a mixture of lignocellulosic biomass with polypropylene waste was carried out 
on an experimental stand for the conversion of solid fuels in a stationary bed, described in detail in  [11]. 
The main element of the station was an electric furnace with a steel retort, in which the process of 
converting the mixture of biomass and PP with the liquid and gas phase collection system took place. 
The diagram of the stand is shown in Fig. 2. 
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Figure. 2: Test stand for pyrolysis of a mixture of lignocellulosic waste and polypropylene, in which: 
gas storage system, 8-pressure control valve 

 

The tested waste, weighing 100 g, was placed in a steel retort and tightly closed. Nitrogen was fed from 
the bottom of the retort for about 15 minutes at a constant flow of 500 cm3/h in order to obtain inert 
conditions for the process. After 15 minutes, the nitrogen flow was reduced to 100 cm3/h, then the retort 
was heated. The pyrolysis process was carried out at a temperature of 600°C. The heating rate was kept 
constant at 10°C/min in all experiments. After the desired temperature was reached, the retort with the 
sample was held at the final temperature for 5 minutes, then immediately removed from the furnace, and 
finally cooled to ambient temperature. Keeping the sample in the desired temperature conditions was 
related to the time of heat transfer and its normalization inside the retort.  

Table 2 presents the compositions of the obtained pyrolysis gases for individual fuels and their blends.  

Table 2: Composition of pyrolysis gas for the tested waste mixtures 

 H2 CO CO2 CH4 C2H4 C2H6 C3H6 C3H8 C4H10 C5H12 LHV 
 Mol % MJ/m3 
Blend 
alder wood 
with 58 % 
PP (GP-A-
PP) 

8.19 22.99 27.16 17.49 2.64 4.73 11.14 1.95 0.84 0.03 25.1 

Blend pine 
wood with 
58 % PP 
(GP-P-PP) 

6.49 20.82 22.80 14.88 1.97 3.81 11.32 1.60 1.07 0.11 22.89 

PP 1.99 0.571 0.76 10.31 5.14 9.24 62.28 6.92 2.76 0.01 45.79 
Biomass 
Alder 

7.27 31.20 38.98 14.37 0.59 1.08 0.33 0.26 0.04 0.03 13.2 

Biomass 
Pine 

10.28 29.44 30.07 24.09 0.48 1.11 0.33 0.22 0.04 0.02 17.0 

N2

T

FI
ΔPFlow controller

Temperatue gauge 

Differential pressure gauge 

Dry scrubber Cryostat Glass wool 
scrubber

Tedlad - 
sampling bag

~ ~

~ ~
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3 Analysis of the profitability of using pyrolysis gas for heating purposes 

The economic analysis was carried out for a metallurgical pusher-type heating furnace adapted to 
combustion of coke-oven gas, operating in the sheet rolling department of one of the steel mills. The 
design capacity of the furnace was 80 Mg/h, and the installed capacity of the furnace was 72.3 MW. 
Figure 3 shows the distribution of the burners in the furnace, while Fig. 4 and Table 3 show the power 
distribution in the furnace and in individual zones. 

 

Figure 3: Distribution of burners in a metallurgical furnace 

Table 3: Power distribution in individual furnace zones 

Legend Zone Installed 
power 

Characteristic 

MW % 
  Compensation zone 12.0 17.00 30 flat-flame burners with a power of 400 kW 
  Upper heating zone 31.5 43.57 50 flat-flame burners with a power of 630 kW 
  Lower heating zone 28.8 39.83 18 tunnel burners with a power of 1600 kW 
 Heating zone 0 0  

 

 

Figure 4: Power distribution of burners in a pusher furnace (colours as in Table 3) 

The calculations were made on the basis of the furnace capacities presented in Table 4, for which the 
heat demand was calculated, taking into account the unit heat consumption index. 
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Table 4: Distribution of coke oven gas streams into individual zones 

Efficiency Gas stream Indicator of 
specific heat 
consumption 

Mg/h Nm3/h kJ/kg 

  Heating zone Upper 
heating 
zone 

Lower 
heating 
zone 

 

80 6500 1079 2832 2589 1448 

60 5000 830 2178 1992 1485 

40 3500 581 1525 1394 1559 
20 2000 332 871 797 1782 

Based on the literature data [21], the estimated price of pyrolysis gas was calculated (Table 5).  

Table 5: Estimated pyrolysis gas price 

 Category  Value  Unit  Notes 
1. Efficiency of the 

pyrolysis installation 
200 kg/h  

2. Pyrolysis gas yield 8.4002 m3/h  
3. Annual production of 

pyrolysis gas 
57,658.9728 m3/year Pyrolysis gas yield per hour x 

6,864 stable kiln operation hours 
per year 

4. Surplus of pyrolysis gas 36,154.46 m3/year Annual production of pyrolysis 
gas - recycled gas to keep the 
installation operating 

 LHV of excess 
pyrolysis gas 

1,251,305.861 MJ/year Pyrolysis gas surplus * LHV 
pyrolysis gas for1 m3 (34,61 
MJ/m3) 

6. Gas fuel price 40,767.90 EUR LHV surplus pyrolysis gas / 
(natural gas LHV (34,43 MJ/m3) * 
price of natural gas (1.12 
EUR/m3)) 

7. Estimated pyrolysis 
gas price 

0.04 EUR/m3 Surplus of pyrolysis gas / 
economic value of gaseous fuel 

 

The fuel prices listed in Table 6 were used to calculate the costs of operation of the metallurgical furnace. 

Table 6: Prices of individual fuels 

Fuel Price  Unit 
Natural gas 1.12* EUR/m3 
Coke oven gas 0.33* EUR/m3 
Pyrolysis gas 0.04 EUR/m3 

* Price valid in May 2022 
 

When calculating the cost of operation of a metallurgical furnace, its maximum efficiency, i.e. 80 Mg/h, 
electricity costs generated during its operation and the unit cost of fuel, were taken into account. The 
operating costs of the furnace, depending on the type of fuel used or its mixture, are summarized in 
Table 7. 
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Table 7: Furnace operation costs at the capacity of 80 Mg/h for individual fuel mixtures and pure 
gases 

Gases Type of fuel Gas stream Cost of 
operation of 
the furnace 

 Natural 
gas 

Coke 
oven 
gas 

Pyrolysis 
gas 

Natural 
gas 

Coke 
oven 
gas 

Pyrolysis 
gas 

 

Share % m3/h EURO 
monthly * 

1a. Coke oven 
gas / pyrolysis 
gas Alder-PP 

- 95 5 - 6085.56 320.29 € 1,457,358.63 
- 90 10 - 5682.95 361.44 € 1,370,826.12 
- 85 15 - 5291.68 933.83 € 1,286,729.82 

1b. Coke oven 
gas / pyrolysis 
gas Pine-PP 

- 95 5 - 6048.32 318.33 € 1,564,536.64 
- 90 10 - 5614.81 623.87 € 1,503,791.67 
- 85 15 - 5198.38 917.36 € 1,445,440.78 

2. Natural gas 100 - - 3125 - - € 2,530,017.39 
3. Coke oven gas - 100 -  6250 - € 1,571,321.74 
4a. Natural gas / 
coke oven gas / 
pyrolysis gas 
 Alder-PP 

10 90 - 593.81 5344.27 - € 1,858,877.52 
5 95 - 310.32 5896.03 - € 1,748,570.95 
5 90 5 304.23 5476.20 304.23 € 1,685,717.39 
5 85 10 298.38 5072.52 596.77 € 1,625,281.02 
10 80 10 571.92 4575.38 571.92 € 1,736,654.82 
15 70 15 809.28 3776.63 809.28 € 1,781,820.34 

4b. Natural gas / 
coke oven gas / 
pyrolysis gas 
 Pine-PP 

10 90 - 593.81 5344.27 - € 1,858,877.52 
5 95 - 310.32 5896.03 - € 1,748,570.95 
5 90 5 306.02 5508.41 306.02 € 1,695,632.32 
5 85 10 301.85 5131.37 603.69 € 1,644,138.96 
10 80 10 578.28 4626.23 578.28 € 1,755,956.81 
15 70 15 822.07 3836.30 822.07 € 1,809,973.12 

* The average euro exchange rate is valid in May 2022 – 4.60 PLN 
 

The savings that can be obtained by co-firing of particular gas mixtures are shown in Tables 8 and 9 and 
Figures 5 and 6. 

Table 8: Savings resulting from the combustion of a mixture of pyrolysis gas with coke oven gas 
compared to coke oven gas alone 

 The share of 
pyrolysis gas 
 

The monthly 
cost of 
operation of a 
100% coke 
oven gas 
furnace 

The monthly cost of 
work of a furnace 
with pyrolysis gas 

Monthly savings 
from the use of 
pyrolysis gas 

Units % € € € 
Coke oven 
gas / 
pyrolysis gas 
Alder-PP 

5  1,571,321.74 1,457,358.63 113,963.11 

10 1,370,826.12 200,495.62 

15 1,286,729.82 284,591.92 

Coke oven 
gas / 
pyrolysis gas 
Pine-PP 

5 1,571,321.74 1,564,536.64 6,785.10 

10 1,503,791.67 67,530.07 

15 1,445,440.78 125,880.96 
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Table 9: Savings resulting from the use of pyrolysis gas 

 Share of 
coke oven 
gas / 
natural 
gas 

Share of 
coke oven 
gas / 
natural gas 
/ pyrolysis 
gas 

The monthly 
cost of the 
stove with 
the coke oven 
gas / natural 
gas mixture 

The monthly 
cost of the 
operation of 
the furnace 
with the 
participation 
of the 
pyrolysis gas 

Monthly savings 
from using 
pyrolysis gas 
 

Units % % € € € 
Natural gas / 
coke oven 
gas / Alder-
PP pyrolysis 
gas  

90/10 80/10/10 1,858,877.52 1,736,654.82 122,222.70 

95/5 85/5/10 1,748,570.95 1,625,281.02 123,289.93 

Natural gas / 
coke oven 
gas / Pine-
PP pyrolysis 
gas 

90/10 80/10/10 1,858,877.52 1,755,956.81 102,920.71 

95/5 85/5/10 1,748,570.95 1,644,138.96 104,431,99 

 

 

Figure 5: Monthly savings resulting from the combustion of a mixture of pyrolysis gas with coke oven 
gas compared to coke oven gas alone 
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Figure 6: Monthly savings resulting from the combustion of a mixture of pyrolysis gas with coke oven 
gas and natural gas compared to the costs of a mixture of coke oven gas and natural gas 

4 Summary and conclusions 

As shown by the economic analysis, pyrolysis gas as a gaseous fuel is a competitive medium as a 
substitute for natural gas (EUR 1.12/m3) and coke oven gas (EUR 0.33/m3). Its economic value was 
estimated at EUR 0.04/m3, which is a very cost-effective alternative to conventional gas fuels. 

The use of 5 vol.% Pyrolysis gas with a LHV of 25.1 MJ/m3 together with the coke oven gas allows for 
savings of 113,963.11 €/month. 

The use of 15 vol.% Pyrolysis gas with a LHV of 25.1 MJ/m3 together with coke oven gas gives savings 
of 284,591.92 €/month. 

The use of pyrolysis gas with a LHV of 22.89 MJ/m3 with a 5% volumetric fraction results in savings 
of 6,785.10 €/month. Using the same gas at 15% will save 125,880.96 €/month. 

In case of insufficient amount of coke oven gas and pyrolysis gas, the use of a mixture of three fuels 
also allows for savings compared to using only coke oven gas with natural gas. 

Using a mixture of 80% coke oven gas, 10% natural gas and 10% GP-A-PP pyrolysis gas allows savings 
of 122,222.70 €/month. Using the same mixture with the pyrolysis gas GP-P-PP generates savings of 
102,920.71 €/month. 

The higher the LHV of the pyrolysis gas (that will be burned in the blast furnace), the more savings can 
be made. This is an important aspect due to the variety of waste that can be pyrolysed. 

After modernizing the furnace automatics, it is possible to use pyrolysis gas in practice by direct gas 
supply to the chamber or with heated air. 

Another advantage of the suggested system is the ability to use the heat from the exhaust gas to heat the 
waste in the pyrolysis reactor, increasing the efficiency of the charge heating process at the same time.  

The proposed solution is economically viable not only due to the savings that can be obtained in 
connection with the combustion of pyrolysis gas, but also due to the amount of waste that can be 
processed, giving other alternative fuels, which is in line with the idea of a circular economy.  
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Abstract 

As the wind energy sector rapidly expands both in popularity and affordability the paper presents an 
attempt to improve the design of a drag-based Savonius like vertical axis wind turbine (VAWT) design. 
The utilised optimisation methodology involved high accuracy computational fluid dynamics model of 
an operating wind turbine combined with differential evolution optimisation algorithm (DE). 
Evaluations of the wind turbine performance has been carried out using unsteady two-dimensional 
numerical model. In order to reduce the computational time needed to evaluate turbine performance and 
make the turbine shape optimisation possible, reduced order method (ROM) in a form of repeatedly 
trained neural network (NN) was developed. The design of the wind turbine blades has been 
parametrised with low order Bezier curves to allow unobstructed exploration of the design space and 
ensure the smoothness of the blades shape. Contributing to the aimed holistic approach to newly 
designed VAWT the optimisation runs have been performed for various operating regimes of the wind 
turbine, known commonly to be suboptimal for the Savonius type wind turbines. The performance of 
the optimised wind turbine designs have been verified against previously known optimised Savonius 
like wind turbine designs. As a result of the performed optimisation, significant increase in the value of 
energy conversion efficiency has been predicted, reaching as high as 35%. 

1 Introduction 

The wind energy sector is unquestionably the fastest growing renewable energy utilising sector [1]. This 
rapid growth is a result of two major contributing factors: high demand for the cleaner and less 
environmentally impactful energy generation solutions and high level of the technological advancement 
in the large wind turbine units. The centralised approach to power generation, common for a fossil fuel 
power plants, has led by analogy to global domination of high power horizontal axis wind turbines units. 
Although, large wind turbine units with nominal power in magnitude of 15 MWs, are highly efficient 
and possess energy production capabilities to successfully substitute typical, fossil fuel based energy 
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sources, incorporating such large units into the mixed energy system is a highly challenging task. Due 
to the stochastic nature of the rooted phenomena like wind, the precise regulation of the energy system 
is problematic to say the least. The obvious solution to this problem is load balancing energy storage, 
capable of rapid power storage and delivery on demand. However, due to the scale of the largely popular 
high power horizontal axis wind turbines (HAWTs), the technical requirements for the energy storage 
solutions are very high. On the other hand, fast development and following incorporation of large 
number of photovoltaic installations of prosumer character into the electrical grid introduce another set 
of problems. The unbalanced production of energy obtained from the photovoltaic installations coupled 
with old and inadequate structure of the energy grid in Poland, already translate into temporary 
disconnections of the individual installations. Considering the seasonal availability of the renewable 
energy sources, the wind and solar energy in particular, it becomes clear that installations containing 
devices capable of harnessing energy from both sources are well fitted to fill the role of stable energy 
supplier for individuals households [2]. For such purpose, of supplementing the PV installations with 
the small scale wind energy harnessing devices, the wind turbines with vertical axis of rotation are ideal. 
The vertical axis wind turbines possess several crucial advantages over their horizontal oriented 
counterparts, like lower operating speed translating into lower noise emission, lower susceptibility to 
turbulence of the wind or omnidirectionality, improving the year-round efficiency. 

2 Optimisation procedure 

Although great progress has been made in recent years regarding improving and developing vertical axis 
wind turbines, significantly increasing their economic applicability, the best designs of VAWTs still 
does not rise to the level of their HAWTs counterparts in terms of energy conversion efficiency. This is 
especially true for the wind turbine variants that mostly utilise the aerodynamic drag forces during 
operation, typically described as Savonius-like designs. Presented work aims to explore the possibility 
of further increase of the energy conversion coefficient value of the drag based vertical axis wind turbine, 
to levels of the more popular HAWT designs. In the presented approach, heuristic optimisation 
algorithm coupled with the meta-model in-transit training has been combined with the computational 
fluid dynamics modelling of operation VAWT. This particular approach has been chosen in order to 
fully exploit parallel computation available through utilisation of High Performance Computing unit. 
Additionally, meta-model in form of the neural network, benefits greatly from large amount of the data 
obtained by evaluation of the many wind turbine designs due to population character of the optimisation 
algorithm. 

2.1 Rotor geometry parametrisation 

The Savonius-like turbine, drag-based wind turbine with vertical axis of rotation is commonly known 
and easily recognised by its characteristic S-like shaped rotor. Although, optimisation of the shape of 
the blades of the basic Savonius turbine design significantly improves the overall performance of the 
wind turbine, the efficiency of the turbine is still noticeably lower than HAWT designs or more popular 
H-rotor constructions. Therefore, for the purpose of presented optimisation procedure a modified, three 
bladed version of the Savonius rotor has been chosen. Primarily, the design of the modified Savonius-
like wind turbine employs the use of a main S-shaped blade and additionally two smaller supplementary 
blades. The shape of the blades, both the primary and secondary has been parametrised with use of the 
Bezier curves. As a parametrical in nature, Bezier curves offer desired smoothness, highly applicable in 
aerodynamic oriented designs. Also, Bezier family of curves allow for weakly restricted search through 
the domain of possible designs. In the presented work, the shape of the blades has been modified by 
changing positions of so called control points for each blade defining curve. The schematic shape of the 
modified Savonius design with marked geometric parameters defining the rotor geometry is presented 
in Figure 1.  
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Figure 1: Visualisation of wind turbine rotor parametrisation 

The shape of the main blade and the supplementary blade has been changed independently, by modifying 
the position of the respective control points of the defining Bezier curve. Each of the control points 
could be moved in two directions, thus adding up to 4 parameters in total. The last two parameters 
optimised were the angle between the chord the primary blade and the chord of the supplementary 
blades, thus summing up to 6 geometry variable parmaters in total. In every case the external diameter 
of the rotor remained constant and equal to 0.2m.  

2.2 Optimisation procedure 

Considering the complexity of the planned optimisation problem the metaheuristic optimisation 
algorithm, namely the differential evolution algorithm has been chosen. The main goal of the 
optimisation was to maximise the energy conversion coefficient. Therefore, the optimisation problem 
can be formulated as follows: 

 

max𝐶 = 𝑇
2𝜔

𝐴𝜌𝑤
 (1) 

 
𝐶   coefficient of performance, -, 
𝑇  averaged torque, Nm, 
𝜔

 
angular velocity, rad/s.  

𝐴
 

rotor swept area, m2.  
𝜌

 
air density, kg/m3.  

𝑤
 

free stream velocity, m/s.  

 

As mentioned before the search for optimal wind turbine rotor design has been performed with 
utilisation of the coupled algorithm whose workflow is presented in Figure 2. 
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Figure 2: Workflow of the coupled optimisation algorithm with neural network 

The optimisation procedure every time started with generating initial population of candidates in form 
of vectors. With each vector containing values of six crucial design parameters values, the specific 
geometry of the turbine rotor is unambiguously defined. In order to ensure the even distribution of the 
initial candidates the starting population in every run of the algorithm has been generated with so called 
Latin Hypercube Sampling method.  
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The data set with records of the instantaneous torque value in function of the angular displacement of 
the rotor served as a feed data for training the reduced order model  – the neural network. This more 
complex apprach to building the reduced order models has been realised in similar way by Buliński et 
al. [4-6]. Trained neural network has been then used as a fast and responsive evaluation tool for the new 
populations.  

Although, with six parameters in total, the shape optimisation can be considered as comprehensive, 
number of variables and therefore the number of possible rotor designs is high. The differential evolution 
algorithm can be described as a metaheuristic search algorithm. Similarly as other search algorithms that 
utilise evolutionary-like processes, differential evolution algorithm is population-based and attempt to 
iteratively improve a candidate solution fitness value. Although, as a heuristic in its nature a differential 
evolution algorithm does not guarantee finding global optimum, it does allow for relatively effective 
search through design space, especially in cases when the domain is highly dimensional. The utilised 
differential evolution algorithm, neural network as well as necessary software integrating interfaces has 
been written entirely with use of Matlab software.  

2.3 VAWT model 

Considering the need for the repeated evaluation of the performance of the candidate solution designs 
in progress of optimisation process the numerical model of the operating drag-based wind turbine has 
been developed. The model was based on the two dimensional model utilising computational fluid 
dynamics approach. Dimensional reduction from fully three dimensional, while introducing noticeably 
discrepancies, greatly reduces the required computational effort. In order to fully include the unsteady 
flow phenomena occurring around the rotor of an operating wind turbine, the calculations has been 
carried in the transient mode. The schematic representation of the defined computational domain 
together with placement of the specific boundary conditions prescribed is presented in Figure 1. 

 

Figure 3: Computational domain with marked boundary conditions 

The boundary conditions for the computational fluid dynamics based evaluation of the wind turbine 
design performance has been prescribed as follow: 

 Velocity inlet – in each of the optimisation runs, the freestream air flow velocity has been equal 
to 10 m/s. While this is a relatively high value of the prescribed wind velocity in comparison to 
the typical wind velocities at the urban and suburban areas, most of the micro scale wind turbines 
are rated for the comparable wind conditions. The turbulence variables set at the inlet boundary 
conditions has been calculated for non to low turbulent wind conditions. Thus, the intermittency, 
turbulent intensity and viscosity ratio respectively equal to 1, 5 and 10.  

 Pressure outlet – at the outlet of the computational domain no additional pressure has been 
prescribed. As a main purpose of the computational model was to represent quasi free flow 
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occurring around the operating vertical axis wind turbine, no additional pressure has been 
prescribed. 

 Wall – the rotor of the wind turbine has been defined as a wall boundary condition, with the no-
slip roughness setting. 

 Symmetry – at the other sides than directly flow directed the symmetry boundary condition has 
been utilised.  

 Interface – the modelling of the wind turbine rotor movement has been modelled with 
application of the Sliding Mesh technique. The rotational speed of the subdomain containing 
the turbine rotor has been prescribed as a constant calculated accordingly to chosen operating 
point of the turbine. In each of the presented cases the singular displacement of the rotor was 
equal to dΘ = 5°. 

The computational domain has been spatially discretised with a unstructured mesh containing 
approximately 2e05 of mostly quadrilateral elements. The numerical mesh surrounding the turbine rotor 
has been filled with 15 layers of cells with gradually increasing height in the perpendicular to the rotor 
direction. The turbulence phenomena inside the computational domain has been modelled with four 
equation Menter’s [6] Shear Stress Transport turbulence model. The SST turbulence model is part of so 
called eddy viscosity models, utilising Boussinesq approximation to solve momentum transport 
equations, namely the Reynolds Averaged Navier-Stokes equations. Applied turbulence model behaves 
effectively as a blend between the k-ε and k-ω models, with two additional equations for flow variables 
describing the gradual introduction the production of turbulence in transition cases. 

3 Results 

The optimisation procedure has been initiated three times in total, each time for the different operation 
point. The operating point of the wind turbines is most commonly defined by the Tip Speed Ratio (TSR) 
parameter. The TSR parameter is ratio of turbine blade tangential speed and the freestream wind 
velocity: 

 

𝑇𝑆𝑅 =
𝜔𝑅

𝑤
 (2) 

 

The chosen and prescribed operation point were corresponding to the TSR parameter equal to 0.8, 1.0 
and 1.2. Choosing of specific operation points has been motivated typical operating range of the 
Savonius like primarily drag-based wind turbines.  

In each of the performed optimisation attempts the Differential Evolution algorithm has been initialized 
with a quasi-random generated population containing 50 candidates each effectively being 6 element 
vector of float number encoded turbine rotor design variables. The stopping criteria for the optimisation 
procedure were the same at every run – reaching the total number of populations equal to 100. Use of 
such large populations was possible due to utilisation of the combination of the two dimensional CFD 
based model of the wind turbine and neural network serving as reduced order model. 

The results of the optimisation runs is presented in Figure 4 and Figure 5, with Figure 4 depicting the 
change of the coefficient of power value for the best candidate as well as the mean value of the 
candidates in the populations and Figure 5 presenting the change in the respective geometry defining 
parameters during the optimisation process.  
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TSR 0.8 

  

TSR 1.0 

  

TSR 1.2 

  

 

Figure 4: Results of the three optimisation runs – mean and highest value of the Coefficient of Power 
(left) and changes in the design parameters values (right); freestream wind velocity 10m/s and three 

TSR values 0.8, 1.0 and 1.2.  

As a result of the performed optimisation attempts with the developed optimisation procedure, three 
distinct rotor designs have been found. The utilised optimisation algorithm, namely the differential 
evolution algorithm, proved to be fast and effective in localising the optimal subspace of the solution 
domain. This is indicated by the asymptotic convergence of the mean value of the fitness function as 
well as relatively low changes in the design parameter values during the optimisation runs.  

Due to the fact, that optimisation runs have only performed search for an optimal candidate regarding 
single operating point, the designs has been evaluated with use of the CFD model across the entire wind 
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turbine operation range. The results of the optimal designs aerodynamic performance are presented in 
Figure 5.  

 

Figure 5: Comparison of the novel optimal designs of the modified VAWT versus optimised Spline 
based Savonius design [7] and experimentally optimised two blade Savonius design [8] 

As can be seen in Figure 5, for every of the three newly found rotor designs the CFD based model 
predicts significantly higher values of energy conversion coefficient. The improvement in the wind 
turbines performance can be noticed for their entire operating range. Analysing the significantly higher 
COP values reached by the optimised designs of the modified Savonius wind turbines at higher 
rotational speeds, it appears that additional supplementary blades enhance the wind turbines capabilities 
to utilise the aerodynamic lift force to a higher degree.  

4 Conclusions  

The paper presents application of the coupled heuristic evolutionary algorithm coupled with the CFD 
based performance prediction model supplemented with a dynamic generation of the meta-model based 
on neural network. Several promising designs of the Savonius-like wind turbine with the vertical axis 
of rotation has been obtained. Using the CFD based modelling, the efficiency of the newly found designs 
has been predicted to be significantly higher than the base design, thus notably expanding the 
applicability of such VAWTs. 

Although, the new found designs based on a modified three-bladed Savonius like wind turbine can 
predictably operate with a significantly higher levels of the energy conversion coefficient, the 
optimisation attempt is far from being finished. In the presented paper flexible but simple definition of 
the wind turbine blades has been applied. It is highly probable that different approach to defining the 
shape of the blades may allow for even higher values of COP to be reached.  
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Abstract 

In this study thermoecological cost (TEC) analysis of hydrothermal carbonization (HTC) of under-sieve 
fraction (USF) of municipal solid wastes (MSW) was performed. The TEC of hydrothermal 
carbonization of the USF was studied, considering two DB/W conditions (0,07 and 0,15), three different 
operative temperatures (180-200-220°C), and three different operative times (1-4-8 h). The influence of 
the single processes and operative conditions were analyzed and compared assuming different USF 
treatment processes (bio stabilization and landfilling, HTC and wastewater treatment (WWT). Thermo-
ecological cost which in contrast to other methods of ecological assessment, can bring all environmental 
impacts into one measure which is the exergy of the consumed natural, non-renewable resources is 
resulted appropriate method for evaluating the environmental performance of fuel production processes. 
The best TEC balance was obtained for the case of HTC where the substrate is treated for 1h under 
180°C temperature conditions and with a dilution of 0.15. It is demonstrated that the USF can be 
effectively transformed into hydrochar. Even if, the base treatment of USF is a simpler process, HTC 
process results are more favorable with respect to the base case. 

1 Introduction 

Undersieve fraction (USF) is the by-product of mixed municipal solid waste (MSW) mechanical 
treatment aimed at producing combustible stream or solid recovered fuel (SRF). USF has rather high 
moisture and not negligible organic biodegradable content. Thus, it can be successfully treated by 
hydrothermal carbonization (HTC), to obtain as a product the hydrochar (HC) with improved 
combustible properties.  
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HTC is a thermo-chemical conversion method that converts organic feedstocks to a valuable, energy-
rich material. This is a process for the pre-treatment of high moisture content biomass to make it viable 
in several applications. The solid material obtainable by HTC is hydrochar (HC), that is a solid fraction 
rich in carbon [1]. HTC processes make a solid char with higher energy density that is easily friable and 
more hydrophobic than the original substrate [2]. HTC is a promising method for utilizing the potential 
of biomass or wastes for cleaner production[3,4]. The authors already preliminarily investigated the 
HTC process for the USF, at laboratory scale [5]. However, both the comparison of the most appropriate 
process conditions (temperature, dilution rate and duration) and the different fate of the generated HC 
and process water (PW), should be analyzed considering the overall sustainability of the system, to 
provide clues for future industrial realization.  

Although research in this area is still relatively new, several studies of sustainability analysis of waste 
valorization routes employing HTC process have shown promising results. Recently, Mendecka et al. 
[6] carried out a LCA of the HTC process applied to olive pomace. In this study 12 different HTC 
valorization concepts of olive pomace were analyzed in detail, based on empirical data. The results 
showed that that substitution of the products from marginal processes with HTC product leads to 
environmental load savings for all the analyzed impacts (Climate Change, Acidification, Freshwater 
Toxicity and Eutrophication). Other authors [7] evaluated  the environmental impacts of the HTC of 
olive mill wastes compared with traditional management strategies (composting, anaerobic digestion, 
oil extraction, and incineration). HTC is combined with an incineration stage for heat and power 
production. Results show that this solution is less environmentally impacting than composting and 
anaerobic digestion, while no significant improvements are observed compared with incineration and 
oil extraction. This gap is due to the water disposal stage required for HTC.  

Apart from the conventional Life Cycle Assessment (LCA) of HTC applied to USF, which is reported 
elsewhere [8], this work is focused on the application of Thermoecological Cost (TEC) method, for a 
comprehensive evaluation of the environmental performance of the proposed process.  

2 Materials and methods 

2.1 Thermoecological Cost (TEC) analysis 

TEC has been defined by Szargut [9,10] as the cumulative consumption of non-renewable exergy 
connected with the fabrication of a particular product with the additional inclusion of the consumption 
resulting from the necessity of compensating the environmental losses caused by the rejection of harmful 
waste substances to the environment.  

In the basic form, the boundary of the system analyzed by TEC, following cumulative calculus approach, 
reaches the level of primary resource extraction and includes chain of the production processes leading 
to the product under consideration.  

The balance of TEC of j-th production branch also includes an additional consumption of resources 
connected with the waste rejection to the environment pkj. This additional consumption is linked to the 
maintenance and operation of abatement installations as well as from the necessity of compensation of 
other losses in the environment. Under these assumptions the thermo-ecological cost (𝜌 ) for a given 
system boundary can be presented by Eq. (1) [9–11]: 

𝜌 + 𝑓 − 𝑎 𝜌 = 𝑏 + 𝑝 𝜁  (1) 

where: 

aij  coefficient of the consumption of the i-th product per unit of the j-th major product, e.g. in kg/kg 
or kg/MJ, 

 fij coefficient of the consumption and by production of the i-th product per unit of the j-th major 
product, e.g. in kg/kg or kg/MJ, 

bsj exergy of the s-th non-renewable natural resource immediately consumed in the process under 
consideration per unit of the j-th product, MJ/kg, 

i   specific thermo-ecological cost of the i-th product, e.g. in MJ/kg, 
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𝑝  amount of k-th harmful substance from j-th process, kg, 
𝜁  thermoecological cost of k-th harmful substance, MJ/kg. 

The basic TEC concept can be further extended to the whole life cycle comprising the construction, 
operational and decominishing phases of the entire production chain. Similarly, to LCA, TEC analysis 
requires the input data inventory analysis which explores all necessary energy and material flows 
(inputs) as well as products, co-products, emissions, and waste (outputs) exchanging with the system 
boundary considered and the environment. In this study, inventory analysis was developed using both 
primary and secondary data. Primary data for the main processes in the foreground system were given 
by experimental trials [5]. HTC yields were obtained from laboratory scale discontinuous process, 
performed in a batch reactor. Products and substrates were analyzed by means of its compositions and 
energy content.  

Cumulative exergy demand (CExD) approach proposed in [15] that accounts for  total exergy 
consumption burdening all of production stages leading from the primary resources, through the 
transportation and semi-finished products fabrication to the final considered useful product was used to 
characterize coefficients of consumption in Eq.(1). CExD is specified in MJ-equivalents per unit of 
product. The balance equations to apply this method is explained bellow in Eq.(2): 

𝑏 ∗ = (𝑎 − 𝑓 )𝑏∗ + 𝑏  (2) 

Where:  

bj
* unknown index of cumulative exergy burdening the fabrication of j-th useful products; 

bi
* index of exergy cumulative consumption burdening i-th main product consumed in j-th production 

branch; 

ai,j
* index of specific consumption of i-th product per unit of product j-th, e.g. kg i/kg j; 

bj   index of direct primary exergy consumption in j-th branch, e.g. MJ/kg j; 

fi,j  index of specific by-production production of i-th by-product per unit of j-th main product; 

 

The secondary data related cumulative consumption of non-renewable exergy of the background 
processes, namely transport, electricity and heat generation, raw material production as well as waste 
treatments, developed by Bosch et all. [14] are applied are retrieved from the Ecoinvent database version 
3.2 with the cut – off system model. Detailed approach for calculation of the missing characterization 
factors of CExD for the liquid phase leaving the HTC process and for the hydrochar, is presented in [8]. 

For consistency, average EU mixes regarding electricity, materials and other resources were considered. 
The USF as an input element is treated as a waste. Thus it is assumed as a zero burden input of the 
system and so, in Eq.(2) only direct primary exergy consumption is considered in this case [12,13].  By 
completion of the calculations, all quantities accounted for in the inventory were reported per functional 
unit, namely the treatment of 1 t of USF. 

Direct exergy of inlout waste and hydrochar is calculated by means of an exergetic content of a solid 
biomass (Kotas, 2013) (Hepbasli, 2008) (Jan Szargut et al., 1987). The method proposed by Kotas is 
utilized in this paper, where the calculation of waste and hydrochar exergy content is based on the 
elemental composition of C, H, O and N:  

𝑏 (𝑀𝐽/𝑘𝑔) = 𝛽 ∙ 𝐿𝐻𝑉(𝑀𝐽/𝑘𝑔) (3) 

Where LHV is the lower heating value of the hydrochar, while βsj is an indicator based on statistical 
methods applied to produce a correlation equation studied on a large number of organic compounds and 
fuels. The used equation is given below: 

𝛽 = 1.0437 + 0.1896 ∙
𝑍

𝑍
+ 0.0617 ∙

𝑍

𝑍
+ 0.0428 ∙

𝑍

𝑍
 (4) 
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2.2  Laboratory scale primary data  

The USF was collected at an Italian MBT plant in the metropolitan area of Florence in Sesto Fiorentino 
(FI), which processes mixed MSW. At first, the residual MSW is stored in a bunker, from where it is 
fed to a primary grinder. Then a magnetic separation of metals is applied. The mainstream goes through 
a rotating sieve drum with openings of 60mm. The particles larger than 60mm, after a second metal 
removal by magnetic separation, follow the fate of Solid Recovery Fuel (SRF) production. The fraction 
smaller than 60 mm, referred to as USF, was collected and manually sieved through 20 mm openings. 
Table 1 reports the USF composition. 

Table 1: The material composition of the under-sieve fraction. 

Material Composition, % 
Paper 8.41 ± 1.97 
Plastics 5.48 ± 0.41 
Glass 1.73 ± 0.33 
Wood 1.82 ± 0.54 
Textiles 1.72 ± 0.44 
Food waste 2.96 ± 0.52 
Coffee pods 1.13 ± 0.18 
Inerts 1.27 ± 0.52 
Metals 0.84 ± 0.30 
Fine fraction <20 mm 74.64 ± 2.52 

As presented in Table 1, the considered USF consist mainly of mixed fine fraction. The remaining part 
with a size larger than 20 mm consisted of: paper, plastics, glass, wood, textiles, food waste, coffee pods, 
inert materials, and metals.  

Hydrothermal carbonization was conducted under an experimental set-up consisting of a stainless steel 
Zipperclave® Stirred Reactor equipped with a built-in stirrer by Parker Autoclave Engineers, USA 
[16].The reactor volume was 1000 ml, the equipment was cooled down by an internal cooling coil which 
allowed an immediate decrease of temperature, while halting ongoing reactions. The HTC process was 
performed on USF considering two levels of dilution (0,07 and 0,15), three different operative 
temperatures (180-200-220°C), and three different operative times (1-4-8 h). Each test was labelled 
according to their corresponding temperatures (180, 200 and 220 in °C); residence times (1, 4 and 8 h) 
and DS/W 142 ratios (0.15 and 0.07), for example: 180_1h_0.15.  

The averaged results of ultimate and proximate analyses of USF and hydrochars as well as yields and 
products distributions obtained for different process temperature, after 8 h residence time are 
summarized in Tables 2, 3 and 4 [5]. 

Table 2: The ultimate analysis of USF and hydrochars (C – carbon, H – hydrogen, N – nitrogen, S – 
sulphur, O – oxygen). 

Name C, % H, % N, % S, % O, % 
USF 36.0 ± 2.0 5.2 ± 0.4 1.3 ± 0.1 0.2 ± 0.2 18.2 ± 6.6 
180_8h_0.15 27.3 ± 0.9 3.3 ± 0.1 0.75 ± 0.04 0.74 ± 0.03 10.5 ± 0.5 
200_8h_0.15 32.3 ± 6.5 4.0 ± 1.0 1.0 ± 0.1 0.5 ± 0.4 10.3 ± 0.3 
220_8h_0.15 40.5 ± 1.2 4.77 ± 0.06 1.33 ± 0.04 0.30 ± 0.03 7.1 ± 0.9 
180_8h_0.07 36.4 ± 4.7 4.9 ± 0.6 0.9 ± 0.1 0.05 ± 0.03 21.5 ± 2.4 
200_8h_0.07 34.6 ± 2.4 4.4 ± 0.3 0.93 ± 0.05 0.3 ± 0.3 14.0 ± 1.1 
220_8h_0.07 32.5 ± 8.4 3.9 ± 0.9 1.2 ± 0.2 0.3 ± 0.2 7.7 ± 0.8 
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Table 3: The proximate analysis, higher and lower heating values of USF and hydrochars  

Name A, % VM, % FC, % HHV, MJ/kg LHV, MJ/kg 
USF 39.2 ± 7.9 51.7 ± 5.7 9.2 ± 4.6 14.6 ± 0.9 13.7 ± 1.1 
180_8h_0.15 57.4 ± 1.6 40.4 ± 0.4 2.2 ± 2.0 10.7 ± 0.2 10.0 ± 0.1 
200_8h_0.15 52.0 ± 7.5 42.7 ± 3.7 5.3 ± 3.8 14.4 ± 3.1 13.4 ± 2.6 
220_8h_0.15 46.1 ± 0.3 42.9 ± 0.2 11.0 ± 0.1 18.5 ± 0.2 17.4 ± 0.2 
180_8h_0.07 36.4 ± 7.8 53.6 ± 6.0 10.0 ± 1.8 15.7 ± 2.2 14.6 ± 2.1 
200_8h_0.07 45.7 ± 4.2 45.4 ± 2.7 8.9 ± 1.5 15.2 ± 1.6 14.2 ± 1.5 
220_8h_0.07 54.5 ± 10.5 35.1 ± 7.5 10.4 ± 3.0 14.9 ± 3.9 14.0 ± 3.7 

Table 4: The yields and products distribution of the hydrothermal carbonization process 

Name Mass yield, % Solid, % Liquid, % Gas+Loss, % 
180_8h_0.15 66.34 ± 1.21 8.65 ± 0.16 87.02 ± 1.96 4.32 ± 2.12 
200_8h_0.15 57.81 ± 1.71 7.54 ± 0.22 86.54 ± 1.56 5.92 ± 1.34 
220_8h_0.15 44.83 ± 0.90 5.85 ± 0.12 86.42 ± 0.44 7.73 ± 0.56 
180_8h_0.07 59.81 ± 3.43 3.91 ± 0.22 92.62 ± 1.59 3.47 ± 1.81 
200_8h_0.07 56.14 ± 0.74 3.67 ± 0.05 93.10 ± 0.68 3.23 ± 0.73 
220_8h_0.07 44.11 ± 0.86 2.89 ± 0.06 93.27 ± 1.02 3.84 ± 0.96 

2.3 USF hydrothermal carbonization process concept 

Results of the HTC tests were used for the preliminary design of the HTC process layout, in 
consideration of a hypothetical plant which can treat 40,000 t/year of USF from residual MSW.  

The concept of HTC was developed and modelled regarding design schemes suggested in the literature 
[17] [6]. The simplified layout of the proposed HTC process is shown in Figure 1. 

 

Figure 1:  Simplified layout of the USF HTC process 

In this scheme, USF is firstly prepared to reduce and homogenize the particle size; then it is mixed with 
water to reach the desired DS/W. Downstream of the mixer, a pump raises the pressure to feed the slurry 
to the HTC continuous reactor, a regenerative heat exchanger (HE) preheats the slurry, while a heater, 
fed by an external heat source, raises its temperature to that required for HTC. From the HTC reactor, 
the slurry, containing HC and the aqueous products, and gases, formed during the reactions, exit. The 
exiting slurry is conveyed to a centrifuge, where liquid solid separation is performed: the HC is 
transferred to an air-dryer and is then pelletized, ready to be used as fuel. Before entering the centrifuge, 
however, the slurry passes through the regenerative (HE) mentioned above. External heating is required 
to raise the air temperature to the established value. The liquid phase exiting the centrifuge is sent to a 
wastewater treatment plant (WWTP). Different scientific works were consulted  to derive the 
appropriate equations to estimate every single consumption on an industrial scale [6] [18]. The 
equipment involved in the HTC process was studied and electricity and thermal consumption were 
evaluated.  The energy balance was prepared for an HTC process, while considering a hypothetical plant 
with the ability to treat 40000 t/y of under-sieve fraction (USF) for 8000 h/y. The plant energy 
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consumption and the volume of the reactors were measured taking into consideration the simplified 
methods given by [18]. All inventory data for the LCA supporting the TEC are extracted from [8] and 
are not reported here for length limitations. 

In this study HTC layout and a standard solution to treat USF are compared to evaluate the benefits and 
drawbacks in terms of TEC. Figure 2 shows the two studied layouts and their boundary system 
conditions, as described here:  

 Case 0 represents the current processing of USF, which is aerobically biostabilized and then 
sent to landfill as daily cover (Fig. 2a); 

 Case1 consists in the described HTC process layout: in this frits case the effluent from the 
centrifuge is directly sent to the WWTP (Fig. 2b); 

HTC process was investigated by means of three process temperatures (180-200-220° C), three 
residence times (1-4-8 h) and two DB/W ratios (0,07 and 0,15). 

 

Figure 2: Schematic layouts investigated. 

3 Results and discussion 

In this section the results of TEC analysis of USF HTC process are presented. Direct exergy 
consumption 𝑏  of USF and exergy content of hydrochar is calculated using Eq. (2) and (3) and data 
presented in Table 2. The exergy content of waste and direct exergy consumption is equal to 14908 
MJ/ton of USF.  

The case 0, which represents the current processing of USF, is composed by aerobic biostabilisation, 
landfill and a wastewater treatment plant. Figure 3 presents the results of the TEC analysis in terms of 
consumption/production and emissions. The total TEC of processed is equal to and 73.88 MJ/t and the 
two largest contributions are given by the electricity consumption of the aerobic biostabilisation and the 
negative value deriving from landfill biogas. The most significant TEC emission is SO2 TEC, with a 
value equal to 0.84 MJ/t followed by PM and NOX with 0.30 and 0.13 respectively. 
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Figure 3: TEC analysis of USF treatment without HTC system: left) Total TEC of process (without 
direct exergy consumption), right) TEC emissions. 

The cases that employ HTC are analyzed and compared for two operative conditions of dilution DS/W 
(0.07 and 0.15), three different operative temperatures (180-200-220°C), and three different operative 
times (1-4-8 h). The complete results are presented in Figure 4 and 5. 

 

Figure 4: TEC analysis results for USF HTC treatment, the condition DS/W 0,07. left) Process 
contributions, right) TEC emissions. 

 

Figure 5: TEC analysis results for USF HTC treatment, the condition DS/W 0,15. left) Process 
contributions, right) TEC emissions. 

As regards the TEC consumptions (electrical, thermal, water, chemical compounds and hydrochar 
produced) related to the processes analyzed, the figures 5 and 6 shown the specific results related to a 
ton of USF. As can be seen, exergy content of the USF is highest contributor and TEC approach, in 
contrast from other environmental impact assessment, allow to include this content in the analysis.  
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Apart from direct exergy consumption from USF, drying and HTC reactor have the highest 
consumption, as we can see from Figure 4 and 5. This is mainly because of high thermal and electrical 
energy consumption.  

 

 

 

Figure 6: Total TEC of the HTC process  

Figure 6 compares the total TEC balance for the condition DS/W 0,07 and 0,15 respectively. All the 
cases employing HTC process are more favorable convenient with respect to the base case (case 0). The 
best result in terms of TEC balance was obtained for the condition 180-1h with a dilution of 0.15, where 
the final TEC value is equal to around 9.25 GJ per ton of USF. It can be also observed that the operation 
condition with dilution of 0.07 is less convenient for all cases analyzed. Moreover, by increasing the 
temperature and reaction times, the total TEC value is increasing.  

4 Conclusions 

This study investigated the TEC analysis of USF valorization by means of HTC process. Different HTC 
process conditions (temperature 180, 200, and 220°C; reaction time 1, 4, and 8 h; dilution ratio 
DS/W=0.07 and 0.15), were first compared, showing that the TEC performance of the HTC process is 
mainly connected with its energy consumption: in general, the cases operating at dilution ratio 0.15 
require less energy inputs and, therefore, provide better TEC indicators than cases operating at dilution 
0.07. Moreover, HTC process results more favorable with respect to the standard USF treatment process. 

Thermo-ecological cost which in contrast to other methods of ecological assessment, can bring all 
environmental impacts into one measure which is the exergy of the consumed natural, non-renewable 
resources is appropriate method for evaluating the environmental performance of fuel production 
processes. Apart from solid hydrochar, HTC process yields of gas and liquid phases. The further analysis 
should be carried out by considering other waste valorization alternatives and treatment gas and liquid 
products of HTC.  
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Abstract 

The blast furnace process is the dominant technology in worldwide iron metallurgy. The basic fuel in 
this process is coke. However, coke production is associated with several adverse environmental 
impacts. The reduction of coke consumption in a blast furnace can be achieved by injection of 
auxiliary fuels or by changing the parameters of the blast. The recirculation of the top gas into the 
process after CO2 and H2O removal and the high enrichment of the blast with oxygen are considered to 
be future technologies conducive to the reduction of coke consumption. The paper presents the 
influence of the above-mentioned technologies on the operating parameters of the blast furnace plant. 
The simulation calculations were performed using the formulated theoretical-empirical mathematical 
model of the blast furnace plant. The mathematical model of the blast furnace is built based on the 
mass and energy balances of its separated temperature zones. The balances of the elements and also 
the energy balance equation have been set up separately for the top zone of heat transfer and the lower 
zone of production together with the thermal reserve zone. The balances of elements and the energy 
balance also for the tuyére zone have been applied. The advanced data validation and reconciliation 
method to eliminate incompatibilities of selected balances of mass and energy of the temperature 
zones of the blast furnace for the so-called basic measurement of its raw materials and energy 
consumption indicators in the steady-state of operation has been applied. The carried out simulation 
calculations showed a significant saving of coke in the process under top-gas recirculation after CO2 
and H2O removal and oxygen enrichment of the blast conditions. 
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1 Introduction 

The blast furnace process is the first stage in the production of iron alloys [2, 7]. The dominant 
technology of steel production in the two-stage "blast furnace – oxygen-blown converter" process 
means that there is a constant need to improve the blast furnace process. In addition to the 
improvements consisting in the appropriate preparation of the iron-bearing charge in the form of 
a self-fusing sinter and coke fractionation, improvements are made to reduce the energy consumption 
of the process [3, 4, 9, 13]. These projects are primarily related to the desire to save coke because its 
chemical energy is approximately 70% of the total energy supplied to the blast furnace process. 
Nowadays, the reduction of coke consumption in the process is achieved by increasing the parameters 
of the blast furnace blast - temperature, pressure, and amount of oxygen, and the use of additional fuel 
reduction factors in the form of alternative fuels. Currently, the alternative fuel, which is most often 
used in the process for economic reasons is coal dust. In recent years has been observed many further 
activities to improve blast-furnace technology. The research was made on the use of blowing hot 
reducing gases into the shaft or blast furnace nozzle zone and recirculation to the top gas process after 
removing CO2 and H2O from it [3, 15]. Recently, there have been and still are made studies on the 
significant enrichment of the blast with oxygen with the simultaneous injection of various fuel-
reduction factors [4, 14]. These activities are primarily aimed at reducing the energy consumption 
of the process due to the reduction of the amount of primary fuel resources and the requirements 
of environmental protection. 

To verify the benefits of the proposed improvements to the blast furnace process, there are required 
experimental studies of new technologies or mathematical modeling techniques [1, 5, 6]. The use 
of verified mathematical models to analyse the predicted energy effects of proposed improvements can 
replace long-term experimental studies that are sometimes impossible due to the lack of sufficient 
financial resources. Modern computer technology and the available software, along with the 
availability of measurement data, create great opportunities in the mathematical modeling of the blast 
furnace process [12, 13]. Following the principle that a good mathematical model of the process is 
expected to have predictive ability, i.e. to predict the quantitative side of the occurring processes, to 
study the impact of new technologies on energy and ecological indicators of the blast furnace process, 
and to further system analyses, a zone divided mathematical model of a blast furnace can be used 
[11, 15, 16]. This model in its basic version was validated and applied to the study of the influence of 
recirculation of blast furnace gas in the process [15]. The zone-divided mathematical model of the 
blast furnace is based on the equations of mass and energy and can be included in the class of 
theoretical and empirical models. The basic assumption of this model is the calculation in the so-called 
"on-design" mode of empirical constants of the process, first of all, to reproduce the fixed parameters 
of the non-energy raw materials assumed in the model of the process in substances and energy balance 
equations based on base measurement of its raw material and energy consumption indicators in a fixed 
state. As part of the extension and improvement of the model, the calculation of the process constants 
was replaced by the inclusion of measurement data of non-energy factors in the model. However, this 
results in the occurrence of measurement redundancy, resulting in the incompatibility of selected 
model balance equations. Therefore, in the "on-design" calculation mode based on the data of the base 
measurement, the advanced data validation, and reconciliation method (DVR) was applied [8, 10]. The 
usage of this method is aimed at improving the reliability of the measurement data of the process and 
selected empirical coefficients used further for simulation calculations in the so-called "off-design" 
mode. 

2 Mathematical model of the blast furnace 

The working and supervision of each thermal process are controlled by direct and indirect 
measurements. Based on the results of measurements balance equations of chemical compounds in the 
case of physical processes and balance equations of elements in the case of chemical processes as well 
as energy balance equations in the fixed state of operation of the device are prepared. They are most 
often used to calculate unmeasured variables. The results of measurements and balance calculations 
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are then used to determine energy efficiency, energy losses, and technical indicators in the analyzed 
thermal process. In thermal engineering usually is a case that the number of unmeasured variables 
(unknowns) is smaller than the number of balance equations describing the process. It goes to 
the situation, that part of the balance equations are unused. If the results of measurements and 
the calculation results of unknowns received from non-redundant equations are substituted for the 
redundant balance equations, the result will be the incompatibility of the redundant equations. It is 
a result of unavoidable errors in measured variables and calculation errors of unknowns. The excess 
balance equations can be used to calculate the corrections of the measured variables and the pre-
calculated unknowns, which leads to the elimination of incompatibilities of all balance equations 
describing the process. The procedure of calculation of these corrections is called, mentioned earlier, 
advanced data validation and reconciliation [8, 10]. 

The mathematical model of a blast furnace is based on the foundations of the blast furnace process 
theory, which distinguishes two temperature regions in a blast furnace separated by a thermal reserve 
zone [2, 7]. The balance equations of elements, chemical compounds, and the energy balance in the 
furnace model are prepared separately for the upper heat flow zone (preparation zone) and the lower 
zone (producing zone) together with the thermal reserve zone. Conditions close to the state 
of thermodynamic equilibrium that prevails in the zone of thermal reserve allow for the formulation 
of chemical equilibrium, equations to determine the composition of the gas phase in this zone. 
Additionally, a substance and energy balance is formulated for the adiabatic combustion chamber 
of the blast furnace nozzle zone. The empirical part of the model includes additional equations that are 
complementary to the balance equations of substances and energy of the separated temperature zones 
to obtain the consistency of the number of equations and unknowns in the model. These equations 
contain in their mathematical form empirical coefficients, which are calculated based on the so-called 
base thermal measurement of the blast furnace [9, 16]. In the current model assumptions, the variables 
used in this measurement were limited only to measurements involving energy carriers in the process. 
The elements included in the non-energy carriers (raw materials and products) in the process, 
i.e. sinter, pig iron, and slag, and the energy effects related to the reduction of ore were not balanced. 
This problem was solved, as mentioned earlier, by calculating based on the data obtained as part of the 
base measurement, the so-called process constants occurring in the selected model substance and 
energy balance equations. The improvement of the mathematical model is based on the elimination 
of the calculation of these constants in favor of using the measurements of the parameters of non-
energy factors received in the base measurement in an equal way with the measurements of energy 
carriers and their further application in the simulation calculations.  

2.1 Conditional equations of the advanced data validation method 

The introduction to the calculations of data characterizing non-energy carriers in the process, received 
in the base measurement, results in measurement redundancy resulting in the incompatibility 
of selected model balance equations. Therefore, for the base measurement data of the blast furnace, 
mentioned before, the DVR method was applied. The selected equations of the mass and energy 
balances of the mathematical model of the blast furnace with no unknown variables were adopted as 
the conditional equations (equality constraints). These equations, in their basic form, were part of the 
developed zone mathematical model of the blast furnace [16], but without distinguished components 
of non-energy raw materials – which included the previously mentioned so-called process constants. 
These equations are: 

 balance of carbon of the upper heat flow zone, 
 balance of hydrogen of the upper heat flow zone, 
 balance of the difference between hydrogen and oxygen of the upper heat flow zone, 
 balance of energy of the upper heat flow zone, 
 balance of the difference between hydrogen and oxygen of the bottom heat flow zone 
 and balance equation of energy of the bottom heat flow zone. 

After introducing the measurement components for non-energy raw materials into the equations, their 
mathematical form for example is: 
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- the balance equation of energy of the bottom heat flow zone: 

𝐷𝐾 ∙ (𝑑  + ℎ  ) + 𝐷 ∙ (ℎ + 𝑋 ∙ ℎ ) + 𝐹 ∙ (𝑑 + ℎ ) + 𝑆𝑝  ∙  ( 𝑑   

+ ℎ  )  +  𝐾  ∙ 𝑎  ∙  (𝑑   +  ℎ   )

= 𝑆𝑢 ∙  ( 𝑑  + ℎ  ) + 𝑍𝑢 ∙  ( 𝑑  + ℎ ) + 𝜉 ∙ �̇� ∙
𝐷

�̇�
+ 𝐺

∙ (𝑊  + ℎ + 𝑋  ∙ ℎ  ) 

(1) 

The basic set of conditional equations of the DVR procedure is also supplemented with dependencies 
that bind the balance values concerning the thermal reserve zone and the blast furnace outlet. The 
equations of the balance equations of elements and energy constitute equality constraints in the DVR 
optimization task. As a result of the application of this method, the variables appearing in the 
equations to which a specific measurement uncertainty was assigned are corrected, which eliminates 
the inconsistencies of the right and left sides of these equations. The measurable effect of applying the 
method is receiving authenticated parameters of non-energy factors, i.e. parameters characterizing the 
properties of the charge in the model for simulation calculations. 

2.2 Validation of empirical coefficients in the equations of the mathematical model 

The use of the DVR method for the analysis of the blast furnace process brings additional benefits. 
As presented, the zone balance model of the blast furnace as a whole contains, in addition to the 
balance equations (mass and energy balances), additional dependencies resulting from theoretical 
considerations, but including empirical coefficients in their mathematical form. These dependencies 
include: 

- the equation to calculate the content of the main gas components in the outlet of a blast furnace: 

𝐺 ∙ 𝐻

𝐾 − 𝑃 ∙
𝑐
𝑐

∙
ℎ
2

+ 𝐷 ∙ 𝑋 + 𝐹 ∙ 𝐻
=  

−𝐶

1 +
𝐶𝑂
𝐶𝑂

+ 𝜓  (2) 

where: 

𝐶 =
𝐾 ∙ 1 + 𝐾

𝐾 ∙ 1 + 𝐾
 (3) 

- the equation describing the amount of dust blown from the throat of a blast furnace as a function 
of the average speed of its outflow [17]: 

𝑃 = (58,24 + 2,65 ∙ 𝑃 ) ∙ 𝑢 + 𝑃  (4) 

where the average velocity of gas outflow from the blast furnace outlet uG results from dependence: 

𝑢 =
(𝑀𝑅) ∙ 𝐺 ∙ �̇� ∙ 𝑇

𝑝 ∙ 𝐴 ∙ 𝐷
 (5) 

- the connection between the charge sagging index and the mass density index of gases and liquid 
smelting products to calculate the blast flux: 

𝐺 ∙
�̇�

𝐷
∙

𝑀

𝑝
= 𝐶  (6) 

- dependencies describing the connection of blast pressure 𝑝  with a pressure of reducing gases 
in the thermal reserve zone 𝑝  and gas pressure in the outlet of the blast furnace 𝑝 : 

𝑝 − 𝑝 = 𝐶 ∙ 𝐺 ∙
�̇�

𝐷
∙ 𝑇 ∙ 𝑀  (7) 
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𝑝 − 𝑝 = 𝐶 ∙ 𝐺 ∙
�̇�

𝐷
∙ 𝑇 ∙ 𝑀  

(8) 

The empirical coefficients: 𝜓 , 𝑃 , 𝐶 , 𝐶 , 𝐶  appearing in the equations (2), (4), (6)-(8) are 
calculated for validated blast furnace base measurement data. This is the mentioned benefit of using 
the advanced DVR method. The values of the coefficients calculated for unreliable data and after 
applying advanced DVR (for receiving the consistency of the balance equations) are presented in 
Table 1. 

The equation included in the mathematical model is also the balance of the adiabatic combustion 
chamber energy for the blast furnace tuyére zone: 

𝐾 ∙ 𝑑  +  ℎ  + 𝐷 ∙ (ℎ + 𝑋 ∙ ℎ ) + 𝐹 ∙ (𝑑 + ℎ ) = 𝐺 ∙ 𝑊  + ℎ  (9) 

After completing the energy balance (9) with the balance equations of the elements like carbon, 
oxygen, hydrogen, and nitrogen (assuming that the reduction gases in the nozzle zone include CO, H2, 
and N2), the only unknown in the created set of equations is the adiabatic combustion temperature. In 
blast furnace practice, this temperature reflects the thermal state of the blast furnace nozzle zone, and 
keeping it unchanged is one of the conditions for the proper performance of the process. That’s why, 
in simulation calculations and material and energy balances of a blast furnace, it is usually assumed 
that the adiabatic temperature is a constant value. The usage of advanced data validation allows, as in 
the cases of empirical coefficients, to authenticate the value of this temperature. The results 
of the calculations is presented in Table 1. 

3 The results of calculations of the empirical coefficients of the 
mathematical model 

Table 1 presents the selected results of calculations of the parameters of the developed mathematical 
model of the selected blast furnace based on the base measurement data. The data for the base 
measurement of the blast furnace are primarily the variables contained in equations mentioned in point 
2.1 in the form of the so-called specific indicators (specific consumption or production energy carriers) 
of blast furnace operation related to coke consumption K, auxiliary fuel F, blast D, sinter Sp, total 
production of the top-gas G, dust P and production of pig iron Su and slag Zu. These indicators are 
supplemented with data about the chemical compositions of the above-mentioned energy and raw 
materials factors. Base measurement data was adopted based on [9, 16, 17]. They were developed for a 
selected 3200 m3 blast furnace. As the source materials were used measurement and production data 
collected in reports on the operation of the furnace. To meet the fixed state conditions of the process, 
these data were collected under the conditions of stable operation of the furnace over a sufficiently 
long time. 

The most important results are presented. These results were obtained before and after the application 
of the advanced data validation method. The values of empirical coefficients and adiabatic temperature 
presented in column 3 of Table 1 were calculated for the data of the base measurement of the blast 
furnace and the values of other variables calculated on its basis. Column 4 contains the values of these 
coefficients and variables calculated with the use of the base measurement data validated with the 
advanced data validation method. In this case, the calculations of the empirical coefficients and the 
adiabatic combustion temperature in the nozzle zone are based on the validated data of the base 
measurement of the blast furnace, for which the equations of balances of elements and energy of its 
temperature zones are fulfilled. 
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Table 1: Empirical coefficients of the selected mathematical model equations before and after the 
application of the advanced measurement validation method 

No.  
An empirical factor 
or process parameter 

Value for the base measurement data 
Without using the advanced data 

validation method 
After using the advanced data 

validation method 
1 2 3 4 

1 𝜓  1.286 1.317 
2 𝑃  −15.197 kg/t p. i. −15.458 kg/t p. i. 
3 𝐶  

2.059 (𝑘𝑚𝑜𝑙 ∙ 𝑚) /𝑠   2.029 (𝑘𝑚𝑜𝑙 ∙ 𝑚) /𝑠  
4 𝐶  0.10210 𝑘𝑃𝑎/(𝑘𝑚𝑜𝑙 ∙ 𝐾 ∙ 𝑚) 0.09321  𝑘𝑃𝑎/(𝑘𝑚𝑜𝑙 ∙ 𝐾 ∙ 𝑚) 
5 𝐶  0.02979 𝑘𝑃𝑎/(𝑘𝑚𝑜𝑙 ∙ 𝐾 ∙ 𝑚) 0.02843 𝑘𝑃𝑎/(𝑘𝑚𝑜𝑙 ∙ 𝐾 ∙ 𝑚) 
6 𝑇  2542 𝐾 2520 𝐾 

The values of the base measurement data of the blast furnace used to calculate the adiabatic 
temperature values from the energy balance of the blast furnace nozzle zone are also a part of the 
validation procedure. From here, the value of this temperature is also subject to reconciliation. As 
shown in Table 1, its value obtained from calculations is coherent with the literature data, which gives 
its value in the range of 2200°C-2300°C [2]. 

4 Mathematical model of the equipment of the set of devices for the blast 
furnace. 

The blast furnace to work correctly needs a set of devices that take care of the products and substances 
delivered to the process. One of the devices is used to recover the energy from the top gas and produce 
electricity from it. We can do so because the parameters of the top gas are higher than the 
environment, for that we use a wet recovery turbine. We also need to prepare the air for the blast by 
making the pressure higher in the blast compressor and heating it in the Cowper stove. Another 
Cowper stove is used to heat the recirculating top gas which was previously cleaned. 

Besides calculations made to the blast furnace itself the model also needs to include a calculation for 
the additional equipment necessary for the correct work of the blast furnace. 

The specific effective work of blast furnace gas expansion in a wet recovery turbine results from 
the equation: 

𝐿 = 𝐺 ∙ 𝑙 ∙ ɳ  (10) 

For that purpose the specific internal work 𝑙  is calculated by the following: 

𝑙 = (ℎ − ℎ ) ∙ ɳ

= 𝑐 + 𝑋 ∙ 𝑐 ∙ (𝑇 − 𝑇 ) + (𝑋 − 𝑋 )

∙ 𝑟 − 𝑐 − 𝑐 ∙ (𝑇 − 273.15) ∙ ɳ  
(11) 

The blast compressor is calculated as a two-step blower with the internal cooling for which 
the specific effective work is calculated as: 

𝑙 =
𝑐 + 𝑋 ∙ 𝑐

ɳ
∙ (Δ𝑇 + Δ𝑇 ) (12) 

 

Blast heater and recirculation blast furnace gas heater (Cowper stoves) are calculated as 
the regeneration heat exchangers. For the chemical energy needed for heating the recirculation top-gas 
is used: 

𝐸 =
𝐺 ∙ 𝛥ℎ

ɳ
 (13) 
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and for the chemical energy needed for heating of blast 

𝐸 =
𝐷 ∙ (𝛥ℎ + 𝑋 ∙ ℎ ) ∙ 𝑊

ɳ ∙ 𝑊
 (14) 

For the correct calculation of the variables above is necessary to find the value of the energetic 
efficiencies of the heaters: 

ɳ = 1 − ɛ −
𝑛 ∙ ℎ

𝑊
 (15) 

Specific electric energy production in the set of devices for the blast furnace is calculated as a balance 
of the specific work of the wet recovery turbine and usage of the specific work needed in the unit for 
preparing the recirculating top gas: 

𝐸 = (𝐿 − |𝐿 |) ∙ ɳ  (16) 

Specific work of |𝐿 | is due to the difference between the compressor driving work and the expansion 
work of the purified recirculating gas according to the equation: 

|𝐿 | = 𝐺 ∙ |𝑙 | − 𝐺 ∙ 𝑙  (17) 

5 Simulation calculations 

5.1 The assumption for the calculations and input data 

Using the developed mathematical model of the analysed system, simulation calculations were made 
of the influence on the energy consumption of the process of significant enrichment of the blast with 
oxygen and the recirculation of the cleaned top gas to the blast furnace nozzle zone. An independent 
value, the value of which was set for simulation calculations, was the mole fraction of oxygen 
in the blast. The amount of recirculating top gas in the mathematical model is not an independent 
quantity. Its quantity results from the condition of keeping the adiabatic combustion temperature 
constant in the area of the blast furnace nozzles. Simulation calculations were carried out until all 
the top gas was used for recirculation. 

5.2 Results of the simulations 

The range of simulations for different input temperatures was made. The temperature of blast and 
recirculation cleaned top gas were changed. The range of values for these temperatures is from 
350 K to 1373 K for the recirculating top-gas [18] and from 1178 K to 1478 K for blast [19]. 
The calculations were carried out until all the top gas was used for recirculation or the molar fraction 
of oxygen in the blast reached 95%. The results are shown in the figures below. 

999



 

Figure 1: Specific consumption of coke 

6 Thermo-ecological cost 

Currently, it is important to know what value have the thermo-ecological cost (TEC) of the process 
[20]. Thank it we can optimize our models by changing the input data and receive more efficient 
results that are cheaper and less harmful to the environment. TEC is an indicator that allows us to 
verify the usage of exergy needed for the whole process of production of the particular product in this 
case the pig iron. It includes the exergy of the natural resources and the effort that we have to put to 
acquire them, the intermediate stages of production, and the production of the final product. It also 
includes the exergy of the by-products and their impact on the environment [20]. The thermo-
ecological cost of the pig iron is calculated using the equation: 

 ∙ 𝑎 =  ∙ 𝑎 +  ∙ 𝑎 +  ∙ 𝑎 +  ∙ 𝑎 +  ∙ 𝑎 +  ∙ 𝑎 − 
∙ 𝑎 −  ∙ 𝑎  (18) 

Equation (18) takes into account the exergy carriers delivered to the blast furnace and discharged from 
the blast furnace unit. To be able to calculate the TEC value just like before the calculation is made for 
1000 kg of produced pig iron 𝑎  = 1000 kg. The TEC value for particular variables are [20]: 
  = 6.8 MJ/kg p.i.,   = 29.7 MJ/kmol blow,   = 153 MJ/kmol O2,   = 46.1 MJ/kg coke, 

  = 835.7 MJ/kmol nat. gas,  = 2.81 MJ/MJ el. power,   = 835.7 MJ/kmol nat. gas, 

  = 1.8 MJ/kg steam. Values 𝑎 for the coke, blast, steam, sinter, oxygen, additional fuel, and electric 
energy are calculated in the mathematical model. Value 𝑎 for top-gas emitted from the system has to 
be corrected by recalculating it to natural gas [20]. 

𝑎 = 𝐺 ∙
𝑊

𝑑
∙ 0.7 (19) 

Results of the TEC value from one simulation are shown in Fig. 2. The diagram shows how the TEC is 
changing its value compared to the base simulation. Base simulation is a simulation without 
the recirculation of the top gas and on the diagram below it is represented as value 1. 
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Figure 2: Thermoecological cost of the production of the pig iron for Trec=1273 K, TD=1378 K 

7 Conclusions 

The correct mathematical model of the process should be predictive, i.e. predict the correct 
quantitative side of the phenomena. The developed mathematical model of the blast furnace based on 
zone balance equations has this ability. Simulation calculations allow us to determine the effect 
of the use of additional various fuel-reduction factors and changes in the parameters of the blast on the 
energy performance indicators of the furnace. To improve the prediction of these indicators, the base 
measurement data of the blast furnace was validated using the advanced data validation method, which 
was then used to calculate the values of variables assumed as constant values in simulation modeling and 
empirical coefficients appearing in the presented equations of the mathematical model of the process. The 
validated values of the empirical coefficients of the mathematical model will be the input data for the 
target simulation calculations of the impact of additives of various fuel-reduction factors and blast 
parameters on the energy consumption indicators of the blast furnace process and system effects. 

The increase in the proportion of oxygen in the blast causes an increased demand for cleaned 
recirculating blast furnace gas with a simultaneous reduction in coke consumption. The chemical 
energy of the coke supplied to the blast furnace is replaced by the chemical energy of the recirculating 
gas. The carbon monoxide in the recirculating gas replaces the coke carbon element needed 
for the iron oxides reduction reaction. 

Calculations, as mentioned earlier, were performed until the top gas balance was zero. This means that 
they were carried out until there was no gas left that could be led out of the system balance shield. 

Depending on the value of the blast temperature and the temperature of the recirculating blast furnace 
gas set for the simulation calculations, different values of coke savings are obtained. The maximum 
reduction in coke consumption reaches about 18% for the oxygen content in the 𝑂 = 95%. For 
setting higher values of the temperature of the blast and the recirculating top gas, a greater reduction 
of the coke, demand is obtained for the same value of the molar fraction of oxygen in the blast (Fig. 
1). At the same time, the system uses all the available top gas with a lower fraction of oxygen in the 
blast. This does not allow the reduction of coke consumption to reach the values achievable for the 
lower temperatures of the blast and recirculating gas supplied to the blast furnace. 

The thermo-ecological cost of pig iron production in a blast furnace depends on the parameters 
and the number of substrates supplied to it. For the adopted assumptions, top gas recirculation allows 
for its reduction by about 4.8%. This is the minimum value achieved for the simulation, in which the 
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minimum temperature of the blast set for calculations was 𝑡 = 1178 𝐾, and the recirculating gas 
𝑡  = 970 K. For the above temperatures, the minimum value of the coke demand is also achieved, 
which is 𝐾 = 406.2 kg/t p. i. 

Both the blast furnace temperature of 1387 K and the recirculating blast furnace gas temperature 
of 1273 K as well as for the lower values of these temperatures, one value of the thermo-ecological 
cost reduction was achieved, which can be considered is minimum under the model assumptions. 
This value was about 4.8% lower compared to the value of the thermo-ecological cost obtained 
in the calculations carried out with the use of data obtained from the baseline measurement of the blast 
furnace. This constant value was almost the same for the simulations performed, which may be due to 
the energy and chemical requirements of the blast furnace. The lower temperatures of the gases (blast 
and recirculating gas) supplied to the blast furnace allowed for greater oxygen enrichment of the blast 
without the need to provide additional fuel, increased the calorific values of the top gas 
and recirculating blast furnace gas at the same time reducing the demand for blast and coke. It follows 
that the higher thermo-ecological cost of oxygen needed to enrich the blast and the greater electricity 
demand are balanced with the lower thermo-ecological cost of coke consumption and the amount 
of blast for lower gas temperatures input to the system. 

After the simulations, in which the blast furnace gas is fully used for firing the heating stoves 
and recirculation, it can be concluded that lowering the gas temperatures – blast and recirculating gas 
(while maintaining physical constraints) does not reduce the thermo-ecological cost by more than 
the previously presented value of 4.8 % compared to the value obtained from the base measurement. 
This means that from the temperatures of the blast and the recirculating gas for which, with the full 
utilization of the top gas, a value of oxygen content in the blast of 95% and higher temperatures 
the achieved thermo-ecological cost is the same. Increasing these temperatures is undesirable due to 
the use of all the available top gas with low oxygen enrichment of the blast, which does not allow 
the energy supplied in the coke to be adequately replaced by the recirculating top gas, this is due to 
the reduction of the efficiency of the blast and the recirculating top gas heaters because the increase in 
the assumed temperatures increases the temperature of the exhaust gases flowing from the heaters. 
When the temperatures of the blast and recirculating gas are increased in the simulations, 
the minimum technically possible temperatures of the exhaust gases from the heaters are not achieved. 

Nomenclature 

(MR) universal gas constant, kJ/(kmol K), 
|𝐿 | specific consumption of effective driving work in the process of recirculating blast 

furnace gas preparation, 
�̇�  heat losses from the blast furnace to the cooling water and the environment, kJ/s, 
|𝑙 | specific work of the compressing of the recirculating top gas, 
ɛ  the relative heat losses of the heater, 
ℎ  the specific enthalpy of flue gases that exit the heater. 
ɳ  the internal efficiency, 
ɳ  the mechanical efficiency, 
ɳ  electromechanical efficiency of the electric generator, 
Δ𝑇  blast temperature rise in the first stage of the compressor, 
Δ𝑇  blast temperature rise in the second stage of the compressor, 
𝑙  specific work of the expansion of the purified recirculating gas, 
𝑙  the unitary internal work, kJ/kmol, 
𝑛  the amount of flue gases received from one kmol of the top gas, 
𝜉  distribution of heat loss between temperature zones, 
a mass fraction of mineral substance in coke, kg/kg, 
AG the area of gas outflow, m2, 
c, s, h, o, w mass fractions of carbon, sulfur, hydrogen, oxygen, and moisture, kg/kg, 
CO2, CO, H2, Xz volumetric (molar) fractions of carbon dioxide, carbon monoxide, and hydrogen as well 

as the moisture level of the top-gas, kmol/kmol, 
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cp specific heat, 
d enthalpy of devaluation, kJ/kmol, 
D, Ḋ the specific amount of blast, kmol/ton of pig iron, and flux of the blast, kmol/s, 
F specific amount of alternative fuel, kmol/ton of pig iron, 
G specific production of blast furnace gas, kmol/ton of pig iron, 
G′′ top-gas emitted from the system, that means blast-furnace gas produced in the blast 

furnace that left after loses, recirculation and heating stoves of blast and recirculation 
gas, kmol/ton pig iron, 

h physical specific enthalpy, kJ/kmol, 
K specific coke consumption, kg/ton of pig iron, 
KpCO the chemical equilibrium constant corresponding to the reduction reaction of FeO by 

use of CO in the thermal reserve zone, 
KpH2 the chemical equilibrium constant corresponding to the reduction reaction of FeO by 

use of H2 in the thermal reserve zone, 
M molar mass, kg/kmol, 
Mg specific amount of molar mass in the area of blast furnace nozzles, kg/kmol, 
P dust exhaust from the blast furnace, kg/ton of pig iron, 
p gas pressure, kPa, 
r0 enthalpy of evaporation, 
Sp specific amount of sinter, kg/ton of pig iron, 
Su specific amount of pig iron, kg/ton of pig iron, 
SUR pig iron, kg/ton of pig iron, 
T temperature, K, 
Wd calorific value, 
X degree of dryness of the steam, 
Xz molar degree of moisture, 
Zu specific amount of slag, kg/ton of pig iron. 
𝜌  thermo-ecological cost, MJ, 
 
Subscripts 
1 gas at the inlet of the turbine, 
2s gas in the exit of the turbine (after the isentropic expansion), 
a mineral substance in coke, 
D blast, 
El electrical power, 
F alternative fuel, 
g relates to the blast furnace tuyére zone, 
G top gas, 
K coke, 
Ps steam, 
Sp sinter, 
sr inlet or outlet substances from the bottom heat flow zone along with the thermal 

reserve zone, 
Su pig iron, 
T turbine, 
w refer to the mean values of the amount G, temperature T, and molar mass M of reducing 

gases in the blast furnace producing zone, 
Zu slag. 
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Abstract 

The pursuit of alternative energy sources for the nitrogen fertilizers sector has recently earned renewed 
interest due to increasing concerns regarding the world dependence on non-renewable energy resources 
and also motivated by the more stringent environmental regulations. The decarbonization of this sector, 
responsible for 2% of the global energy consumption, might help not only improving its carbon 
footprint, but also reducing its dependence on international market prices of natural gas. In order to 
palliate the environmental impacts that nitrogen fertilizers production is responsible for, several efforts 
have been addressed to incentivize the partial or total decarbonization of the ammonia supply chain. The 
thermochemical conversion routes of biomass can play an important role in this decarbonization process 
and also is an interesting opportunity to capitalize on the underexploited biomass potential in tropical 
countries. Thus, in this work, two production plants, nitric acid and urea, are integrated to a kraft pulp 
mill via black liquor gasification. The proposed systems are evaluated in light of thermodynamic and 
environmental aspects. The choice of the utility system has been driven by the interrelation of the market 
conditions, as well as the extent of the energy integration of the chemical plants. As a result, the exergy 
efficiency of the integrated plants remains competitive against the conventional kraft pulp mill thanks 
on the optimal selection of the operating conditions of the utility system. Furthermore, the results for 
the overall CO2 emissions balance achieved negative values for some scenarios, pointing out the 
potential for CO2 depletion with the integrated processes proposed. Finally, the indirect emissions of the 
biomass supply chain demonstrated to have a great impact in the CO2 balance.   
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1 Introduction 

The natural gas availability as feedstock continues to decline, while its price increases, encouraging the 
search for renewable feedstock. The pulp and paper industry can play an important role in this scope, 
since it is a well stablished biomass-based activity. However this industry presents some industrial 
challenges, that makes it very energy-intensive, also responsible for about 2.3% of the total yearly CO2 
emission of the industrial sector worldwide [1]. A potential pathway for long-term sustainable growth 
of the pulp and paper industry that can improve its efficiency and profitability is the integration of 
biorefineries into the existing facilities [2]. The black liquor (BL) is a byproduct of the kraft pulping 
process, and it can be an important feedstock for alternatives assessments purposes, since it contains 
more than half of the energy content in the total woody biomass. The syngas produced from the 
gasification process of BL can be used either to generate electricity or produce chemicals and biofuels. 

Ammonia is one of the several chemicals that can produced from syngas and it is one of the most 
demanded bulk chemicals in the world. Currently almost 100% of ammonia production obtains the 
required hydrogen from fossil fuel feedstock. Around 70% of the total ammonia produced worldwide is 
used for the production of fertilizers for the agricultural sector [3]. The urea production is the largest-
volume derivative of ammonia, accounting for more than 50% of the ammonia demand, being widely 
used in fertilizers as a source of nitrogen and also it is an important material for the food and chemical 
industry. The nitric acid and ammonium nitrate are the second major users of the ammonia demand. 
About 75-80% of nitric acid is utilized for fertilizer production [3]. However, the ammonia production 
accounts for around 2% of total final energy consumption and 1.3% of CO2 emissions from the energy 
system, since it is heavily based on fossil fuels [3]. Thus, several efforts are being made towards the 
decarbonization of the ammonia production supply chain and the mitigation of the environmental 
impacts of this sector. 

The ammonia production via biomass gasification is arising as a promising alternative. This process is 
similar to the one that uses natural gas as feedstock. Florez-Orrego et al (2019) performed a comparison 
between the conventional natural gas-based ammonia production plant with a set of alternatives using 
biomass-based ammonia production facilities. The exergy efficiencies of the natural gas and biomass-
based ammonia production plant average 65.8% and 41.3%, respectively, whereas the overall emission 
balance varies from 0.5 to −2.3 tCO2/tNH3, respectively [4]. The negative values point towards the 
environmental benefits brought about by the production of chemicals using alternative energy sources 
such as biomass, and the electricity import, whether available, may help reduce the irreversibilities. For 
the biomass-based ammonia production, the indirect emissions of the biomass supply are the largest 
share of indirect emissions (85–100%). Thus, the availability on site and the large distance for 
transportation may contribute to higher carbon footprint in the ammonia supply chain, due to the increase 
of indirect emissions. 

This work proposes to produce ammonia by using the syngas coming from the gasification of black 
liquor (BL), a byproduct of the kraft pulping process. The ammonia produced is used either to synthesize 
urea or nitric acid. These integrated plants are compared with the performance of the conventional kraft 
mill in light of thermodynamic, economics and environmental impact. In addition, an optimization 
framework is applied for the utility plant that fits the power and heating needs while minimizing the 
operating costs. The extended exergy method that takes into account the upstream supply chains 
inefficiencies for the different energy inputs is also considered. 

2 Methods 

This section describes the modeling and simulation approach used for performing the integration of urea 
and nitric acid into a kraft pulp mill via black liquor gasification. The environmental and thermodynamic 
performance indicators are also defined. Lastly, the optimization methodology, used to minimize the 
energy requirements, while maximizing the waste heat recovery, is also discussed. 
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2.1 Process modelling and simulation 

2.1.1 Ammonia synthesis 

Figure 1 illustrates the integrated flowsheet for pulp and ammonia production via black liquor 
gasification. This process is modelled in the Aspen Plus® software and the detailed description of this 
integrated process can be checked in reference [5]. 
 

 

Figure 1: Integrated flowsheet of pulp and ammonia production. 

In brief, the power and steam demands for the kraft mill are adapted from [6, 7] to produce around 880 
air dried (AD) tons of pulp per day. It was considered a pulp yield of 46.51% with respect to the total 
amount of digested biomass [8], with a respective production of 1.44 tBL/tpulp. The ultimate and proximate 
analysis, as well as the lower heating values of the main inputs and outputs of this process are reported 
in Tables 1 and 2, respectively. 

First, the weak black liquor coming from the kraft process is dried. In the conventional process, multiple 
effect evaporators are used, usually with 4 to 6 effects [9]. This system demands a large amount of 
steam, thus offering large room for costs reduction by lowering the energy requirements [10]. Darmawan 
et al. (2017) proposed a mechanical vapor recompression (MVR) system that substitutes steam for BL 
concentration by an electricity input [11]. In this study, the conventional multiple effect evaporator 
system is replaced by the MVR system.  

Subsequently, the strong black liquor is gasified in a pressurized system (30 bar, 1000 °C) using oxygen. 
The syngas obtained need to be treated, purified and its composition should be adjusted (H2/N2 ratio of 
3:1) before enters the ammonia loop. To this end, autothermal reformer, water gas shift, CO2 capture 
and methanation systems are required. The purified syngas is compressed up to 200 bar and fed to a 
synthesis loop, where the H2/N2 mixture is partially converted into ammonia through a series of catalytic 
beds indirectly cooled  [12]. The ammonia synthesis is based on Equation 1. Finally, ammonia is purified 
before follow to its end-use. The ammonia produced will be used as a feedstock either to synthesize urea 
or nitric acid. The process for each of these chemicals will be described in the sequence. 

 2 2 3 298N 3 H 2 NH 92o
KH kJ kmol                                                                         (1) 

Table 1: Ultimate and proximate analyses of wood, bark, black liquor, oil and pulp. 

 Wood Bark Black liquor Oil Pulp 

Ultimate analysis     

Carbon 49.90 48.58 29.86 85.10 44.44 

Hydrogen 6.14 5.52 3.27 10.90 6.17 

Oxygen 42.85 41.19 29.05 - 49.39 

Nitrogen 0.27 0.36 0.10 - - 

Sulphur 0.00 0.03 4.09 4.00 - 

Chlorine - 0.09 0.90 - - 
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Proximate analysis     

Ash 0.83 4.23 32.73 - - 

Fixed Carbon - - 10.21 - - 

Volatiles - - 57.06 - - 

Moisture 40 50 85 2 10 

References* [13-16] [17, 18] [19] [20] [21] 

*The reported values are an average of the cited literature. 

Table 2: Calculated lower heating value (LHV) and specific chemical exergy (bCH) for wood, bark, 
black liquor, oil and pulp. 

Material  LHV (MJ/kg dry) bCH (MJ/kg dry) 

Wood  18.85 21.23 

Bark  17.90 20.13 

Black Liquor  10.28 12.08 

Oil  40.56 43.38 

Pulp  16.32 19.80 

2.1.2 Urea synthesis 

The commercial urea synthesis is based on the Basarov reaction (Equation 2) at 125 – 250 bar and 170 
– 220 ℃ with two reactions: the formation of ammonium carbamate (NH2COONH4) (Equation 3) and 
the dehydration of ammonium carbamate to generate urea (CO(NH2)2) (Equation 4). The ammonium 
carbamate formation is highly exothermic and fast, and the chemical equilibrium is reached under the 
operating conditions in the reactor. On the other hand, the dehydration of ammonium carbamate is 
endothermic and its rate is slow and equilibrium is usually not reached in the reactor. The base 
simulation approach for the urea model is described in [22].  

3 2 2 2 22 NH CO CO (NH ) H O                                                                                           (2) 

 3 2 2 4 2982 NH CO NH COONH 136.2o
KH kJ kmol                                                   (3) 

 2 4 2 2 2 298NH COONH CO (NH ) H O 17.6o
KH kJ kmol                                          (4) 

The SR-POLAR thermodynamic model is used for the urea conversion unit (Figure 2), which is suitable 
for the high pressure, high-temperature conditions. The CO2 coming from the ammonia purification unit 
reported in Figure 1 is compressed to 141 bar and fed to the CO2 stripper to strip the urea solution 
coming from the reactor. In the stripper, ammonium carbamate decomposes, releasing more NH3 and 
CO2 to be stripped out. The outlet liquid solution from the stripper is rich in urea and goes to the low 
pressure urea purification section, obtaining a urea solution of 77 wt%. The mixture from the top of the 
urea purification is sent to the LP carbamate condenser again to compound ammonium carbamate, which 
is further cooled and passes through an HP ammonium carbamate circulating pump into the Scrubber 
eventually into the urea reactor to complete the loop. 

In the adiabatic urea reactor an aqueous solution of NH3 and CO2 (the major part in the form of 
ammonium carbamate) and vapors flow upward through the reactor volume to minimize back-mixing 
and provide sufficient residence time for urea formation. Remaining gases condense and carbamate 
decomposes in the reactor to provide heat for the slightly endothermic reaction of carbamate to urea. 
The urea solution overflows from the top of the reactor back to the Stripper, while the unreacted gases 
pass out the top of the reactor and follows to the Scrubber, where recycled carbamate solution absorbs 
the unreacted NH3 and CO2, while inert gases go out in the off-gas stream. The solution of the bottom 
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of the scrubber is then mixed with the top vapor stream from the stripper together with the ammonia 
feed stream. 

CO2 from
purification unit

HP Carbamate 
Condenser

Urea 
reactor

Carbamate 
recycle pump

Scrubber

LP Carbamate
 Condenser

CO2 stripper

Flash

NH3 from 
ammonia unit

Urea purification

Urea

Off-gas

Off-gas

Urea Conversion Unit

 

Figure 2: Flowsheet of the urea production. 

2.1.3 Nitric acid synthesis 

Figure 3 illustrates the flowsheet of the nitric acid production. This process occurs via the Ostwald 
process. First, ammonia is oxidized to nitric oxide (Eq. 5) in the converter, in the presence of platinum 
or rhodium gauze catalyst at a high temperature of about 500 K and a pressure of 9 atm. Nitric oxide is 
then reacted with oxygen in air to form nitrogen dioxide (Eq. 6) carried out by gas cooling shifts 
equilibrium toward NO2 formation, whereas giving the sufficient residence time to allow the 
homogeneous oxidation reaction to complete this process [23]. An increase of rate of NO oxidation at 
temperatures around 300 °C could result in an additional recovery of the heat of reaction at temperatures 
where high-pressure steam can be produced. Then, NO2 is subsequently absorbed in water to form nitric 
acid and nitric oxide (Eq. 7) in the absorption tower. The solution of nitric acid obtained is about 65 
wt%, which is in agreement with the commercial grade. The tail gas of the absorption column is treated 
in the tail gas reactor before being discharged [23]. The thermodynamic models NRTL-RK, 
ELECNRTL and STEAMNBS were considered, depending the characteristic of the stream.     

 3 2 2 2984NH 5O 4 NO + 6 H O 905.2o
KH kJ mol                                                    (5) 

 2 2 2982 NO O 2 NO 114o
KH kJ mol                                                                      (6) 

 2 2 3 2983NO H O 2 HNO + NO 117o
KH kJ mol                                                       (7) 
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Figure 3: Flowsheet of the nitric acid production 
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2.2 Optimization problem definition 

The integration of the urea or nitric acid plants in the kraft pulp mill may lead to different utilities 
demands, and the tradeoffs between the alternatives for supply these new demands should be evaluated. 
In this study, the possibility of importing electricity and also the biomass consumption are considered 
as possibilities. The OSMOSE Lua framework [24] is used to calculate the minimum energy 
requirements (MER) of the chemical plants. This framework handles the mixed integer non-linear 
programming problem that works out the best energy technologies and their operating conditions that 
reduce the operating costs. The ASPEN Plus® software is used to simulate the chemical plants and 
transfers data to OSMOSE Lua to build MILP problem described in Equations. (8-12), that will be 
solved using the AMPL solver [24]. In this way, the integer variables, yw, related to the presence or not 
of a utility unit, and its respective continuous load factor, fw, can be determined by the minimization 
of the objective function given by Equation (8):  

       

     
2 2

,
,

min
r

PowerChips Wood OilChips Wood Oil Power

f y
R W

COPulp Chemical COPulp Chemical

f B c f B c f B c f W c

f B c f B c f m c
 

 
 
 
 
 
  

      

     

           (8) 
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(10) 

Utility unit existence and load  

max,min, y y 1..f f f N        
            

(11) 

Solution feasibility (MER)          

1 10, 0, R 0rNR R     and exp0, 0impW W 
    

(12) 

where: 

N is the amount of intervals of temperature depending on the supply and the temperatures target of the 
various streams;  

Q is the heat exchanged between the process streams (Qi,r > 0 for hot stream, Qi,r < 0 for cold stream); 

R is the heat flow rate cascaded from higher (r+1) to lower (r) intervals of temperature (kW); 

N is the number of units available in the utility systems; 

B is the resources exergy flow rate (kW);  

q are the cooling or heating flow rates supplied by the utility systems (kW); 

W is the produced power by the utility systems, chemical processes or exported to/imported from the 
grid (kW).   

The price of feedstock (€ per kWh or kg), electricity consumed or marketable products (pulp, Nitric 
Acid or Urea) and byproducts (surplus power and CO2 produced) are defined in Table 3. 
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Table 3: Market costs and selling prices for feedstock and products. 

Feedstock/Products Market cost/selling price Reference 

Wood 0.013 €/kWh [9, 25] 

Chips 0.016 €/kWh [9, 25] 

Oil 0.018 €/kWh [9] 

Electricity 0.045 €/kWh [9] 

Pulp 0.144 €/kWh [26] 

Nitric Acid 1.68 €/kWh [27] 

Urea 0.291 €/kWh [28] 

CO2 0.0084 €/kg [29] 

2.3 Performance indicators 

The conventional kraft pulp mill, based on the multiple effect evaporation system and on the recovery 
boiler, can be compared with the two proposed designs based on the upgraded BL gasification, aiming 
to produce either urea or nitric acid. The performance indicators considered are described below. 

2.3.1 Exergy efficiency 
In order to compare the different configurations, the relative exergy efficiency indicator is assessed.  
This indicator is defined in Equation 13, and it quantifies the deviation from the minimum theoretical 
exergy consumption necessary to make up the main industrial products, i.e. pulp and chemicals. 

,
Relative

,

chemical pulpconsumed ideal

netconsumed actual oil wood chips

B BB

B B B B W



 

  
 

(13) 

where B (kW) is the total exergy. The calculation of the physical and chemical exergies is performed 
via Excel add-ins embedded in Aspen Plus®. 

2.3.2 CO2 emissions assessment 

Two CO2 emissions balances were performed: the overall CO2 emissions and the net one. The overall 
CO2 balance (Equation 14) is calculated by assuming that the emitted CO2 (either fossil or biogenic) can 
be compensated by the avoided CO2 that is captured by the syngas purification unit. In this case of the 
overall CO2 emissions balance, biogenic emissions are accounted in the emissions balance of the plant, 
so that the more conservative case can be analyzed and means for mitigating these emissions can be also 
suggested. On the other hand, the net CO2 balance (Equation 15) assumes that the CO2 incorporated by 
the crops (𝐵𝑖𝑜𝑔𝑒𝑛𝑖𝑐 ) represents circular emissions, thus, it is subtracted from the overall 
emissions. The indirect non-renewable CO2 emissions take into account those generated at the upstream 
supply chains of the electricity (62.09 gCO2/kWh), wood (0.0043 gCO2/kJWood) and oil (0.0029 gCO2/kJOil), 
according to the Brazilian electricity mix profile as reported in [30, 31]. The biogenic emissions 
comprise those derived from the combustion of woody biomass (bark and chips), depending on the 
carbon content thereof. 

2 2
direct indirect indirect indirect direct

emissions emissions emissions emissions emissions emissions capturedOverall CO Fossil EE Wood Oil Biogenic CO     
 (14) 

 

2 2
direct indirect indirect indirect

emissions emissions emissions emissions emissions capturedNet CO Fossil EE Wood Oil CO                                (15) 

Equation (16) and Equation (17) illustrate how the indirect and direct emissions are calculated, 
respectively. 
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where M is the molar mass, the %C for each material could be retrieved from Table 1, and the 
consumption of the biomass and fuels, as well as the LHV and bch (𝜑 = 𝑏 /𝐿𝐻𝑉) are presented in 
Table 2. 

3 Results and discussion 

In this section, the performance of the conventional kraft pulp mill with multiple effect evaporator is 
compared with those of the proposed chemical plants for nitric acid or urea co-production. 

3.1 Energy and exergy remarks 

Table 1 summarizes the exergy consumption remarks of the conventional kraft mill and the integrated 
plants producing either nitric acid or urea. A first remark relies on the fact that the integrated plants have 
an increment between 5-28% in the overall exergy consumption, due to the new demands required by 
the integration of the new facilities. In addition, the Extended Exergy Consumption that takes into 
account the exergy efficiency of the electricity generation (55.68%), as well as of the oil (95.20%) and 
biomass (86.13%) supply chains [30, 31], impairs the performance of the integrated nitric acid or urea 
plants increasing the exergy consumption between 16-21%. 

The integrated composite curves resulted from the energy integration analysis for the conventional case 
and the integrated plants are represented in Figure 4. In the conventional case, the heating requirements 
are totally supplied by the combustion of the residual bark and the strong black liquor in the recovery 
boiler, which makes the overall pulp production system self-sufficient in terms of both steam and power 
demands, and even allowing to export the surplus electricity. Figures 4a-e illustrate the changes in the 
integrated composite curves when a mechanical vapor recompression (MVR) unit is installed. It must 
be observed the difference in the scale of the abscissa, wherein for the cases considering MVR the 
superheated steam raised using a mechanical vapor recompression is used to concentrate the black 
liquor.  

Looking to the integrated plants, Figures 4b-e, it is also noticed that the integrated curves change their 
pattern if the plant is operating under the mixed or autonomous mode. For the autonomous cases, a large 
amount of chips must be burned to balance the energy requirements, resulting in an increased amount 
of exergy destruction. On the other hand, in the mixed cases, the waste heat recovery is maximized due 
to the importation of the power consumed in the plant, leading to a reduction of the irrerversibility. 
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Table 4: Optimal process variables of the studied production facilities 

Process parameter 
Conventional 
MEE 

Nitric Acid - 
Mixed 

Nitric Acid - 
Autonomous 

Urea - Mixed 
Urea - 
Autonomous 

Utility system input Chips Electricity/Chips Chips Electricity/Chips Chips 

Feedstock wood consumption (GJ/tPulp) 41.15 41.15 41.15 41.15 41.15 

Utility chips consumption (GJ/tPulp) 0.00 0.00 6.23 0.00 11.96 

Utility electricity consumption (GJ/tPulp) 0.00 2.13 0.00 4.08 0.00 

Oil consumption (GJ/tPulp) 1.05 1.05 1.05 1.05 1.05 

Overall plant consumption (GJ/tPulp) 42.20 44.32 48.43 46.28 54.15 

Extended plant consumption (GJ/tPulp) 1 48.87 52.70 56.11 56.21 62.76 

Rankine cycle power generation (GJ/tPulp)2 4.32 3.64 5.85 2.02 6.26 

Chemical  process power demand (GJ/tPulp)           

      -  KraftPulp Mill 2.84 2.84 2.84 2.84 2.84 

      -  Black Liquor Treatment and 
Gasification 

0.00 1.20 1.20 1.20 1.20 

      - Syngas Conditioning and Ammonia 
Synthesis  

0.00 0.77 0.77 1.19 1.19 

Ancillary power demand (GJ/tPulp)3 0.07 0.32 0.41 0.24 0.39 

Cooling requirement (GJ/tPulp)4 2.81 7.60 7.60 2.74 2.74 

Heating requirement (GJ/tPulp)4 12.80 0.00 0.00 0.45 0.45 

Biomass consumption (tWood/tChemical+Pulp) 3.23 1.67 1.93 2.37 3.06 

Syngas production (GJ/tPulp) 0.00 9.36 9.36 9.36 9.36 

Chemical production (t/day) 0.00 812.77 812.77 316.34 316.34 

Pulp production (t/day) 877.83 877.83 877.83 877.83 877.83 

Marketable CO2 production (kg/h) 0 50518 50518 37883 37883 

Electricity export (kW) 14369 0 0 0 0 

1. The overall exergy consumption increases if the extended efficiency of the electricity generation (55.68%), as well as of the oil (95.20%) 
and biomass (86.13%) supply chains are considered as [30, 31]; 2.Steam pressure levels 100, 11.5, 3.8, 1.5 and 0.10 bar, steam superheating 
200°C; 3. Cooling tower and vapor compression refrigeration systems; 4.Heating requirements of the chemical processes (energy basis) 
determined from the composite curves. 
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Figure 4: Integrated composite curves: (a) Conventional kraft pulp mill with multiple effect 
evaporator (4 effects); Nitric Acid production under mixed (b) or autonomous (c) operating modes; 
and Urea production under mixed (d) or autonomous (e) operating modes. Enthalpy flow rate (H in 

kW), Temperature (T in °C). MVR: Mechanical Vapor Recompression, MEE: Multiple Effect 
Evaporator. 

Concerning the exergy efficiency, it can be observed from Figure 5 that there is a significant reduction 
of the exergy efficiency for all the studied scenarios (14 up to 18%) when extended exergy efficiencies 
are considered. This is a consequence of the inclusion of additional sources of irreversibility, such as 
the need to import more energy inputs, into the originally standalone plant analysis.  

 

1015



 

Figure 5: Relative exergy efficiency for the studied scenarios. 

On the other hand, Figure 6 evidences that the integrated pulp and urea or nitric acid production 
configurations have higher operating revenues, due to the complementary value-added products. A 
previous study integrating only the ammonia production to the kraft pulp mill demonstrated that even at 
higher yearly investment cost of the integrated pulp and ammonia plants, net revenues only differ less 
than 5% compared to the conventional case [5]. The investment cost of the integration of urea and nitric 
acid plants subsequently to the ammonia plant will be assessed in the next steps of this work. 

 

Figure 6: Operating incomes, costs and revenues of the studied scenarios. 

3.2 CO2 emissions remarks 

The direct and indirect CO2 emissions (i.e. related to the supply chains of the electricity, oil and 
biomass), as well as the overall CO2 emission balance, are shown in detail in Figure 7. It can be seen 
that the indirect contribution to atmospheric emissions is significant and reveals environmental problems 
that otherwise may remain hidden if electricity or biomass imported are considered as emissions free 
inputs. The large amount of biomass imported, mainly in the autonomous operating mode, 
proportionally increases the indirect CO2 emissions produced. The avoided CO2 emissions are related 
to the carbon capture system in the syngas purification section of the ammonia production plant. For the 
integrated pulp and urea facility, part of this CO2 captured is used to synthesize urea, thus impacting the 
overall CO2 balance, since it known that as soon as the urea is used in the soil it releases the CO2.  

If the direct biomass-derived emissions are considered as neutral (circular) emissions, which is the 
definition of the net CO2 emissions balance, all the integrated setups achieve negative values for this 
balance (-1.08 and -1.09 for the nitric acid operating under the mixed and autonomous mode, 
respectively; -0.70 and -0.72 for the urea operating under the mixed and autonomous mode, 
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respectively). The negative values indicate an overall positive impact towards the depletion of the CO2 
present in the atmosphere. 

 

Figure 7: CO2 emissions breakdown and balance of the studied scenarios. 

4 Conclusion 

In this work, the upgrade of black liquor from a kraft pulp mill via gasification process in an integrated 
syngas and urea or nitric acid production plants are compared with the performance of the conventional 
kraft pulp mill. The approach of considering extended plant consumption and efficiency concepts, 
including the inefficiencies of upstream feedstock supply chain, allows to assess the whole effect of the 
production process. It was observed an increase between 16-21% in the overall exergy consumption 
when the inefficiencies are considered. The energy integration analysis showed the modification of the 
integrated composite curves of the integrated plants compared to the conventional mill, as well as how 
the different operation modes (mixed and autonomous) can impact the waste heat recovery. The overall 
emissions balance was 1.97 tCO2/tPulp for the conventional kraft pulp mill, whereas for the integrated urea 
and nitric acid plants this balance varied between -0.79 to 0.60 tCO2/tPulp. The negative values suggest 
environmental benefits brought about by the production of chemicals through the use of alternative 
energy sources, such as biomass and electricity. 

Nomenclature 

Latin symbols 
b  specific chemical exergy (kJ/kg) 
B  chemical exergy (kJ/kg) 
C  carbon mass fraction (%) 
f  unit load optimization factor 
FC  fixed carbon (%) 
H  hydrogen mass fraction (%) 
LHV  lower heating value (MJ/kg) 
N               number of utility unit or temperature intervals 
q  heating or cooling duty from utility systems (kW) 
R  cascaded heat (kW) 
T  temperature (°C) 
W  power (kW) 
y  unit existence optimization factor 
Greek symbols 
  process orutility unit 
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Abstract 

Solvolysis experiments were carried out on waste plastic samples in a batch reactor utilizing the design 
of experiments (DOE) approach. A waste wind turbine blade (WTB) was treated with various 
concentrations of the catalyst 1,5,7-triazabicyclo(4.4.0)dec-5-ene (TBD) in a solvent mixture  to form a 
strong bicyclic guanidine base in the process. The effect of TBD (0.015 and 0.02 mol) on the 
effectiveness for recycling of the waste turbine blade was also studied. The results showed that the 
conditions employed to chemically recycle end-of-life waste WTBs had a substantial impact on the 
efficiencies for recovering glass fibres and monomers and/or oligomers utilized in epoxy resins. The 
composition and type of WTB also influenced the process efficiency. The efficiency for removing resin 
from the composite materials and appropriate process parameters were determined in this investigation. 
The tested method removed 30% of the resin after 2 hours at 190 °C. The feasibility of employing the 
liquid fraction from the WTB solvolysis process to synthesize a sustainable epoxy resin with a low 
molecular weight was also evaluated. 

1 Introduction 

Wind energy is a clean, sustainable, and efficient renewable energy source (RES). Wind power is now 
widely used to create electricity all around the world. To accommodate 93 GW of production in 2020, 
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the global wind industry erected 742.7 GW of infrastructure (707.4 GW onshore and 35.5 GW offshore), 
[1], and in Europe, China, wind farms have set new records. Wind turbine blades (WTBs) are becoming 
larger, stronger, and heavier to meet expanding infrastructural demand. Europe can now produce 205 
GW of wind energy. By 2030, the EU will have constructed 323 GW of wind energy infrastructure [2]. 
Wind energy presently provides 15% of the EU's electricity needs and is expected to double by 2030. 
Simultaneously, between 2020 and 2030, a large number of previously installed wind turbines from the 
2000s will approach their usable life end [3] In 2020, 28% of installed wind turbines in Europe were 
over 15 years old, with 41–57 % in Germany, Spain, and Denmark (Ziegler et al., 2018). Twenty years 
of support for a 4 GW wind turbine (approximately 6000 turbines) ended in 2021 [4]. Every year, 
approximately 2.4 % of WTBs must be replaced [5]. Between 2021 and 2025, the US will remove 
approximately 8000 blades [6]. Many parts of wind turbines can be recycled, but successful strategies 
and technologies for recycling materials from composite wind blades are yet to be determined [6]. High 
loads have been engineered to bear these loads for decades and, as a result, are exceptionally resistant 
to loads long after the service life has expired. Unfortunately, most expired WTBs are used as 
alternatives for building materials in local municipal economies to increase social awareness of the 
problem, but a vast majority is still directed to landfills, thereby polluting the environment and wasting 
material and chemical potential. WTBs are commonly made of thermoplastic coatings, thermoset/glass 
fibre composites, carbon fibres, balsa wood, and adhesives [7], which have a wide application scope 
[8,9]. These features make it difficult to separate materials and recycle the blades. Worldwide, 2.5 
million tonnes of composite materials are utilized in producing wind energy alone [6]. The use and 
demand for WTBs are growing rapidly as wind power technology advances, and is expected to grow 
more in the incoming years. To provide an installed capacity of 1 kW of electrical power, 12 to 15 kg 
of composites will be needed [10]. As a result, the largest 15 MW rotor wind turbine, launched in 
Rotterdam, Netherlands, used almost 225 tons of composite material. Composites are difficult to recycle 
since their matrix is made up of cross-linked thermoset polymers that cannot be melted or remoulded. 
This is because thermoset-based polymer composites are intrinsically heterogeneous [11,12]. 
Traditional treatment options include open-air stockpiling, landfilling, and burning. However, these 
tinkerings waste resources and harm the environment. The best strategy to deal with discarded blades 
while encouraging environmental preservation and sustainable development is to recycle and reuse 
them. Many thermoset composite recycling technologies exist, and they are classified as follows: 
mechanics [13], thermal recycling [14], and chemical recycling [15]. Co-processing and mechanical 
recycling presently have the highest (9th) TRL of all previously published recycling processes [16]. It 
is possible to process a large volume of material efficiently and cleanly with co-processing (e.g., in a 
cement kiln reactor). All WTB components are converted into heat and clinker cement. The 
disadvantages of this approach are that the original material shape is lost and high processing 
temperatures with higher energy demands are required. Mechanical recycling has the highest efficiency 
and throughput rates. The low quality of the recycled material and the high concentration of other 
components are drawbacks of this technology. Up to 40% of the output material is waste, including 
matrix (resin and polymers) and fibre-rich powder. This technique uses separate facilities with a closed 
protected space to minimize environmental concerns [17]. The TRL thresholds of pyrolysis and 
gasification are 9 and 5/6, respectively [16,18]. Pyrolysis recycling WTBs has several significant 
benefits, including the following: the process produces pyrolytic gas and oil fractions that can be used 
as fuel or to make chemicals, and it is easily scaled up. Unfortunately, pyrolysis can decrease fibre 
quality by retaining oxidation residue or char or degrading the chemical structure of the fibres. 
Additionally, this method is not yet commercially viable. Gasification may be used to recycle WTBs 
because some of the energy is recovered during the process, and a stream of chemical precursors is 
created with great heat transfer efficiency. However, gasification still yields only low-quality fibres, and 
combined with the high installation costs, this greatly reduces the viability of the method and leaves the 
economic profitability threshold at >10,000 t/y. Solvolysis is the final method discussed in this article. 
It has various advantages, including recovering completely clean fibres and reusable resin. Because high 
temperature (albeit still lower than pyrolysis or gasification) and high pressure are needed, low 
efficiency and significant energy consumption result. Large volumes of solvents can be recovered and 
returned to the process. This method is now TRL 5/6, although it may have the best relative cost-to-
value ratio [19]. This study presents experimental studies on the chemical recycling of end-of-life waste 
composites, such as waste WTBs. 
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We employed an organic catalyst–alcohol solution to recycle cured epoxy resin by performing a quick 
transesterification reaction between ester bonds and alcohol to dissolve genuine WTB samples. The 
WTB solvolysis technique was used to recycle glass fibre and epoxy resin oligomers in a 500 ml Parr 
4650 batch reactor with an inert N2 environment. The solvolysis procedure followed the experimental 
plan prepared using the design of experiments (DOE) method. To make the bicyclic strong guanidine 
base, a waste WTB sample was mixed with various solvents and TBD. The effect of TBD (0.015 and 
0.025 mol) on the recycling efficiency of spent turbine blades was also examined. That industrial epoxy 
constituents of WTB debris can be converted into soluble at low temperatures and pressures is novel. 
This study clarifies thermosetting polymer breakdown. 

2 Materials and methods 

2.1 Materials 

The solvolysis process utilized WTB waste delivered in sheets of approximately 25 × 30 cm (Fig. 1a). 
These samples were then split into 0.5 cm wide strips to obtain the WTB's entire profile (Fig. 1b). 
Smaller samples of 0.5 x 1 cm were then extracted for solvolysis (Fig. 1c). 

 

 

Figure 1: Waste from the WTB a) as received, b) after cutting into strips, c) the sample for solvolysis 
tests. 

The following chemicals were employed in the solvolysis process and resin synthesis from the solvolysis 
products stream: ethylene glycol (EG), 1-methyl-2-pyrrolidinone (NMP), 1,5,7-triazabicyclo[4.4.0]dec-
5-ene (TBD), epichlorohydrin (EPI), isopropanol (i-Pr), and sodium hydroxide (NaOH). 

2.2 Characterisation 

2.2.1 Proximate and ultimate analyses 

The waste WTB sample used in these experiments was defined proximally and ultimately analysed, 
including ash content (Ash), volatile matter (VM), fixed carbon (FC), moisture content (Wa), carbon 
(Ct

a), hydrogen (Ht
a), oxygen (Ot

a), nitrogen (Na), sulfur (St
a) content, and high heating value (HHV). 

Following the preparation of laboratory samples by grinding to a particle size below 0.5, proximate and 
ultimate analyses were performed as follows. 

Gravimetric determination of ash and volatile matter - The VM and A contents  were calculated by 
weighing an empty closed crucible before and after heating for 7 minutes at 850±15 °C and then 
subtracting the water evaporation weight. Incineration determined the sample's ash content. The sample 
was heated to 815±10 °C in air at a continuous rate until it reached a constant weight. 
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Carbon, hydrogen, nitrogen, and sulfur contents - An oxygen stream at 1150 °C automatically quantified 
the samples (the exothermic reaction in tin foil was at approximately 1800 °C). The combustion products 
were transported into a reduction tube, where sulfur and nitrogen oxides were reduced to SO2 and N2 
(excess oxygen was also bound). An absorption column system was used to thermally desorb the 
reduction tube output (He + N2 + CO2 + H2O + SO2). A TCD was utilized to analyse combustion gases 
(N2, CO2, H2O, and SO2). The NDIR analysis used SO2 at low concentrations. 

Oxygen determination - In a reductive environment free of H2O, CO2, and O2, a sample's oxygen 
concentration was evaluated by pyrolysis (95% N2 and 5% H2). In a pyrolysis tube, oxygen from the 
sample interacted with carbon from the filler, producing CO2 (Boudouard equilibrium). Hydroxide, 
nitrite, and HCl were absorbed on granulated sodium hydroxide, and the water created was absorbed by 
a dehumidifier. The inert pyrolysis products (N2 and CH4) were fed into a measuring cell with CO. They 
were not separated because the NDIR detector only detected CO. A Vario Macro Cube automated 
elemental analyser was used to determine Ct

a, Ht
a, Na, St

a, and Ot
a. 

2.2.2 Thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) 

The fuel properties resulting from the investigated feedstock composition were considered to be Wa, 
VM, FC, and Aah. The volatile content was made up of gases and vapours produced during pyrolysis. 
The inorganic residue left after the feedstock is burned is called ash. TGA data are the same as the 
proximal analysis. A full proximate analysis requires two TGA/DSC tests, one in nitrogen and one in 
air. A PerkinElmer Pyris 1 thermogravimetric analyser was used to evaluate pyrolysis with dynamic 
heating of the feedstock samples (3±0.1 mg). A pyrolysis heating rate of 10 °C min-1 was used to heat 
from room temperature to 600 °C with a nitrogen flow rate of 30 ml/min. The sample was stored in an 
open ceramic crucible, with an empty crucible used as a control. Each sample was analysed three times 
(TGA/DSC pyrolysis). 

2.2.3 Fourier transform infrared spectroscopy (FTIR) 

The FT-IR spectra were acquired using an infrared spectrometer from Thermo Nicolet, model IS50. The 
step size was 0.05 cm-1, and the range was 400-4000 cm-1. All measurements were made at room 
temperature, and each sample received 64 images. Spectral processing was performed using OMNIC 9. 

2.2.4 Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) 

In the Pyrolyser EGA/PY-3030D Multi-Shot Pyrolyser (Frontier Laboratories Ltd, Fukushima Japan). 
The pyrolysis temperature was set at 500 °C, while the GC oven temperature was raised by 5 °C each 
minute from 45 to 275 °C. The sample vapours created in the furnace were separated in half and fed to 
the column at 1.91 mL/min and 27.3 kPa, with the remainder evacuated. This was done on a Shimadzu 
QP-2010 Ultra Plus (Japan) gas chromatograph with a temperature-programmed capillary column and 
a Shimadzu MS-QP2010SE mass spectrometer at 70 eV. Phenomenex's Zebron ZB-5 capillary column 
(with a 5% diphenyl and a 95% dimethylpolysiloxane stationary phase, a column length of 30 m, a 
column ID of 0.32 mm, and a thickness of 0.10 m). The mass spectrometer was adjusted to the following 
parameters: 250 °C ion source heater, 300 °C interface heater, 10-5 Pa vacuum, 45–300 m/z range, and 
1428 scan speed. Postrun Shimadzu (NIST17.0) software was used to evaluate chromatograms and 
spectra. 

2.2.5 Nuclear Magnetic Resonance spectrometry (NMR) 

NMR studies were performed on the following samples: the soluble fractions of the WTB separated 
after chloroform extraction in a Soxhlet device; products of the WTB solvolysis process and the 
condensation product of one of the latter with epichlorohydrin. At 25 °C, 1H and 13C NMR spectra were 
obtained using a 600 MHz Varian spectrometer with CDCl3 as the solvent. As an internal reference, 
tetramethylsilane (TMS) was employed. 
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2.3 Design of experiments and data analysis methods 

The central composite design (CCDs) was employed to determine the solvolysis conditions. The CCD 
requires 2k + 2(k-1) + ncentre trials, where k is the number of variable changes. Each variable was divided 
into three tree levels, shown by the symbols -1, 0, and +1. This method's variables can be quantitative 
or qualitative. Table 1 details the experimental terms and circumstances. The solvolysis temperature, 
residence time, pressure, and catalyst quantity were all kept constant during this experiment (mol). As 
a result, only 26 tests were picked for CCD, needing a total of 19 trials (16 from 2k, 8 from 2(k-1) and 2 
in the centre). 

Table 1: The experimental matrix of the central composite design (CCD) with a central point. 

Parameters/levels 

Symbols 
Coding 
classical 
experimental 
design 

X1 
solvolysis 
temperature 
[°C] 

X2 
residence 
time [min] 

X3 
pressure 
[bar] 

X4 
amount of 
catalyst 
[mol] 

Low -1 100 60 0 0,015 
High +1 190 180 60 0,025 
Centre 0 145 120 30 0,020 

 

The CCD can estimate a constant term, four linear terms, six two-term interactions, and four quadratic 
term interactions. This paradigm can be quantitatively represented by equation (1): 

 
Y = b0 + b1X1 + b2X2 + b3X3 + b4X4 + b12X1X2 + b13X1X3 + b14X1X4 + b23X2X3 

+ b24X2X4+ b34X3X4 + b11X1
2 + b22X2

2 + b33X3
2 + b44X4

2 
(1) 

 

All variables influencing the analysed biochar parameters were investigated using multivariate analysis 
of variance (ANOVA). To study the impact of several factors (independent variables) on one or more 
dependent variables, the following equation (2) is used: 

 𝑦 = 𝜇 + 𝛼 + 𝛽 + 𝛾 + 𝜀  (2) 

where μ is the overall mean of the tested population, αi and βj are the main effects of individual factors, 
γij is the interaction between factors, and εijk is the experimental error. 

Using this method, all independent variable values have the same impact on the evaluable feature (the 
dependent variable). In the alternate hypothesis, one variable influenced the other more. The 
independent variable has the same effect on all levels of the measured characteristic (dependent 
variable). Each independent variable has its own hypotheses. Additionally, the interaction between the 
independent variables is the combined influence of the two independent variables on the dependent 
variable (continuous) under consideration. Using data from the proposed trial plan, the approach 
determines a local or global maximum for the parameter under test. A feature is desired when the product 
or process quality is inversely proportional. Using the utility function here makes sense [20]. Utility 
functions include linear, voiceover-IP, threshold, real-time, rate-adaptive, and stepwise utility functions 
[21]. For this study a linear utility function was implemented, which is represented by the following 
formula [22]: 

 𝑓 d(g) =
∑ w d

∑ w
 (3) 

 

Utility as a whole f(d(g) is an average of the d individual utility functions and weights w, where M is the 
response variable count and w is a parameter's relevance and sign, i.e., whether its value will be 
decreased or maximized during optimisation. 
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2.4 Chemical recycling of glass fibres and epoxy resin oligomers 

The WTB was used to recycle glass fibre and epoxy resin oligomers in a 500 ml Parr 4650 batch reactor 
with an inert N2 environment, a residence time of 60–180 minutes, and a pressure of 30–60 bar (Fig. 2). 
The amount of transesterification catalyst (1,5,7-triazabicyclo(4.4.0)dec-5-ene; TBD) was the last 
variable studied. The catalyst was dissolved in a 1:1 mole ratio of polyethylene glycol and N-
methylpyrrolidine. All studies were performed using a central composite design (CCD) with a centre 
point. Each of the specified circumstances required 1 g of sample and 20 ml of solvents, with an 
anticipated amount of TBD. To avoid overheating the Parr 4650 batch reactor, a temperature calibration 
was performed beforehand. The temperature calibration was performed with a specified DOE 
temperature assumption. A three-necked flask with a reflux condenser and nitrogen feed was utilized to 
upscale the solvolysis process at atmospheric pressure. The flask was placed on a heating mantle with a 
temperature sensor and controller. This equipment set may have been used to solvolyze 30–50 g of 
WTBs, 200 ml of polyethylene glycol, and an N-methylpyrrolidine combination with TBD. 

 
Figure 2: Parr 4650 reactor setup with an NI data acquisition system for experimental investigation of 

the solvolysis of the WTB. 

The resin degradation yield (RDY) of the solvolysis process was calculated according to equation (4), 
where w1 is the weight of the WTB before solvolysis, w2 is the weight of the WTB after solvolysis, and 
w0 is the weight of epoxy resin in the WTB before solvolysis. It was calculated as a difference between 
the quantity of glass fibre (ash residue) and the initial mass of the sample subjected to solvolysis (w1) 
[23]. 

 𝑅𝐷𝑌 =
𝑤 − 𝑤

𝑤
 (4) 

2.5 Addition reaction of epoxy resin oligomers 

After solvolysis, the liquid sample was added to test for WTB resin recovery. The addition reactions 
were performed in 100 ml triple-neck flasks with a reflux condenser, thermometer, and dropper. After 
5 minutes at 50 °C, the reaction mixture was thoroughly mixed. Sodium hydroxide (1.5 ml) was added 
for 15 minutes at 67-70 °C (NaOH - 0.15 mol). After cooling to 55 °C, 15.5 ml NaOH was added to the 
reaction mixture and condensed for 90 minutes. After complete condensation, water was added and 
heated to 80 °C for 10 minutes to dissolve sodium chloride. It was then placed in a separatory funnel to 
separate the aqueous and organic phases. 

Parr 500 ml 

Batch reactor

Compressed 

O2 tank

200 bar 

reducing valve

Heating 

spiralHeating spiral 
temperature 

controller

National Instruments data 
acquisition system

Pressure 

manometer

Safety valve: rupture 

disc assembly

Thermocouple well

Fume cupboard

Glass tubes 
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3 Results 

3.1 Waste turbine blade characterization 

Table 2 shows the findings of proximate and ultimate analyses of raw WTB waste. The volatile 
components moisture (Wa), carbon (Ct

a), hydrogen (Ht
a), oxygen (Ot

a), nitrogen (Na) and sulfur (St
a) are 

the volatile parts (VM). The FC content analysis corroborated the observations made after each 
combustion of the tested sample; clear glass fibre was formed with no evident carbon black deposits. 

Table 2: Proximate and ultimate analyses of the raw WTB waste (in wt. %) 

Analysis Ash VM FC Wa Ct
a Ht

a Ot
a Na St

a 
WTB 57.9 40.8 0.0 1.3 28.2 2.7 8.6 1.2 <0.1 

 

The raw WTB was also analysed by TG/DTG – DSC. Thermogravimetric analysis (under nitrogen flow) 
quickly revealed the sample's heat conversion steps. This study describes mass loss in the tested material 
after heating. The TGA function's mass change derivative (DTG) is used to find the temperature where 
the decomposition rate is fastest. The DTG curve's shape (e.g., one little sharp peak or a large peak) 
reveals the material under research. Thermogravimetric analysis was used to reach 600 °C. TG/DTG – 
DSC measurements show that wind turbine waste disintegrates in three stages (Fig. 3). First, moisture 
evaporation (0.5%) occurs between 90 and 110 °C. It was shown that the decomposition of organic 
material caused a mass loss of approximately 5% wt. in the second temperature range of 150–250 °C. 
Decomposition of organic materials below 455 °C resulted in a mass loss of 42.5 wt%, which 
corresponds to polyester resin. [24,25]. DSC was also used with a nitrogen atmosphere and a flow rate. 
From 25 to 600 °C, the heating rate was kept constant at 10 °C per minute. The curve showed a brand-
endothermic peak at 110 °C, possibly due to moisture. When DSC curves were heated by 10 °C/min in 
a nitrogen atmosphere, they indicated an endothermic peak. Other investigations have found similar 
trends for glass fibre resin composites.[26]. 

 

 

Figure 3: TG/DTG – DSC of the WTB samples subjected to the solvolysis process 

Then, ATR-FTIR analysis was performed. Figure 4 shows the ATR-FTIR spectra of WTB waste, and 
Table 3 lists the absorption bands assigned to them. The ATR-FTIR spectra suggest the presence of 
dimers or large molecular weight species at high wavenumbers, with an absorption band at 3400 cm-1 
attributed to the O–H stretching mode of hydroxyl groups. On the other hand, the bands at 2960 and 
2872 cm-1 are related to the –CH2 and –CH3 stretching vibration modes of aromatic and aliphatic chains, 
respectively. The 1722 cm-1 bands are attributed to C=O stretching. 
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Figure 4: FTIR spectra of the raw WTB subjected to the solvolysis process 

It appears that the catalyst and modifier added to the modified epoxy resin contain N–H functional 
groups of amines, as well as C–N bonds of amine and imide groups.[27]. These bands also demonstrate 
the existence of C–O–C and C–O stretching vibrations due to ether connections. The absorption bands 
at 984 and 908 cm-1, respectively, connect the glycidyl ether functionality and the C–O stretching 
vibration mode of the oxirane ring to the epoxide groups in the resin. Substituted aromatic ring out-of-
plane absorptions were ascribed to the 742 cm-1 bands. 

Table 3: Absorption band – chemical groups observed in the tested materials. 

Wavenumber, cm-1 
(±10 cm-1) 

Characteristic vibrations and functionality 

3400 O–H stretching and symmetric stretching of primary amine 
3060 C–H stretching of epoxide group  
2960, 2872 C–H stretching of CH2 and CH3 aromatic and aliphatic 
1720 C=O stretching mode of aliphatic ketone 
1600 C=C stretching of aromatic ring, N–H bending of primary amine 
1452, 1374 C–N stretching of amine and imide 
1232  C–O–C stretching of ether linkage 
1153 C–O stretching of aromatic ring 
1063 C–O–C stretching of ether linkage 
984 Glycidyl ether of oxirane ring 
908 C–O stretching of oxirane ring 
828–800 C–H= out-of-plane absorptions of substituted aromatic rings 
750–572 C–H out-of-plane of aromatic rings 

Next, we used Py-GC/MS to analyse the waste WTB at 600 °C. This pyrogram provides detailed 
information on the resin's structure. These are styrene (3.05 minutes), 1,2-benzenedicarboxylic acid 
(12.79 minutes), cyclopropyl phenylmethane (21.97 minutes), 3-(2-phenylethyl)benzonitrile (35.07 
minutes), 1-docosene (46.45 minutes) and heptacosan (46.45 minutes) (49.44 minutes). Table 4 lists the 
chemicals discovered in these pyrograms. WTB analytical pyrolysis yields epoxy resin and unsaturated 
polyester resin [28–30]. The following components in Table 4 are likewise products of thermal plastic 
conversion that might be added to WTB. 
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Figure 5: Pyrograms of the waste WTB obtained at 600 °C 

Table 4: Organic components from the pyrolysis of raw waste WTBs obtained at 600 °C 

Retention time [min] Name Area [%] 

1.17 Propanal 1.15 
1.83 Toluene 2.45 
2.49 2,3-Butanediol 1.39 
2.70 2-Hydroxy-3-pentanone 1.13 
3.05 Styrene 39.46 
4.50 α-Methylstyrene 1.66 
5.78 α-Tolualdehyde 0.95 
6.07 2-(2-Hydroxypropoxy)-1-propanol 3.42 
12.79 1,2-Benzenedicarboxylic acid 13.70 
16.18 Dimethyl phthalate 1.24 
17.47 Bibenzyl 1.04 

19.50 
1-Isobutyl 4-isopropyl 3-isopropyl-2,2-
dimethylsuccinate 

0.97 

20.48 1,3-Diphenylpropane 1.29 
21.97 Cyclopropyl phenylmethane 2.61 
30.97 Biphenol A 1.62 
35.07 3-(2-Phenylethyl)benzonitrile 6.34 
42.58 2-Hexyl-1-decanol 1.63 
46.45 1-Docosene 7.27 
49.44 Heptacosane 9.50 
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The results of the Py-GC/MS study were compatible with the results from the 1H NMR compositional 
analysis of the soluble portion of the WTB, which found styrene, 1,2-benzenedicarboxylic acid (phthalic 
acid), phthalic acid derivatives, and an uncrosslinked fraction of the epoxy resin (Fig. 6). 

 

Figure 6: Ranges of the aromatic and conjugated double bond protons in the 1H NMR spectrum of a 
WTB chloroform extract 

3.2 Solvolysis of WTB, data analysis and optimization 

The desired experimental design resulted in 29 WTB solvolysis tests (plus three more at the midway 
point, for a total of five) under various process parameters. The tested process conditions included a 
temperature range of 100-190 °C, a pressure range of 0-60 bar, a duration range of 1-3 hours, and a TBD 
catalyst concentration range of 0.015-0.025 mol (Figure 7). 

The statistically relevant variables that influenced the solvolysis process may be identified utilizing 
experimental design and variance analysis. It was also possible to assess whether the specified variables 
had statistically significant effects on the degree of resin removal from WTB. The two examples with p 
= 0.05 and 0.1 were analysed for significance. Temperature (linear impact L and quadratic effect Q), 
pressure (linear effect L only), and humidity (linear effect L only) were the only variables statistically 
significant for the standard confidence interval size of 0.05. The confidence level was raised from p = 
0.01 to p = 0.10 because increasing the reaction time and catalyst amount increased the rate of resin 
removal from the test material. Figure 8a shows the ANOVA results as a Paretto diagram, representing 
the study's outcome. With increased confidence, it is able to show that both process time and pressure 
affect the rate of resin removal from WTB. A synergistic effect between time and pressure, as well as 
time and catalyst concentration, is also evident. The process time and catalyst concentration interact to 
create an effect consistent with previous research and the mechanism used in this experiment. Before 
secondary reactions occur, the catalyst must react with the resin matrix. To do so, swell the composite 
material and add a mix of solvents, including the catalyst. The catalyst molecules can then permeate the 
material's structure, allowing transesterification to occur within it. 
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Figure 7: Solid residues remaining after WTB solvolysis under various conditions (temperature [°C], 
time [h], pressure [bar], catalyst [mol], and RDY [%]) a) 100, 1, 0, 0.015, 4.38, b) 100, 3, 0, 0.025, 

6.75, c) 190, 2, 30, 0.020, 25.48, and d) 190, 1, 60, 0.025, 33.5. 

 

Figure 8: Pareto graph showing the effects of process conditions on the RDY (a), and the utility 
function assuming maximization of the RDY. 

Based on the results of optimizing the solvolysis process, the optimal conditions for boosting the resin 
removal rate from WTB composite samples are as follows: 190 °C, 2-2.5 hours, 60 bar pressure, and 
0.025 mol TBD in the solvent solution. A statistically significant influence of solvolysis process time 
and catalyst concentration is connected to the standard deviation of the RDY value, as shown in Figure 
8b. The inconsistent amount of glass fibre in the composite construction affects the variability of all 
observed findings. 

Figure 9 depicts the response surface profile, which was believed to be maximum during solvolysis. The 
axes in Figure 8 represent the values of the DOE plan presented in Table 1, while the intensity map 
indicates with a colour gradient the process severity, i.e., with the maximum RDY value of 34.43%. The 
ideal values for the improved quantity can be found using the response surface analysis optimization 
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approach, as well as whether the maximum achieved during optimization is a local or global maximum. 
The highest RDY values were achieved at temperatures between 160 and 190 °C and periods between 
1.5 and 2.5 hours. The response surface function showed an inflection when pressure was included, 
indicating that a change in pressure may have influenced the RDY value. The results showed that under 
identical solvolysis conditions of 190 °C, 3 hours, and 0.025 mole catalyst concentration, nonpressurized 
and 60 bar resin removal efficiencies of 34.43 and 32.90% were attained. Increased concentration of the 
catalyst in the reaction mixture allows for detection of its influence at higher pressures. This matches 
the ANOVA results. 

 

Figure 9: Response surface against the utility function assuming a maximization of RDY 

3.3 Attempt to synthesize resins from liquid products from WTB solvolysis 

The NMR spectra of the liquid samples produced under optimal conditions following solvolysis are 
shown in Figure 10. This research demonstrated that transesterification occurs with monomer and dimer 
separation. Bisphenol A, a substrate utilized in the manufacture of epoxy resins, was found in the 
investigated samples. 
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Figure 10:  1H NMR spectrum of the liquid sample obtained after WTB solvolysis under optimal 
conditions 

Its presence in the solvolysis liquid products allowed researchers to try condensing bisphenol A with 
epichlorohydrin without filtering the reaction mixture. After optimization, generating a resin from such 
an intermediate would confirm that industrial resins can be recovered and reused. Preliminary findings 
for condensation of bisphenol A in the liquid product following solvolysis in the presence of 
epichlorohydrin demonstrated that polycondensation may be used to produce a transition product on the 
route to acquiring an epoxy resin, bisphenol A propoxylate (Figure 11, 12). The NMR spectrum of the 
solid condensation product showed polystyrene signals. Polystyrene was likely produced from 
solvolyzed styrene in the WTB samples. 

 

Figure 11: 1H NMR spectrum of the solid sample obtained from WTB solvolysis under optimal 
conditions after condensation with epichlorohydrin 
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Figure 12: 13C NMR spectrum of the liquid sample obtained from WTB solvolysis under optimal 
conditions after condensation with epichlorohydrin 

4 Conclusion 

This study investigated and enhanced a resource-efficient chemical recycling approach based on 
solvolysis for end-of-life WTB samples. The majority of resin samples are epoxy resins, which require 
organic solvents and extensive reaction periods to breakdown and separate from the glass fibre. To our 
knowledge, solvolysis can be utilized to dispose of complex, multicomponent WTB waste matrices. 
Complex and real-world matrices were employed for the first time. The solvolysis of composite waste 
from end-of-life WTBs is yet unknown based on preliminary research findings (chemically recycled). 
It can be used to recover glass fibres from composites and produce epoxy resin precursors for various 
uses. Not only does the synthesis take place swiftly, but there is no requirement for extra purification or 
separation of monomers from dimers. With both atmospheric and high pressure (60 bar) heating, the 
best results were obtained with WTB waste. A transesterification catalyst (TBD) 0.025 mol in ethylene 
glycol and n-methylpyrrolidone solution should be used to obtain the required results (1:1 M).  Based 
on the results for optimization of the investigated solvolysis process, the optimal conditions for boosting 
the resin removal rate from WTB composite samples are as follows: 190 °C, 2-2.5 hours, 60 bar pressure, 
and 0.025 mol TBD in the solution, which lead to the maximum RDY value of 34.43 %. The authors 
suggest more research into modifying the solvolysis process by mixing different solvents (better for the 
composite composition), utilizing different transesterification catalysts, and changing the technical 
sequence. 
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Abstract 

Presented wet combustion chamber concept contains several integrated elements, which altogether form 
a prototype able to reduce extremely high oxy-combustion temperatures (up to 2800°C) in an elevated 
pressure above 10 bars. To enable such capability, liquid water is supplied directly into the combustor 
flame zone. This is obtained with the front spray and water penetration through the two separate liner 
segments, which are made of the ceramic matrix composite (CMC) porous medium. This material was 
developed by the aerospace industry to take advantage of the ceramic heat resistance and low density 
while reducing the disadvantage of monolithic ceramic brittleness. Taking various interactions into 
account, analysed model couples rapid oxy-combustion process with the instant liquid water 
evaporation. Particularly important phenomena occur at the surfaces of water droplets penetrating the 
flame with the axial velocity of 100 m/s. Rapid evaporation of each of them induce significant mixing 
force driven by the local thermal gradients. For the nominal case, 3D results were validated against the 
0D calculations. While the nominal water mass split is 14% at the front plus 86% at the liner, other 
supply ratios were taken into account and are reported in the results section. Combustion process was 
modelled with GRI-Mech 3.0 mechanism. 
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1 Introduction 

Negative CO2 Power Plant project is designed to help with the green transformation of modern economy 
based predominantly on the fossil fuels consumption and emission of carbon dioxide. That state cannot 
last for much longer for many reasons. One of them is the amplification of the greenhouse effect. Other 
reasons are the environmental damage connected with sourcing those fuels, political dependency from 
the suppliers and a non-renewable character of them (price will grow steadily as resources will 
eventually run out).  

The other aspect of this environmentally friendly project is the utilization of the sewage sludge 
containing biological and chemical pollutants, which can be converted into syngas using Plasma 
gasification technology. Next stage is to burn it, extract CO2 and store using CCS technology. At the 
end of the process, that chained approach extracts carbon dioxide from the sewage sludge (environment) 
and stores it in the tank, hence the name of the project is the Negative CO2 Power Plant.  

Wet combustion chamber is expected to burn syngas or methane in the pure oxygen to avoid NOx 
generation and save energy required to compress nitrogen and argon included in the air. That method 
generates very high temperature, because there is lack of heat absorption by nitrogen, which is 78% of 
air volumetric fraction. For instance, oxy-methane combustion occurs at the very high temperature of 
3050°K [1], so there is a necessity of intensive cooling in such a combustor.  

Oxy-fuel combustion is one of the leading technologies supporting Carbon Capture and Storage process 
[2]. Its advantage is that combustion process produces only CO2 and H2O, which can be easily separated 
by the condensation. Lack of nitrogen from the air significantly simplify the reaction and ensures that 
no NOx molecules are generated and emitted into the atmosphere. For that reason, numerous attempts 
were made to design combustion chamber able to withstand such a hot environment.  

The most promising large scale programme aimed at oxy-fuel technology development is run by the 
Clean Energy Systems (CES) company [3–6]. It built several demonstrators ready to combust natural 
gas in pure oxygen with the addition of the liquid water. In the first-generation rig, exhaust gases 
propelled modified General Electric J79 turbine at inlet temperature 760~927°C, which delivered power 
of 32MWe. Second generation power plant was designed to improve efficiency and performance by 
operating intermediate pressure turbine at higher temperature (1080~1260°C) and pressure. To achieve 
that, Siemens SGT900 gas turbine was converted by CES into OFT-900 oxy-fuel compatible version 
[5]. They demonstrated the feasibility of the oxy-fuel technology to synchronise with the U.S. electric 
grid. This selection was made taking into account turbine size, flame temperature, pressure condition, 
cooling architecture, aerodynamic performance and modification-friendly design. Steam specific heat is 
significantly higher than for air, so an equivalent mass flow carries more power. For the OFT-900 case, 
working fluid contains 80 ~ 90 % of steam and 10 ~15% of CO2, resulting in about 60% increase of 
specific heat with respect to the classical gas turbine. However, this effect is partially offset by the 
impact of molecular weight difference, resulting in turbine power growth by about 20% (oxy-fuel versus 
air-fuel). Third generation of CES power plant was expected to operate at even higher temperature 
(1650~1760°C).  

IFFM PAS Energy Conversion Department Team is experienced in thermodynamic studies of the 
system performance [7–9] and in combustion chamber conceptual work [10–14]. However, detailed 3D 
analysis of combustor covering reaction zones structures and flame dynamics is still missing. Swirling 
inlet offers numerous advantages over the wide range of work conditions including flame stabilization, 
easy ignition and reduced flame volume. An efficient way to reduce flame temperature and lower the 
content of oxygen in the flue gas is adding an CO2 or water steam into the mixing combustion zone. In 
order to maintain hot and stable conditions for chain reactions within the flame, certain minimum content 
of oxidiser needs to be maintained. Liu et al. [15] concluded, that oxidiser supplied through the dome 
must contain minimum 24% of oxygen at 520°K in order to keep stable flame. Kutne et al. [16] studied 
the characteristics of a swirl-stabilized oxy-methane flames for O2/CO2 ratios of 20/80~40/60% 
(equivalence ratio of 0.5 to 1.0). They concluded that burner operational limit is minimum 22% of O2, 
because below that value the dilution content is too high leading to the flame extinguishment. Williams 
et al. [17] performed an extensive studies of syngas and methane combustion characteristics in the 
presence of oxidiser containing O2/CO2/N2. 
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2 Background 

Figure 1 presents the diagram of WCC test rig installation. There are some simplifications applied to it 
(with respect to the industrial application) as fuel is methane (instead of syngas) and temperature is 
reduced from 1050°C to 850°C.  

 Wet combustion chamber (WCC) is fed by three streams: oxygen, fuel and coolant (liquid water). Outlet 
stream propels gas turbine and heats two heat exchangers. First one powers steam turbine circuit, 
whereas second one heats WCC cooling water.  

 

 

Figure 1: Wet combustion chamber (WCC) arrangement 

It was decided to use liquid water as a coolant to take advantage of its very high latent heat absorbed 
during the evaporation process. Such combustor cooling system was discussed and agreed at the early 
stage of the project objectives, so other possible coolants (like CO2 or water vapour) are not taken into 
account in this report.  

For the nominal absolute pressure equal to 10.5bar, water latent heat is 36156.71 J/mol and boiling 
temperature is 183°C. This is much lower than the combustion temperature, so very rapid boiling is 
expected inside the combustion chamber.  

Figure 2 presents the fluid domain of the analysed wet combustion chamber. It contains three concentric 
inlets equipped with a pair of opposite-directed swirlers. External swirler supplies fuel, whereas the 
internal one delivers stream of oxygen. That design helps to enhance mixing intensity at the outlet of 
each supply channel. Additionally, all passages are leaned radially which promotes interaction between 
all three streams inside the flame zone. Three circular features at the flat part of cap mark water spray 
nozzles, where water droplets are injected directly towards the flame. Two cylindrical regions along the 
entire chamber mark the water inlet through the porous rings made of WHIPOX Ceramic Matrix 
Composite (CMC) material. The length of each ring is 60mm, so two rings cover most of the total 
chamber length of 127mm.  
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Figure 2: Fluid domain of the wet combustion chamber 

 

Transpiration cooling has a number of advantages over the classical film cooling approach. One of them 
is that porous wall is cooled uniformly through the entire thickness and at the entire surface. There is no 
such thing like film effectiveness loss due to the long distance from the cooling holes (dilution). There 
are also disadvantages like the high flow resistance (pressure drop) in comparison to the classical cooling 
holes. Nevertheless, discussed Wet Combustion Chamber is designed for the proof-of-concept purpose 
– efficiency optimization activity is planned for the later stage of design process. 

Figure 3 presents few samples of the WHIPOX material [18]. This is an oxide ceramic matrix composite 
material, which combines properties of metals and ceramics in the unique way. It is advertised as a 
material which is better than metal above 800°C from the warp and corrosion perspective. It is also 
expected to address the pure ceramics brittleness limitation under mechanical/thermal load.  

WHIPOX structure consists of thousands oxide ceramics fibers (Fe2O3/0.35% SiO2) embedded in the 
oxide ceramic matrix (Al2O3). This combination of both elements provides the unique mechanical and 
thermal properties: thermal shook proof, warp free, low heat capacity, oxidant resistant, corrosion 
resistant.  

 

Figure 3: Random samples of the WHIPOX cylinders [18] 

 
WHIPOX has several advantages with respect to other ceramics material [Table 2]. Due to the fact, that 
ceramics is already an oxidized material, it is resistant to further oxidation. From the mechanical strength 
and failure propagation point of view, this is better than monolithic ceramics, because any initiated crack 
is arrested against instant propagation by the embedded fibres. More details are available in the literature 
[19].  
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Table 1: Porous zone material selection matrix [19] 

 Monolithic non-
oxide ceramics 

Monolithic oxide 
ceramics 

Non-oxide 
CMC 

Oxide 
CMC 

Sufficient strength at 
elevated temperature 

good suitable good suitable 

Oxidation resistance insufficient good insufficient good 
Thermal shock resistance insufficient insufficient good good 
Graceful failure behaviour insufficient insufficient good good 

3 Modelling approach 

3.1 Boundary conditions 

Due to the fact that analysed combustor has three uniformly distributed inlets at the cap, it was decided 
to model one-third sector using cyclic symmetry (Figure 4). That approach resulted in mesh size 
reduction to 3.3 million elements, which is a significant benefit. Key boundary conditions were 
highlighted below using the colour code. Green is an oxygen inlet, red is a fuel inlet, purple is a water 
droplets spray inlet, blue is a transpiration water inlet. Due to the numerical difficulties experienced in 
the water evaporation process it was decided to simplify that phenomenon by direct injection of water 
vapour instead of liquid. To compensate the energy balance, yellow domain (including blue faces) was 
defined as an energy sink. That approach let to emulate the region, where liquid water heating and 
evaporation process absorbs energy from the hot flow.   

 

 

Figure 4: Fluid domain taken for CFD analysis 

 

Table 2 summarises performance data of three cases. First one is a reference non-cooled case, which is 
required to access the cooling efficiency of other two cases. Second and third cases are different from 
the cooling water mass distribution point of view. Sprayed water is injected into the hot flames with 
high velocity, so droplets instantly evaporate and directly cool the core of the flame. On the other hand, 
transpiration water is flowing around the flame and forms a protection layer along the cylindrical wall.  

Table 2: WCC performance data for analysed cases 

case 
CH4 O2 

sprayed 
H2O 

transpiration 
H2O 

[g/s] [g/s] [g/s] [g/s] 

1 1.2 4.8 0 0 

2 1.2 4.8 2 12 

3 1.2 4.8 6 8 
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3.2 Numerical models 

3.2.1 Turbulence model 

The 𝑘 − 𝜔 𝑆𝑆𝑇 (shear-stress transport) model was chosen for the turbulence modelling, because it was 
proven to be a reliable solution for a wide class of flows. It was developed by combining advantages of 
two most popular models: 𝑘 − 𝜖 (away from the surface) and 𝑘 − 𝜔 (near the surface). That was 
achieved by conversion of 𝑘 − 𝜖  model into a 𝑘 − 𝜔 formulation and application of blending function 
equal to one in the near-wall region and zero away from the surface. Transport equations of 𝑘 − 𝜔 𝑆𝑆𝑇 
models are shown below  

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥
𝜌𝑘𝑢 =

𝜕

𝜕𝑥
𝜇 +

𝜇

𝜎

𝜕𝑘

𝜕𝑥
+ 𝐺 − 𝑌 + 𝑆  (1) 

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥
(𝜌𝜔𝑢 ) =

𝜕

𝜕𝑥
𝜇 +

𝜇

𝜎

𝜕𝜔

𝜕𝑥
+ 𝐺 − 𝑌 + 𝐷 + 𝑆  (2) 

where 𝜌 is density, 𝑘 is turbulence kinetic energy, 𝜔 is a specific dissipation rate, 𝜇  is turbulent 
viscosity, 𝑢 is velocity, 𝜎 is turbulent Prandtl number, 𝐺  is a generation of turbulence kinetic energy 
caused by velocity gradients, 𝑌  and 𝑌  is the dissipation rate of 𝑘 and 𝜔 due to the turbulence, 𝑆  and 
𝑆  is a user-defined source terms, 𝐺  is a generation of 𝜔, 𝐷  is parameter containing blending element 
and is given by equation below: 

𝐷 = 2(1 − 𝐹 )𝜌𝜎 ,

1

𝜔

𝜕𝑘

𝜕𝑥

𝜕𝜔

𝜕𝑥
 (3) 

where 𝐹  is the blending function.  

3.2.2 Species model 

Volumetric species transport method was chosen to predict local mass fraction of each species 𝑌  within 
the wet combustion chamber. The conservation equation governing convection and diffusion of 𝑖  
species is shown below: 

𝜕

𝜕𝑡
(𝜌𝑌 ) + ∇ ∙ (𝜌�⃗�𝑌 ) = −∇ ∙ 𝐽 + 𝑅 + 𝑆  (4) 

where 𝑅  is the production rate of species 𝑖 within the chemical reaction, 𝑆  is the creation rate from any 
other sources and 𝐽  is the diffusion flux of species 𝑖, which is driven by the temperature and 
concentration gradients.  

Turbulence-chemistry interaction method used is Eddy-Dissipation, because rate of reaction is 
controlled by a heavily turbulent flow in the combustion chamber. The net rate of species 𝑖 generation 
in reaction 𝑟 𝑅 ,  is given by the smaller value of two underneath equations: 

𝑅 , = (𝑣 , − 𝑣 , )𝑀 , 𝐴𝜌
𝜖

𝑘
min

𝑌

𝑣 , 𝑀 ,
 (5) 

𝑅 , = (𝑣 , − 𝑣 , )𝑀 , 𝐴𝐵𝜌
𝜖

𝑘

∑ 𝑌

∑ 𝑣 , 𝑀 ,

 (6) 

where 𝑌  is the mass fraction of product 𝑃, 𝑌  is the mass fraction of reactant 𝑅, 𝐴 = 4 and 𝐵 = 0.5 are 
empirical constants, 𝑀 ,  is a molecular weight of species 𝑖, 𝑣 ,  is stoichiometric coefficient for reactant 
𝑖 in reaction 𝑟, 𝑣 ,  is stoichiometric coefficient for product 𝑖 in reaction 𝑟.  

Applied chemistry mechanism is GRI-Mech 3.0, which is a well-established method based on a series 
of experiments covering 325 most common reactions in the fields of science and industry. 53 available 
species contain all required reactants and products expected to be generated in the analysed wet 
combustion chamber.  
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3.2.3 Evaporation mechanism  

The key element of CFD analysis is the droplet boiling process, during which each discrete droplet is 
modelled as a source of mass and sink of energy from the continuous flow. It is triggered, when droplet 
temperature exceeds boiling point and follows equation below  

𝑑(𝑑 )

𝑑𝑡
=

4𝑘

𝜌 𝑐 , 𝑑
1 + 0.23 𝑅𝑒 𝑙𝑛 1 +

𝑐 , 𝑇 − 𝑇

ℎ
 (7) 

where 

𝑐 ,  - heat capacity of the gas (J/kg K) 

𝑇  - temperature of gas [K] 

𝑇  – temperature of droplet (K) 

𝜌  – droplet density (kg/m3) 

𝑘  - thermal conductivity of the gas (W/mK) 

𝑑  – droplet diameter (m) 

ℎ  – latent heat (J/kg) 

4 Results and discussion 

Figure 5 presents streamlines obtained for the case 2 – with 2g/s front water injection and 12 g/s of 
transpiration water inlet. It highlights key areas which affect flame structure and the local rate of 
combustion.  

 

Figure 5: Fuel/oxygen streamlines for case 2 (2g/s + 12 g/s) 

As expected, inlet pipe is characterized by ambient temperature and parallel streamlines. In the area of 
the front edge large vertex is formed, as flow has no way to escape. This region is clearly cooler as is 
continuously supplied with the trapped cold inlet gasses. Another specific region is situated below the 
water spray nozzle, where boiling droplets rapidly cool down main flow and disturb it by pressure 
fluctuations. The closer to the outlet, the more uniform flow became as there is nothing to disturb it in 
the second half of the wet combustion chamber. 

Two dimensional plots are much more friendly to postprocess than three dimensional ones. To take 
advantage on that, section presented on Figure 6 was created and used for a back-to-back comparison 
between analysed cases (Figure 7 - Figure 11). Its position is aligned with the main axis and a centre 
point of oxygen inlet.  
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Figure 6: Cross section used for 2D plots comparison  

Figure 7 compares temperature distribution between all three cases. As mentioned before, top one is 
non-cooled, therefore temperature is much higher than other two. In contrast to that, on Figure 7C 6g/s 
of water droplets are injected directly into the flame, which causes temperature drop and more intensive 
mixing through the local pressure fluctuations. Figure 7B is an intermediate case, with 2g/s front water 
spray inlet.  
 

A)  

B)  

C)  

 

Figure 7: Temperature comparison, A) non-cooled, B) 2g/s+12g/s, C) 6g/s+8g/s 

Figure 8 compares velocity plots of all analysed cases. The key difference is the size of the recirculation 
region at the inlet corner, which is gradually reduced by the increasing stream of rapidly boiling droplets 
around the flame.  
 

A)  

B)  

C)  

 

Figure 8: Velocity comparison, A) non-cooled, B) 2g/s+12g/s, C) 6g/s+8g/s 
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Figure 9 illustrates the water vapour mass fraction comparison, so front water droplets are not included. 
Key region to focus is a wet protection layer along the cylindrical surface. Figure 9B has got the thickest 
layer, therefore is deemed as the optimum case.   
 

A)  

B)  

C)  

 
 

Figure 9: Vapour H2O mass fraction comparison, A) non-cooled, B) 2g/s+12g/s, C) 6g/s+8g/s 

Table 3 summarises and compares mass-averaged outlet conditions. The reference point for a cooled 
case is a 0D column, which was calculated manually and assumes ideal stoichiometric combustion 
without any thermal dissociation. In contrast to that, 3D complex analysis including droplet evaporation 
is skewed by the CFD modelling assumptions and numerical uncertainties. Taking this into 
consideration, the temperature discrepancy between two last cases looks acceptable as it does not exceed 
5%.  

Table 3: Summary result table 

Model type 0D 3D 

Water inlet 14 g/s 0g/s + 0g/s 2g/s + 12g/s 6g/s + 8g/s 

Temp. [K] 970 3434 982 932 

Mass outflow [g/s] 

O2 0 0.65 0.3 0.3 

CH4 0 0 0.039 0.13 

H2O 16.7 2.22 16.38 16.32 

CO2 3.3 1.26 3.12 3.12 

CO 0 1.35 0.05 0.03 

Outlet velocity [m/s] 16.21 16.16 15.62 15.25 

5 Conclusions 

Presented wet combustion chamber design is a novel combination of oxy-fuel combustion with liquid-
water cooling system. Lack of air (nitrogen) at the inlet helps with elimination of NOx and reduction of 
energy usage required otherwise to compress ballast nitrogen in the air. Additionally, using liquid water 
as a coolant is a very efficient process due to the very high specific and latent heat of water. Transpiration 
cooling through the ceramic matrix composite liner provides a protection layer against the flame along 
the entire combustor. On the other hand, front water spray injection quenches flame from the core 
improving mixing intensity and dropping local and average temperature.  

Due to the fact that experiment is not available yet for such a complex combustion case, 0D results at 
the outlet were used as a validation example. Both analysed3D results (2g/s + 12 g/s and 6g/s + 6g/s of 
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water) are sufficiently close at the outlet to the reference case, so it was decided that other areas of 
combustor are comparable as well. Summary result table (Table 3) contains three cooled and one non-
cooled cases. Comparison between them clearly shows, that non-cooled flue gas contains much more 
carbon monoxide and oxygen at the outlet than all cooled cases. The two main phenomena causing the 
difference in combustion completeness are flame quenching and local droplet-boiling pressure 
fluctuation. The first one slows down reaction intensity leading to less efficient combustion process. 
However, pressure fluctuations driven by rapid water evaporation significantly improve oxidation 
completeness by increasing mixing intensity and combustion residence time. Eddy-Dissipation 
chemistry-turbulence interaction model is a proper choice for presented design, as analysed non-
premixed flame reaction zones are controlled by mixing intensity rather than chemical kinetic rates. That 
assumption is equally applicable for non-cooled and cooled cases, where additional boiling-droplet 
mixing force helps to improve the combustion completeness. Due to the fact, that the inlet fuel/oxygen 
ratio is stoichiometric, complete combustion process will generate water vapour and carbon monoxide 
only. From the cooling and reaction completeness point of view, 2g/s front water spray coupled with 
12g/s water transpiration flow is deemed as the optimum case.  

Nomenclature 

0D zero dimensions  
2D two dimensions 
3D three dimensions  
CFD  Computational Fluid Dynamics  
CMC ceramic matrix composite  
CCS carbon capture and storage  
CES Clean Energy Systems  
IFFM PAS Institute of Fluid-Flow Machinery at Polish Academy of Sciences  
WCC wet combustion chamber 
HEX  heat exchanger 
WHIPOX wound highly porous oxide composite  
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Abstract 

Due to the rising problem of global warming, high-temperature fuel cells are considered the future of 
power generation. Despite their active development in recent decades, Molten Carbonate Fuel Cells 
have not reached full commercialization. Degradation of the materials, cost, and performance are the 
factors that require optimization. The optimization of the fuel cell can be realized in many ways (e.g., 
materials, flow distribution, operating conditions, etc.). However, the microstructure of the fuel cell 
material can be one of the essential areas for optimization. Developing fuel cells require conducting a 
lot of experimental investigations. Often such investigations are costly and time-consuming. Because of 
that, various mathematical and numerical models are used. The literature overview presents few models 
that are considered microstructure influence on the electrochemical performance of the fuel cells. 

This paper presents a proposal of the mathematical model that investigates the influence of the material 
microstructure (e.g., porosity, tortuosity, constrictivity). The model is validated on two experiments with 
different microstructure parameters. After the validation process, the overall relative error of the model 
is 8%. This mathematical model predicts the Molten Carbonate Fuel Cell performance using anodes 
with different porosity. The obtained results were analyzed and discussed. Possible areas of applications 
and further optimization are provided. 

1 Introduction 

Global warming is currently one of the world's greatest concerns. The average temperature of the earth 
has steadily risen since the beginning of the industrial revolution [1]. The industrial revolution made a 
transfer from hand to machine production. Machine use has resulted in an increase in greenhouse gases 
in the atmosphere, which trap heat from the Earth and therefore raises the average temperature [2]. The 
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major contributor of greenhouse gases is CO2. Fossil fuel combustion is the primary source of CO2 in 
the atmosphere, accounting for 30% of the total CO2 emissions. The direct drivers of CO2 are the 
combustion of coal, oil, and natural gas, with respective shares of 39%, 31%, and 18% of total CO2 
emissions [3]. 

Fossil fuel related CO2 emissions can be significantly reduced by switching to other energy sources, like 
renewable sources such as hydropower, wind, solar, nuclear power, fuel cells, and sustainably produced 
biofuels. Additional reductions may be achieved through energy-efficiency improvements. Furthermore, 
CO2 capture from flue gases and underground storage may reduce the seemingly ever-increasing CO2 
concentrations in the atmosphere [4]. 

A fuel cell (FC)  is an electrochemical device that converts chemical energy into electrical without any 
intermediate stages. Batteries and fuel cells share the same component structure, but unlike batteries, 
fuel cells do not store energy; instead, they produce it as long as fuel and oxidant are provided to the 
cell. Hydrogen is supplied to the anode side, where it oxidizes and divides into electrons and ions. Ions 
pass through the electrolyte to the cathode side, where oxidant, which is generally ambient air, is 
provided. Meanwhile, electrons pass through an external circuit giving electricity. On the cathode side, 
oxygen from ambient air meets with the ions and electrons to complete the reaction and create water 
and heat as bypass products [5]. Fuel cells are scalable devices. That gives a possibility of stationary 
and vehicle motive power applications. Since fuel cells are electrochemical devices, there is no 
restriction to Carnot efficiency, which provide the opportunity to obtain higher efficiencies compared to 
combustion engines. 

There are two main ways to divide fuel cells: electrolyte type or operating temperature. On the basis of 
electrolyte, we can distinguish the following types: Alkaline Fuel Cell (AFC), Proton Exchange 
Membrane Fuel Cell (PEMFC), Direct Methanol Fuel Cell (DMFC), Phosphoric Acid Fuel Cell 
(PAFC), Molten Carbonate Fuel Cell (MCFC), Solid Oxide Fuel Cell (SOFC)     

Where AFC, PEMFC, DMFC, and PAFC are low-temperature fuel cells, operating temperature varies 
from 80-250 °C depending on the type. MCFC and SOFC are high-temperature fuel cells, operating at 
600-1000°C depending on the type [6]. High-temperature fuel cells are preferable for stationary 
applications, while low-temperature fuel cells are used where a quick start-up is needed (automotive and 
aerospace applications), however stationary applications are also possible. High-temperature fuel cells 
have some advantages in comparison to low-temperature fuel cells. Because of the temperature, there 
can be used non-precious catalysts material, like nickel, which is significantly lowering the cost. Also, 
high temperatures of operation give the possibility for internal reforming, meaning that fuels other than 
hydrogen can be used e.g. CH4, or CO, which is poisonous for low-temperature fuel cells. 

This work will be dedicated to high-temperature fuel cells, namely, MCFC. High-temperature fuel cells 
are considered promising because of their high power, efficiency, and ability to use them in cogeneration 
(for example, CHP and micro-CHP) for fuel cell heat regeneration [7,8]. However, they have not reached 
full commercial scale, for example, to such extent as PEMFC. Several factors can help achieve full 
commercialization: 1) increase the time of operation for the stack up to 40000 h, 2) increase cell 
performance, 3) reduce costs to make technology more competitive.   

In order to achieve 40000 hours of operation for the stack, research on optimization of the fuel cell 
components must be conducted to increase their durability and mechanical stability. High operating 
temperatures and a corrosive environment lead to severe degradation of all fuel cell components. The 
increase of the cell's lifetime is one of the primary tasks for MCFC on the road to commercialization. 
The optimization of the materials and their micro and macro-parameters is believed to be the solution 
for the rapid degradation and increased cell lifetime.  

Developing fuel cells require conducting a lot of experiments. Often such experiments are costly and 
time-consuming. Because of that, various mathematical and numerical models are used. They become 
helpful where there is a need to test specific working parameters or operation conditions, new theories, 
or even the application of new materials. Once verified and validated, such a model can be a powerful 
tool that decreases costs and time. However, creating a model is a complex process. It includes a deep 
understanding of the processes occurring in the fuel cell. It is even more complex when it comes to the 
microstructure of materials. At the moment, there are almost no open access models for fuel cells that 
would take into account the microstructure of materials.  
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This work will present a proposal for a hybrid mathematical model for a fuel cell, which will also take 
into account the microstructure of the anode. It will also present a theoretical study on this topic, how 
microstructure parameters interact with each other and how they affect the electrochemical 
characteristics of fuel cells. The finished model was validated on two experiments in order to order to 
prove its credibility. 

2 Literature overview 

Besides the simplicity of the fuel cell from first sight, modeling the operation of the fuel cell is 
challenging. The fuel cell includes in itself different branches of science e.g. thermodynamics, physics, 
chemistry, fluid mechanics, etc. However, the literature overview shows a wide range of numerical and 
mathematical models available. 

Chung et al. [9] provide a mathematical model of 150 cell MCFC stack and numerical modeling of the 
stack is performed. There were proposed control strategies and the current density distribution of the 
cells was analyzed and compared.   

Lee et al. [10] present a spatially 2D dynamic model of direct internal reforming (DIR) of MCFC that 
was reduced to a set of ODE and a concept of the control system was proposed. The control system is 
based on the MIMO loops and PID controllers. To decrease the computational time a special 
computational algorithm was developed.  

Brouwer et al. [11] presented a detailed dynamic model of an MCFC developed in the MATLAB 
Simulink® environment. To develop the model there were used mass and momentum conservation, 
electrochemical and chemical reaction mechanisms, and heat transfer. The results from the model were 
compared with experimental MCFC unit results. The model is shown to obtain simulation results that 
are in good agreement with experimental results. 

Bosio et al. [12] provide a modeling process of the MCFC and comparison with experimental results. 
The model gives new insights into the phenomenological behavior of the process. The modeling process 
started at the local kinetic level and went up to the overall stack simulation. Such a model is able to 
identify the effects of gas cross-over phenomena at the cell level. The scale-up process was also analyzed 
in great detail. 

Liu and Weng [13] presented a 1D mathematical model for MCFC. The results were validated with 
experimental analysis The model is based on the volume–resistance (V–R) characteristic. The results of 
the modeling show that the V–R characteristic modeling method is feasible and valuable. The authors 
claim that the model can be used in real-time dynamic simulation. 

Koh et al. [14] present a model of the MCFC stack that is based on the heat balance equations. The 
model was solved numerically with a computational fluid dynamics code. The aspects of the simulation 
like grid number for channel depth, constant velocity, thermal radiation, and constant gas properties 
were discussed and analyzed. 

Szczesniak et al. [15] present the 0D model of MCFC that is calibrated to specific experimental data. A 
physical dynamic model of an MCFC stack with a nominal power output of 1 kWel was created in 
Aspen HYSYS 10. The authors investigated different emergency scenarios and malfunctions of the 
MCFC stack based on the model. The presented model takes into account thermal and electrochemical 
processes and parameters. The author claims high of the model. There was also provided a methodology 
used in the study to analyze the sensitivity of critical scenarios. 

3 Theory 

3.1 MCFC 

The whole process in the MCFC starts on the cathode side where the O2 and CO2 are supplied and an 
oxygen reduction reaction (ORR) takes place. Reacting with the electrolyte layer they form carbonate 
ions CO=

3 (Equation 2) which are transferred to the anode side. On the anode side, hydrogen is supplied 
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and a hydrogen oxidation reaction (HOR) occurs (Equation 1). Electrons are going through the external 
circuit producing electricity [16]. The overall reaction will produce water and heat (Equation 3). 

 

Figure 1: MCFC operation principle 

 𝐻 + 𝐶𝑂 → 𝐻 𝑂 + 𝐶𝑂 + 2𝑒  (1) 

 
1

2
𝑂  + 𝐶𝑂 + 2𝑒 → 𝐶𝑂  (2) 

 𝐻 + 
1

2
𝑂  → 𝐻 𝑂 + 𝐻𝑒𝑎𝑡 (3) 

The maximum voltage of the fuel cell can be estimated according to the Nernst voltage equation: 

 𝐸  =  
𝑅𝑇

4𝐹
𝑙𝑛

𝑝
,

⋅ 𝑝
,

𝑝
,

⋅ 𝑝
,

 (4) 

Where R — universal gas constant, T — temperature, F — Faraday’s constant, p — partial pressure of 
the reactants and products. The ideal standard Nernst potential for the MCFC is E° = 1.229 V [17]. It is 
assumed that the temperature of the process in the cell is constant, so the process needs to be considered 
isothermal. 

3.2 Reduced Order Model 

As was pointed in literature overview, there are many models available in the open access. This work 
will refer to the approach described in [18]. According to the model, the equation for the voltage 
potential of the MCFC is calculated as follows: 

 𝐸  =
𝐸 − 𝑖 𝜂 𝑟

1 +
𝑟
𝑟

(1 − 𝜂 )
 (5) 

In the single cell, the electrolyte in the fuel cell is typically sandwiched between electrodes. To create a 
fuel cell stack single cells are built in multiple layers. The multiple layering affects the ionic and 
electronic resistance of the cell, which, in turn, affects the cell potential. Equation 6 shows the general 
form of the equation for the ionic resistivity (r1), where 𝑛 is the total number of layers, 𝑗 is the number 
of fuel cell layers. 

 𝑟 =
𝛿

𝜎
 (6) 

Where 𝛿 is the thickness, and 𝜎  is the ionic conductivity. Ionic conductivity can be found using the 
Arrhenius equation and is a function of temperature (Equation 7).  

 𝜎 = 𝜎 𝑒  (7) 
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Where 𝜎 , 𝐸  are parameters that depend on electrolyte composition. These parameters can be found 
in the literature [19] or experimentally [20]. 

The electronical resistance (r2) can be calculated in a similar way as the ionic resistance:  

 𝑟 =
𝛿

𝜎
 (8) 

Where 𝜎  is electronic conductivity. 

3.3 Microstructural parameters  

The microstructure of the fuel cell components is a crucial factor in designing a reliable and efficient 
fuel cell. Since most components in the single fuel cell are porous structures, the porosity has a key 
influence on the performance. However, there are other certain parameters that are responsible for the 
good performance of the cell. 

Gaiselmann et al. [21] tried to describe the microstructural influence on conductive transport processes 
in terms of porosity (𝜙), tortuosity (𝜏), and constrictivity (𝛽). There has been used a virtual material 
testing (VMT) approach to create a certain amount of microstructures, that can be characterized in terms 
of the 𝜖 , 𝜏, 𝛽 . The following formulas were considered:   

 𝜎 = 𝜎 𝑀 (9) 

 𝑀 = 𝑎
𝜙 𝛽

𝜏
  (10) 

where,  a, b, c, d - linear prefactor and exponential coefficients, and 𝜎  is and intrinsic conductivity. 

After the simulations they achieved the following empirical expression for the M-factor and associated 
effective transport properties 

 𝑀 = 2.03
𝜙 . 𝛽 .

𝜏
 (11) 

It was stated, that such expression has a good quality of prediction and can be used with the material for 
the energy conversion like electrodes of batteries and fuel cells.  

3.3.1 Porosity 

For the efficient functioning of Ni as an anode, an optimum porosity, its appropriate distribution and 
connectivity are essential to facilitate the transport of fuel gas towards the reaction site and the reaction 
product diffusing out of the electrode [22]. In addition to the volume fraction of the porosity, factors 
such as nature of the pores (closed pores or open pores), size of the pores, pores size distribution, and 
pore tortuosity play an important role in impacting the polarization characteristics of Ni anode. 

3.3.2 Tortuosity 

The transport and electrochemical processes occurring in electrodes are closely coupled, which results 
in providing a balance between geometrical properties, such as high surface area and low tortuosity 
factor. The tortuosity factor is a measure of the degree of obstruction to transport through a system, 
caused by the convolution of its geometry [23]. The concept of tortuosity, which describes the effects 
of convoluted transport pathways and variations of the pore path lengths, was introduced by Kozeny [24] 
and then further refined by Carman [25,26]. 

A lot of theoretical models have been proposed to estimate the tortuosity of porous media, and most of 
them are trying to express tortuosity as a function of porosity, because of their straight connection. The 
Bruggeman correlation [27] is one of the most commonly used porosity-tortuosity relationships, which 
is expressed as an exponential equation, as shown in Equation 12.  

 𝜏 = 𝜙  (12) 
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where 𝜏  denotes the tortuosity, 𝜙 is the porosity and 𝛼 is an empirical constant called the Bruggeman 
exponent. In the most general form, the Bruggeman exponent is considered to be 1.5 [28]. 

3.3.3 Constrictivity 

The constrictivity (𝛽) accounts for the fact that the cross-section of a segment varies over its length [30]. 
It's a dimensionless parameter, having values from 0 to 1. Also, constrictivity can be associated with 
transport resistance [25].  

To date, there is no distinct geometrical definition of constrictivity. However, there was derived a 
mathematical expression for the bottleneck effect, which can be applied to the constrictivity 
calculations. Peterson [31] defined a constriction factor as follows:   

 𝛽 =
𝐴

𝐴
 (13) 

where 𝐴  is the pipe cross-section at the constriction and 𝐴  is the cross-section at the pore 
entrance and/or at non-constricted "bulges" in the pipe. Figure 2 shows a graphical representation of the 
constrictivity in the porous material. 

 

Figure 2: Visualization of the constrictivity [32] 

Holzer et al. [25] wanted to quantify the description of the bottlenecks directly from the tomographs of 
disordered microstructures. They used the inverse Petersen's constriction factor and defined it in the 
following way: 

 𝛽 =
𝐴

𝐴
=

𝜋𝑟

𝜋𝑟
=

𝑟

𝑟
 (14) 

Unfortunately, determining constrictivity in complex microstructures is a challenging process. Porous 
structures are highly disordered thus there are no uniform values for 𝑟  and 𝑟 . One way of 
determining can be continuous-phase size distribution (c-PSD), mercury intrusion porosimetry (MIP), 
or computer simulation. Typical values of constrictivity for the nickel anode are in the range of 0.2 to 
0.3 [25]. 

4 Modeling approach 

The problem with the models presented in the literature overview [9-15] is that even if the authors have 
been using the conductivity, which was assumed as a constant value for isothermal conditions of the cell 
operation. This parameter was taken from the literature sources supported by experimental data. 
However, it is known that the conductivity value varies with the microstructure of the material. Mainly 
due to the porosity, tortuosity, and constrictivity.  

The ROM presented earlier is able to predict the performance of the fuel cell by calculating the voltage-
current parameters. The ROM, besides simplicity, has some advantages over the other models that are 
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in use. The model doesn't give any non-physical values, and the change of design or flow parameter 
doesn't require changes in all previously used values (as it is in the classical approach). Nevertheless, it 
doesn't account for microstructural changes. 

The proposal of this work is to create a hybrid model which is able to predict the performance of the 
fuel cell by calculating the voltage-current parameters taking into account the microstructure of the 
materials. To do that, the authors are proposing to unite the ROM and relation described by 
Gaiselmann [22]. 

4.1 Microstructure influence-related mathematical model of MCFC 

The structure of the proposed model is based on the ROM. The model calculates the voltage potential 
of the cell using Equation 5. Where 𝐸  depends on  𝐸 , 𝑖 , 𝜂 , 𝑟 , 𝑟 .  

Maximum or Nernst voltage is calculated as follows: 

 𝐸  =  
𝑅𝑇

4𝐹
𝑙𝑛

𝑝
,

⋅ 𝑝
,

𝑝
,

⋅ 𝑝
,

 (15) 

Fuel utilization factor 𝜂  is the ratio between the current density obtained during the experiment 𝑖  
and the maximum current density 𝑖  (Equation 16). 

 𝜂 =
𝑖

𝑖
 (16) 

Maximum current density 𝑖  depends on the molar flow of the fuel or oxidant gas and is calculated 
as follows: 

 𝑖 =
2𝐹𝑛 ̇

𝐴
=

4𝐹𝑛 ̇

𝐴
 (17) 

The rest are 𝑟 , and 𝑟 which take into account microstructure. Equations 6 and 8 describe general 
relation for 𝑟 , and 𝑟 . For a single MCFC, the formulas are as follows:  

 𝑟 = 𝑟 + 𝑟 / + 𝑟 =
𝛿

𝜎 , 
+

𝛿 /

𝜎 , /
+

𝛿

𝜎 , 
 (18) 

 𝑟 = 𝑟 + 𝑟 / + 𝑟 =
𝛿

𝜎 , 
+

𝛿 /

𝜎 , /
+

𝛿

𝜎 , 
 (19) 

where,  

 𝜎 , / = 𝜎 ⋅ 𝑒  (20) 

 𝜎 , / = 𝜎 , /  (21) 

Coefficients 𝜎  and 𝐸  are taken from the literature. At that point, the Gaiselmann’s relations are used. 

 𝜎 , = 𝜎 , ⋅ 𝑀 ;   𝜎 , = 𝜎 , ⋅ 𝑀 ; 𝜎 , = 𝜎 , ⋅ 𝑀 ;   𝜎 , = 𝜎 , ⋅ 𝑀  (22) 

Where, 𝜎 , , 𝜎 ,  – are intrinsic ionic conductivity of anode and cathode, respectively, 𝜎 , , 𝜎 ,  – 
intrinsic electronic conductivity of anode and cathode, respectively, and  𝜎 ,   /   is the electronic 
conductivity of the matrix/electrolyte. These are the parameters that will be selected later at the 
validation procedure stage. 
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Figure 3: Tree diagram of the main equations used in the model 

Figure 3 shows a tree diagram that visualizes the chain of equations and their dependencies. The bottom 
part of the diagram, as can be seen, is the microstructure influence of the materials. 

Porosity 𝜙 in these equations is set by a model user. The constictivity 𝛽 is set as a constant value, 
however, it is worth mentioning that it varies with different porosity levels in a similar way as the 
porosity-tortuosity relationship. There is no yet found porosity-constrictivity relationship. To find the 
constrictivity 𝛽 the empirical relation presented earlier is used (Equation 14). 

As was mentioned before, porosity and tortuosity are closely related. The tortuosity is calculated 
according to the equation presented in Equation 12, where 𝛼 coefficient is taken in its most standard 
form and is equal to 1.5. 

All equations described in this chapter are put into Excel® to calculate the voltage-current parameters. 
Also, these equations can be used in Aspen HYSYS® to have a numerical model.    

5 Model validation 

The model is validated with experimental data obtained from the experimental investigation. Two 
studies were conducted for single cells with various anode porosities, with ASM1 having a 57% anode 
porosity and AT163 having a 67% anode porosity. Anodes porosities were estimated using the 
Archimedes’ principle. Beside from data for validation, a degradation test was performed during the 
experimental investigation (Figure 4). Figure 5 shows the two sets of data used for model validation, 
where squares represent Scenario 1 and triangles represent Scenario 2. The difference between Scenario 
1 and Scenario 2 lies in the volumetric flows of the gases. Scenario 2 has 6 times larger anode inlet flow 
and 26 times larger cathode inlet flow. Since there are used two sets of data, for the anodes with different 
porosities, the model will be used two times for two sets of data simultaneously. This will give the 
possibility to take into account differences in porosity. 
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Figure 4: Degradation test 

 

Figure 5: Data for model validation 

Once the model implementation and validation process had been finished, the model demonstrated a 
good agreement with the experimental data - the average relative error is about 8%. Figure 6 presents 
polarization curves after model implementation and validation process.  
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Figure 6: Polarization curves after validation process 

After two models were merged, the fully validated model was achieved. Figures 7 and 8 shows how it 
can predict the performance of the fuel cell for porosities 57% and 67% for Scenarios 1 and 2, 
respectively. 

Altogether, the model shows good accuracy with the experimental data. The worst result was achieved 
in Scenario 2, where porosity was 67%. The rest cases are below 10% error. 

The parameters and their value obtained after the validation process and used in the model are listed in 
Table 1. 

Table 1: Model parameters 

Parameter Value 

𝜎 ,  2.849 

𝜎 ,  7.404 

𝜎 ,  13.5 

𝜎 ,  0.028 

𝜎 ,   /  0.008 

𝜎  3.594 

𝐸  25.081 
a 2.03 
b 1.57 
c 0.72 
d 5 

6 Variant analysis 

6.1 Influence of anode porosity 

Now it is possible to see how, according to the model, the anode porosity influences the electrochemical 
performance of the cell. Figures 9 and 10 show how the performance of the cell differs with the different 
porosities. As can be seen, the increase in anode porosity will increase the performance of the fuel cell. 
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This outcome is consistent with the theory. Moreover, it is visible that an increase in porosity increases 
performance non-linearly, which is also a physical result. 

From the graphs above can be concluded that higher porosity results in better electrochemical 
performance. It is true only to some extent. Let's compare degradation tests that were done before and 
polarization curves for different porosities of an anode (Figures 4 and 5). The higher porosity anode 
(AT163) shows better performance, however, during the same period its degradation rate is faster. The 
literature overview shows that there are few studies related to the degradation of the materials in MCFC. 
However, it is possible to draw some insights from it. Many authors suggest that the main reason for the 
degradation is the corrosion of the material [33,34]. It grows and occupies open pores providing less 
space for the gas delivery and increasing contact resistance between the components. It seems that 
degradation occurs faster for the anode with higher porosity. From both degradation test and polarization 
curves can be concluded that the optimal level of porosity for the anode is around 55%. At this level of 
porosity, the catalytic surface of the electrodes is the highest, meaning better good electrochemical 
performance. Moreover, at higher level of porosity, the mechanical properties  of the electrodes start to 
play significant role. The electrode becomes more fragile, and can be damaged or even destroyed 
completely during the assembly process 

 

Figure 7: Polarization curves of validated model for Scenario 1 
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Figure 8: Polarization curves of validated model for Scenario 2 

 

Figure 9: Porosity influence on current-voltage performance 
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Figure 10: Porosity influence on power density 

6.2 Power density-fuel utilization factor 

Figure 11 shows how, according to the model, the power density changes with the fuel utilization factor 
(𝜂 ). As was mentioned earlier, the difference between Scenario 1 and Scenario 2 is mainly in the 
volumetric flow rate of gases supplied to the fuel cell. During Scenario 2, the volumetric flow rate is 
larger than for Scenario 1. That is why the power density curves in Scenario 2 generally show greater 
performance. 
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Figure 11: Power density-fuel utilization factor 

7 Discussion 

Most of the models in the literature are able quite effectively to predict performance or some particular 
process. However, these models do not always account for the microstructure of the materials as a whole 
only some specific parameters like porosity. In the MCFC, the main components of the stack assembly 
are porous materials. The microstructural parameters such as porosity, tortuosity, and constrictivity 
significantly influence their electrochemical performance properties. 

This work aims to create a hybrid mathematical model that will take into account the material's 
microstructure. The model was based on the reduced order model described in [19] and microstructure 
relations [22,28] to account for their influence. The model was validated with the experimental data 
collected during an experimental investigation to prove its usability. After the validation process, the 
model showed good agreement with the experimental results. Based on the variant analysis, the model 
showed no unphysical results. 

However, this model has its limitations. The reduced order model used can not use parameters from the 
classical approach since it is incompatible with it. Another disadvantage of this model is that not all 
parameters are well-defined. The coefficients for the microstructural relations are required corrections 
to specific fuel cell materials. 

Some limitations of the model are prerequisites for further research. Applying the model only 
concerning the anode is the first step in completing the model. The same procedure can be done for the 
cathode and supporting matrix since they are also porous materials. Additional research should be done 
about the coefficients to find the optimal specifically for MCFC. The use of neural networks can be 
helpful in such tasks and can be performed if a sufficient training set of experimental data is used. 
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Additional studies about the degradation of the materials are needed. Such studies might provide the 
insights to complete the model presented in this thesis with the component that will take into account 
degradation.  

8 Conclusion 

This work presents a proposal of a hybrid mathematical model that can calculate the performance of the 
MCFC. The governing equations and the theory behind them are described. The presented model is 
based on the reduced order model and particular microstructure-related relations. The difference 
between this model and others is that it also takes into account the material's microstructure. Currently, 
it can take into account the porosity, tortuosity, and constrictivity of the anode. However, it is possible 
to extend the model and use it for cathode and supporting matrix. 

The validation process of the model was based on two experimental investigation. After the validation, 
the model showed good accuracy of about 8%. The results given by the model are physical, which shows 
its credibility. Moreover, the model is adaptive, meaning it can be used for other types of fuel cells once 
the necessary changes are made. However, not all parameters and coefficients in the model are well-
estimated. Further studies (e.g., microstructure influence on the degradation) are required. 

The model is able to predict electrochemical performance, accounting for the microstructure of the 
materials, which is helpful at the early stages of the fuel cell development process. It might help to find 
the direction of the components development saving time and money that otherwise would be spend on 
experiments.  However, at the design stage, it may be less valuable since at that stage . 
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Abstract 

This work presents an advanced CFD model of a 5kW Molten Carbonate Fuel Cell stack intended to 
provide a broad analysis and design improvement through the flow distribution optimization. The goal 
is to provide variant analysis of flow distribution in the internal channels through CFD model. 
SolidWorks was used to design the MCFC stack, and SOLIDWORKS® Flow Simulation was utilized 
to model the flow distribution inside the stack. The simulated stack was validated through an 
experimental investigation of a 5kW MCFC stack, empirically measuring pressure and flow distribution 
in an experimental laboratory station optimized for multi-scale fuel cell stack testing. The test was 
designed to examine a variety of internal flow distribution factors. The verified CFD model was 
employed for sensitivity analysis on various scales. To enhance the design, the influence of stack and 
single-cell constructional characteristics on the 5 kW MCFC was investigated. 

1 Introduction 

Alternative energy sources constitute an increasing share of the energy mix worldwide due to the global 
drive to cut emissions of greenhouse gases [1,2]. Renewable energy sources are attracting great research 
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interest due to their minimal pollution, but they are prone to highly variable energy production. Thus, 
energy storage in the form of hydrogen (and NH3) is being developed, as it can be utilized in fuel cells. 
These fuel cells include molten carbonate fuel cells (MCFC), which can provide electricity and heat. 
MCFC devices can be of variable size, from 1 kW up to several megawatts, and are easily scalable. 

Article [3] presents the results of CFD modeling of a whole building containing an MCFC stack. The 
model includes all additional equipment, valves, pumps, etc. The modeling aimed to determine the 
strands of gas leakage in the vicinity of the fuel cell; the results of the simulations are shown in Figure 1. 
They set out the three-dimensional characteristics of the temperature, pressure, flow, and chemical 
composition of gases in the room. The model was developed for a fuel cell with rated power of 300 kW.  

As a result of the analyses, guidelines were developed for the room ventilation system and for the natural 
gas pipelines supplying the fuel cells. 

 

Figure 1: Path lines of inlet flows from louvers and outlet flows to the exit holes on the ceiling (a) 
frontal view and (b) backside view [3] 

 

Figure 2: CFD results of (a) pressure drop, (b) temperature distribution, and (c) current [4] 

A more detailed analysis of CFD results can be found in the publication [4], where a single fuel cell 
from a stack with a nominal power of 5 kW was analyzed. The entire stack consisted of 7 such fuel cells 
with an area of 7500 cm2 each. As a result of the calculations, the distributions of pressure, temperature 
and density of the electric current were obtained (see Figure 2). 

 

Figure 3: CAD drawing of a portion of the current collector/gas distributor [5] 

out out 
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The electric charge from the cell's surface is received through profiled metal plates, known as the current 
collector (see Figure 3). The shape and size of current collectors can affect the distribution of the main 
parameters inside the fuel cell. This issue was analyzed in detail using the CFD technique in publication 
[5]. 

 

Figure 4: Longitudinal model of the cathodic gas [5] 

Analysis was carried out in respect of a number of parameters influenced by the presence of the current 
collector, such as gas velocities and the accompanying pressure losses for both the cathode flow (see 
Figure 4) and the anode flow. 

 

Figure 5: The results of CFD analysis for gas velocity (left) and pressure drop (right) from inlet 
manifold to outlet manifold of air in MCFC separator [6] 

Publication [6] presents the results of CFD analysis for an MCFC separator with an area of 10,000 cm2. 
The results of the CFD analysis are shown in Figure 5. The purpose of the simulation was to check 
whether there is an even distribution of gas flow with a pressure drop of 14 Pa on the cathode side. The 
modeling results were verified by an experiment with the use of a smoke generator.  
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Figure 6: Flow path and temperature (K) distribution of the gases in the revised structure without a 
swirl device [7] 

Due to the nature of the ionic conductivity of the electrolyte, MCFCs must be fed with a mixture of air 
and carbon dioxide on the cathode side. One method of supplying carbon dioxide to the cathode gas 
stream is by recycling the anode gases. However, the rest of the fuel must be oxidized in the air stream 
and this can be done with special afterburning chambers. The CFD analysis of this type of device is 
presented in publication [7] (for the results of the simulations, see Figure 7). 

 

 

Figure 7: Flow-rate uniformity of the anode channels under mal-distributed inlet flow-rate condition 
[8] 

Simulations for the channel connecting individual anode channels and channels with internal reforming 
are included in the article [8]. The simulation results show the velocity fields based on which the flow-
rate uniformity was estimated (see Figure 7). 

This paper shows the CFD simulations of gas flow through a 5 kW commercial MCFC stack. A key 
issue with electrode chambers is the low-pressure differences between cathode and anode, as this can 
lead to poor MCFC stack performance. In extreme cases, large pressure differences can cause damage 
to the device, leading to shorting between electrodes. Another problem is the high velocity of gases – 
MCFCs achieve higher efficiency the more time the fuel spends in the anode chamber. Thus, the cross-
section areas of electrode chambers should be related to gas manifold channel areas, seeking optimal 
gas flow through the fuel cell in order to reduce large pressure differences across the fuel cell and on 
both sides of the matrix. 

1.1 Paper novelty 

The focus of this study is a CFD-based variant analysis of the internal flow distribution of the 5kW 
MCFC stack. Due to the liquid nature of the electrolyte, the issue of internal flow distribution is 
extremely significant in the MCFC: overpressure in one channel could push the molten electrolyte. The  
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main scientific novelty of the paper is the advanced CFD model, validated on experimental investigation 
of internal flow distribution. Few CFD models of fuel cell stacks appear in the literature and none were 
validated against experimental observations of flow distribution in a real system. This research model 
enables a comprehensive sensitivity analysis of the MCFC stack in order to propose an appropriate 
control strategy. 

2 Theory 

2.1 Experimental setup 

The experimental investigation of pressure distribution in MCFC stack was conducted on a laboratory 
setup designed for testing multi-scale fuel cell stacks. Dried air was used as the working medium in the 
test and was pumped by a compressor at an operating pressure of 6 bar. The air was delivered and 
regulated through a Bronkhorst EL-FLOW mass flow controller with flow adjust range 15..500 Nl/min. 
The air was delivered to the stack through a DN32 pipe with a mechanical pressure sensor connected to 
the stack inlet. The pressure sensor used in the test has the measuring range 0..100 mbar with accuracy 
+/- 0.5%. In the MCFC stack the gas was delivered to the anode side inlet, and the rest of the pipes were 
open (see Figure 8).  

 

Figure 8: Experimental set-up used to test 
pressure drop in MCFC stack 

 

Figure 9: A 5kW MCFC stack, used as a 
reference for CFD model and validation

Pressure drop was measured at several points on the anode side of the MCFC stack. The measurements 
are presented in the section “Model validation” and compared with CFD predictions. 

2.2 Numerical model 

The MCFC stack was designed in SolidWorks 2020. The flow distribution inside the stack was simulated 
in SOLIDWORKS® Flow Simulation [9]. The software bases on the Navier-Stokes equations, which 
combines mass, momentum and energy conservation for fluid flows. The conservation laws for mass, 
angular momentum and energy in the Cartesian coordinate system rotating with angular velocity about 
an axis passing through the coordinate system's origin are calculated by the following equations: 

 
∂𝜌

∂𝑡
+

∂

∂𝑥
(𝜌𝑢 ) = 0 (1) 

∂𝜌𝑢

∂𝑡
+

∂

∂𝑥
𝜌𝑢 𝑢 +

∂𝑝

∂𝑥
=

∂

∂𝑥
𝜏 + 𝜏 + 𝑆 𝑖 = 1,2,3 (2) 

 

1071



∂𝜌𝐻

∂𝑡
+
∂𝜌𝑢 𝐻

∂𝑥
=

∂

∂𝑥
𝑢 𝜏 + 𝜏 + 𝑞 +

∂𝑝

∂𝑡
− 𝜏

∂𝑢

∂𝑥
+ 𝜌𝜀 + 𝑆 𝑢 + 𝑄  (3) 

𝐻 = ℎ +
𝑢

2
 (4) 

 
𝑢 fluid velocity, 
𝜌 fluid density, 
𝑆   mass-distributed external force per unit mass due to porous media resistance, 
ℎ  thermal enthalpy, 
𝑄   heat source or sink per unit volume, 
𝜏   viscous shear stress tensor, 
𝑞   diffusive heat flux. 

The subscripts denote summation over the three coordinate directions. 

SOLIDWORKS® Flow Simulation solves the governing equations with a discrete numerical technique 
based on the finite volume method. The Cartesian rectangular coordinate system is used. Thus, the mesh 
cells are rectangular parallelepipeds with faces orthogonal to the specified axes of the Cartesian 
coordinate system. However, the cells are more complex near the boundary mesh. The near-boundary 
cells are portions of the original parallelepiped cells that are cut by the geometry boundary. 

The heat transfer between the solid and fluid media is defined by the energy conservation equation (3), 
where the heat flux is defined by: 

𝑞 =
𝜇

Pr
+
𝜇

𝜎

∂ℎ

∂𝑥
, 𝑖 = 1,2,3 (5) 

 
𝜎  0.9, 
Pr Prandtl number, 
ℎ  thermal enthalpy. 

2.2.1 CFD model  

The stack consists of 60 repetitive fuel cells, but to optimize the performance of the CFD analysis, flow 
distribution was examined in only one fuel cell. The CFD analysis was based on internal flows inside 
the model. The fluid body assembly is shown in Figure 10. 

 

 

Figure 10: Fluid body assembly examined in CFD simulation 
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The inlet opening was selected as a “flow” opening boundary condition with the specified gas 
parameters (see Table 1). 

Table 1: Boundary conditions 

 Inlet opening Outlet opening 

Type Flow 
Environmental 

pressure 

Fluid mixture pure N2 - 

Flow 50 .. 300 Nl/min - 

Ambient temperature 20°C - 

 

The predictions of the CFD model were compared with experimental data. Firstly, the impact of mesh 
size on the results was examined and compared with the experimental data. The results of the 
examination are shown in Figure 11. The mesh size corresponds to the general setting in Fluid Flow 
Simulation Solidworks Application.   

 

Figure 11: Sensitivity analysis of the mesh size on the results 

As the simulation results became slightly dependent on the mesh size, the CFD prediction was plotted 
against the experimental data. 
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Figure 12: Comparison of the CFD prediction (mesh size 6) with the experimental results 

Since the CFD predictions closely reflect the experimental data, the SOLIDWORKS® Flow Simulation 
and the implemented model are assumed to be reliable and can be used for further examination. 

3  Numerical analysis of the flow distribution inside the electrode channel 

The 5 kW stack of MCFC consist of 60 repetitive fuel cells. The nominal operation conditions for the 
stack at operating at OCV are listed in Table 2.  

Table 2: Nominal operating conditions 

Parameter Value 

Anodic gas flow rate H2:    1.75 Nl/min 

Cathodic gas flow rate CO2:  1.8 Nl/min 

 Air:    3.2 Nl/min 

Anodic gas temperature inlet  650°C 

Cathodic gas temperature inlet 650°C 

Current drawn from a cell 0 A 

Active cell area 650 cm2 

 

In addition, to the nominal operating point, MCFC operation should be examined at two extra operating 
points, which are distinguished by fuel cell temperature: 

 450°C – melting temperature of electrolyte. Below 450°C, electrolyte is in powder form, which 
could be easily pushed out by a large overpressure.  

 500°C – the minimum operating temperature of MCFC. The flow distribution is examined to 
deliver data for the MCFC control strategy. 

 650°C – the nominal operating temperature of MCFC. At this operating point, the flow 
distribution is the primary focus of interest. 
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Thus, flow distribution was investigated at 3 operating points, and the pressure plots were collected for 
each point. The pressure plots for the anode channel are shown in Figure 13.   

(a)  (b)  

(c)  (d)  

(e)   (f)  

(g)  (h)  
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(i)  

 

Figure 13: The pressure plots for the anode channel for the following operating conditions: 
0.5 Nl/min: a) 450°C, b) 500°C, c) 650°C 
2.0 Nl/min: d) 450°C, e) 500°C, f) 650°C 
4.0 Nl/min: g) 450°C, h) 500°C, i) 650°C 

The operating temperature 450°C and flow rate 0.5 Nl/min result in uniform pressure distribution across 
the channel. The pressure difference is less than 1 mbar. With an increase of temperature and flow rate, 
nonuniformity increases to 6 mbar (flow 4.0 Nl/min and 650°C). Additionally, the cross-flow of the 
gases is observed in the pressure distribution plots, i.e., gases for the cathode channel flow crosswise 
with respect to the anode channel. 

Based on the CFD prediction, the overpressure at the anode channel for three temperatures was plotted 
in Figure 14.  

 

Figure 14: Overpressure as a function of flow rate at the anode channel  
for 3 operating temperatures: 450°C, 500°C, 650°C 

The graph revealed the maximum overpressure at the anode side could reach 6 mbar for the nominal 
operating temperature. 

4 Conclusions 

Research on the gas flow distribution in a 5 kW MCFC stack was based on the CFD model. The model 
predictions were compared with experimental data from the 5 kW MCFC stack. The validation proved 
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the correctness of the adopted assumptions for the simulation as well as the choice of software: 
SOLIDWORKS® Flow Simulation gives reliable results for CFD predictions 

Based on the developed model, the pressure drop characteristics were developed for the anode channel 
for 3 characteristic operating points - for three operating temperatures: 450°C, 500°C, 650°C. The 
research revealed that during operation of the fuel cell, the maximum overpressure at the anode channel 
could reach 6 mbar for the operating temperature of 650°C. 
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Abstract 

In this contribution, a comprehensive review of research progress focusing on the conversion of biomass 
waste into hard carbons (HCs) and their applications in sodium-ion batteries (SIBs) is presented. 
Specifically, the mechanism of sodium-ion storage in hard carbon, the processing methods and 
conditions of the HCs production, the effect of the biomass types, the effect of different processing 
conditions on carbon structure, and the effect of varying carbon structures on electrochemical 
performance were reviewed. The sodium ions storage capacity of hard carbons is affected by the 
structure of  HC which in turn depends on processing conditions and the original structure of the biomass 
precursor. The thermal treatment temperature was recognized as the most pronounced process condition 
parameter that determines the HC structure. Thermal treatment temperature between 1200-1600°C could 
significantly reduce the specific surface area (SSA) originating from the raw biomass precursor and also 
increase the degree of partial graphitization of carbon, which is manifest in the interlayer distance (d002) 
between graphene layers ranging from 0.37-0.39 nm. As a result of low surface area and expanded 
interlayer spacing, the sodium ion storage capacity and initial coulombic efficiency (ICE) are 
significantly increased.  

1 Background 

In order to achieve sustainable development goals, promoting clean energy power generation and 
electric vehicles is undoubtedly a good way to reduce greenhouse gas emissions and fossil fuel use. The 
large-scale energy storage system is essential to ensuring the stability of renewable energy power 
generation; the battery life of electric vehicles is also an essential factor limiting its development. As a 
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result, the demand for energy storage systems is also increasing due to the growth of sustainable energy 
generation and electric vehicles. 

Since commercialization in 1991, the lithium-ion battery (LIB) technology has been widely used in 
portable electronic products and rapidly expanded to the electric vehicle market. However, problems 
such as limited lithium metal reserves, uneven geographic distribution, and rising costs are increasingly 
becoming bottlenecks in large-scale applications. With the similar physical and chemical properties of 
sodium and lithium, sodium-ion batteries (SIBs) are considered one of the most promising alternatives 
to LIBs. Although the energy density of SIBs is lower than that of LIBs, they are potentially attractive 
due to the low cost and abundance of sodium resources, as shown in Table 1[26], and their better 
performance on charging efficiency and low-temperature stability. 

Table 1: Comparison of Li and Na [26] 

Physical characteristic Li Na 

Cation radius (nm) 0.076 0.106 

The ratio in Earth's crust 0.0065% 2.83% 
Price of carbonates(USD/t) ∼5000 ∼150 

2 Challenges and opportunities of Sodium batteries 

Batteries are composed of two electrode materials (cathode and anode), a separator made of the porous 
composite polymer membrane, and an electrolyte in which sodium salt is dissolved in an organic liquid 
solvent[1]. However, the technology widely used in LIBs cannot be replicated on SIBs due to the 
difference between the ion radius, electrochemical potential, and coordination mode. So the research 
and commercialization of sodium batteries are still in progress. There are many common electrode 
materials in sodium batteries, among which HC is the most common anode in sodium batteries. 
Generally, the primary parameters for evaluating SIB anode performance include specific capacity, 
energy density, rate capability, cycling stability, and initial Coulombic efficiency (ICE) [27]. The rate 
capacity represents the reversible capacity of the electrode material at different current densities. The 
cycle performance is related to the stability of the battery during long-term charging and discharging. In 
general, the cycling stability mainly depends on the interface between the electrode and the electrolyte 
and the structural stability of the electrode material. The ICE, computed as the ratio of the initial 
discharge capacity and the initial charge capacity, reveals the irreversibility associated with SEI 
formation and other parasitic reactions and affects the energy density of the entire battery. The key 
performance metrics of commercial batteries are shown in Table 2. 

Table 2: The key performance of commercial batteries  

Key performance Commercial batteries 

Capacity >300 mAh/g 

Energy density 200Wh/kg 
Cycling stability 99.96% after 500 cycle 
ICE >80% 

Although more and more research has been done on SIBs in recent years, compared with the mature 
LIBs, there are still the following problems: 

1. The performance of SIBs is worse than LIBs; 

2. Commercial graphite electrodes cannot be used in sodium batteries, and there is still room for the 
development of hard carbon, especially biomass-derived hard carbon anodes for SIBs especially: 

 The ICE of the hard carbon anode is low; 

 The sodium storage capacity of most hard carbon materials is still low, resulting in lower energy 
density; 

 The mechanism of sodium storage in hard carbons is not clear. 
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3 Mechanistic models for sodium insertion in hard carbons 

The structural units of HC are anisotropic hexagonal carbon layers. Their random orientation leads to 
the formation of closed pores, making it particularly difficult to construct a standard hard carbon 
structural model. Figure 1 is about the detail of the HC structure, including the characterization 
parameters of individual structures. 

 

Figure 1: The characterization parameters of hard carbon structures 

Typically, the sodium-storage behavior in HC shows two distinct voltage regions: one slope above 0.1 
V and one flat plateau below 0.1 V[5]. These two regions are usually attributed to  three different sodium 
storage mechanisms shown in Figure 2 [27]:  

 Na+ ions adsorbed on surface defect sites; 

 Na+ ions intercalate into the graphite layer;  

 Na+ ions fill in the nanopores.  

 

Figure 2: Sodium storage mechanisms in hard carbon [27] 

4 Hard carbon synthesis 

4.1 Biomass Precursors 

HC can usually be obtained by pyrolyzing pitch or polymeric precursors. Due to their abundance, 
biomass resources are typically selected as precursors for HC.  
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Decai Qin [6] used corn stalk outer skins with open pore structure and pyrolysis at 1200°C to prepare 
anodes. Liyun Cao [7] used rapeseed shells to synthesize layered hard carbon through a two-step reaction 
of hydrothermal and pyrolysis (500-800°C). Yunming Li [8] synthesized HC materials with a uniform 
microtubular morphology from cotton fibers using a simple one-step carbonization approach.  

Nan Zhang [9] used lotus stems as biomass materials and carbonized them directly under an argon 
atmosphere at a temperature of 1200-1600°C. The resulting HC retained the macroporous structure of 
the lotus stems. Among them, the HC made at 1400°C, which has the most significant closed pore ratio, 
is beneficial to depositing sodium clusters and increasing the capacity from the flat voltage profile in 
the galvanostatic curves. 

In addition to direct pyrolysis to obtain HC in two steps, Stevanus Alvin and Dohyeon Yoon [10] 
proposed two-step carbonization to prepare hard carbon. Biomass was initially carbonized at 800°C and 
then at 1000–1500°C high temperature to carbonization, increasing the degree of graphitization and 
suppressing micropore formation to get a HC anode with a higher energy density. 

The structural changes of HC mainly depend on the choice of synthetic materials and synthesis methods. 
Many results show that as the carbonization temperature increased, the number of defects and 
heteroatoms decreased, leading to the decline in the sloping capacity. 

Ryohei Morita [11] believes that the dehydration temperature of the precursor can affect the size of the 
Na clusters, which implies that the HC pore structure is influenced by carbonization temperature and 
the heat treatment process. 

Jianyong Xiang and Weiming Lv pyrolyzed the orange peel[12] and peanut shells[13], activated by 
KOH at 800 and 600 °C, respectively, to prepare HC. And used it as an electrode to make a sodium 
battery with an initial capacity of 497 mA h g−1 at 0.5 Ag-1 for orange peel and 193  mAh g-1 for peanut 
shells. 

Zhian Z chemically doped sulfur into the porous carbon material to increase the carbon layer spacing of 
the porous carbon material, which can effectively promote the insertion and extraction of sodium ions 
between the carbon layers, thereby significantly improving the capacity. 

Overall, biomass resources are abundant and cheap, and they are currently the most widely studied 
precursors of hard carbons. Its unique precursor structure is preserved during the pyrolysis process, 
which improves the sodium storage properties of biomass-based hard carbons. It leads to differences in 
the properties of HCs obtained from different biomass's cellulose, lignin, and ash content ass itself can 
also change the hard carbon structure and conductivity, thereby affecting the electrode performance. In 
conclusion, the selection of biomass precursors plays a key role in the synthesis of hard carbon anode. 

4.2 Processing methods for hard carbon 

 

Figure 3: Processing methods for hard carbon 

According to the literature, HC can usually be obtained by pyrolyzing biomass materials at a temperature 
between 900 and 2000 ℃ for 2 hr with a heating rate of 5 ℃ /min. The hard carbon still retains a certain 
degree of similarity in the material’s microstructure. Pre-treatment and post-treatment processes 
indicated in Figure 3, can be crucial in controlling the performance of hard carbons, and efforts  to 
increase the storage capacity of hard carbons should take these conditions into account. The  influences 
of nature of precursors and some processing steps  are presented in Table 3. 
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Table 3:  Pre-treatment of hard carbon [27] 

Pre-treatment Effect Common used Influence factors 

HTC Convert biomass precursors into spherical carbon 
materials and remove hemicellulose and 
cellulose from biomass precursors 

 Structure 

Acid wash Improved electrode performance by altering the 
porosity and surface structure of biomass 
precursors 

HCl,HF,H3PO4 SSA, d, Vt 

Doping of 
heteroatoms 

Introducing heteroatoms to alter the chemical, 
physical and electrochemical properties of hard 
carbons to improve electrode performance 

B, N, O, S, P Conductive, SSA, 
d, Vt, La, Lc 

5 Factors that influence hard carbon properties 

5.1 Effect of thermal treatment on the hard carbon structure 

According to the literature, the carbonization temperature of hard carbon has a significant effect on the 
structure of HC [27].  

The surface defects of HC consist of dispersed intrinsic vacancy defects and extrinsic surface functional 
groups. As the pyrolysis temperature increases, the surface oxygen content of hard carbon decreases, 
and the content of impurity atoms decreases. At the same time, the higher the pyrolysis temperature, the 
gradual decline of ID/IG, which indicates that the internal defects of hard carbon decrease, the degree of 
graphitization increases, and the structure gradually tends to be ordered. 

The intercalation mechanism of sodium ions is mainly related to the graphitic domains of HC, which 
are mainly determined by three parameters, the crystallite thickness along the c-axis ( Lc), the crystallite 
width along the a-axis (La), and the d-spacing (d002) between graphene layers[26]. Higher pyrolysis 
temperature promotes crystallite growth, increasing La and Lc, but cause a gradual decrease in the 
graphite interlayer spacing.  

The pore-filling mechanism of sodium ions is related to the porosity of HC, and the porosity of hard 
carbon decreases significantly with the increase of heat treatment temperature. 

To further verify the effect of heat treatment temperature on the structure of hard carbon, the data 
corresponding to the heat treatment temperature of biomass-based hard carbon and the structure 
parameters of hard carbon were calculated in this study, and the results are shown in Figure 4[26-36]. 
With the increase in the pyrolysis temperature, the graphite interlayer spacing and porosity gradually 
decreased, and the crystallite width La and crystallite thickness Lc gradually increased. The conclusions 
of the literature also confirm this. 
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Figure 4:  Relationship between temperature and hard carbon structure [26-36] 

5.2 Effect of hard carbon structure on anode properties 

The existence of surface defects on hard carbon contributes to the interaction between the electrode 
surface and the electrolyte, which plays an important role in electrochemical performance [26]. The 
porosity of hard carbon affects the sodium ion charge storage capacity and diffusion kinetics, which is 
directly related to the sodium ion filling mechanism. Although larger porosity increases the sodium ion 
storage capacity, high porosity and surface defects lead to irreversible sodium-ion storage and the 
formation of a solid electrolyte layer, resulting in lower ICE and reduced battery performance. 

According to Au H, Alptekin HIt [5], the intercalation of Na+ ions is favored when the graphite interlayer 
spacing is larger than 0.37 nm. Below 0.37 nm, the energy barrier for Na+ ion intercalation becomes 
very large and difficult to overcome. However, when the d-spacing is too large, exceeding 0.4 nm, the 
spacing leads to surface-like pseudo-adsorption of Na+ ions instead of intercalation [28]. Therefore, the 
interlayer spacing between graphene planes should be larger than 0.37 nm but smaller than 0.4 nm to 
ensure adequate intercalation and diffusion of Na+ ions within the graphitic domains of HCs [29]. At the 
same time, the increase in crystallite size is also beneficial in providing intercalation sites and diffusion 
efficiency for sodium ions, thereby improving electrode performance. 

6 Conclusion 

Biomass, a renewable, sustainable, and abundant material, is a promising precursor material to produce 
HCs as SIB anode materials. The electrical performance of HCs i.e. the sodium ions storage capacity 
was found to be mainly determined by the HC structure while the HC structure was mainly determined 
by the processing conditions and the original structure of biomass precursor. The thermal treatment 
temperature was recognized as the most pronounced process condition parameter that determines the 
HC structure. Thermal treatment temperature between 1200-1600°C could significantly reduce the 
specific surface area (SSA) originating from the raw biomass precursor and increase the degree of partial 
graphitization of carbon. As a result, the sodium ion storage capacity is significantly increased. To be 
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more specific, graphene lattice layer distances (d) between 0.37-0.39 nm are essential for both high 
sodium ion storage capacity and initial coulombic efficiency (ICE). 

Nomenclature 

𝑆𝐼𝐵𝑠 sodium-ion batteries 
𝐿𝐼𝐵𝑠 lithium-ion batteries 
𝐻𝐶𝑠

 
hard carbons  

𝑆𝑆𝐴 specific surface area 
𝑑

 
graphene lattice layer distances 

𝐼𝐶𝐸
 

initial coulombic efficiency 
𝐿𝑎

 
the crystallite width along the a-axis 

𝐿𝑐
 

the crystallite width along the c-axis 
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Abstract 

Renewable Energy Sources (RES) represent an attractive way to save natural resources and improve the 
overall impact of power systems on the environment. A continuous increase of share of RES in national 
energy mixes is observed, and due to the energy policy of the European Union and many other countries, 
further increase is expected. A disadvantage of RES is their random, weather-dependent availability, 
which requires energy storage. A promising method of integrating RES with the energy system is the 
use of hydrogen as an energy carrier (e.g. coupling RES with electrolyzers in order to directly use the 
renewable electricity for production of hydrogen). In the present work, a simulation of cooperation of a 
photovoltaic power plant with a gas piston engine fueled by hydrogen was performed, with and without 
the presence of energy storage. The aim of the analysis is twofold. First, the “compensation losses” due 
to forced part-load operation of the engine coupled with RES are evaluated and compared with “storage 
losses” resulting from the thermodynamic imperfectness of the storage; this allows to calculate the 
minimum round-trip efficiency of storage required for positive energy effect. Second, a thermo-
ecological analysis was carried out to determine the impact of the source of hydrogen on the overall 
ecological effectiveness of the system. Contrary to the commonly used measure of “energy efficiency” 
describing a local balance boundary, thermo-ecological cost evaluates the consumption of non-
renewable exergy within a global balance boundary. This allows for proper comparison of renewable 
and non-renewable energy technologies. Results of the study prove the necessity of careful selection of 
method of assessment of hybrid energy technologies, because using standard energy analysis may lead 
to wrong conclusions. 
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1 Motivation of the work 

The aim of decarbonization of the economy, which has been already present in official policies all 
around the world, especially in the European Union (the “Green Deal” announced in 2019 [1]), has 
become even more urgent after Russia – one of the main suppliers of fossil fuels to the EU – started an 
unprovoked war against Ukraine. In reaction, EU leaders recognized the need to phase out the imports 
of energy sources from Russia as soon as possible. As a result, the REPowerEU Plan has been announced 
[2], which aims to fast forward the clean energy transition. A core element of the planned transition is 
rapid development of solar photovoltaics (PV) technologies. A target of over 320 GW newly installed 
PV power by 2025, and almost 600 GW by 2030 has been set. This is to be achieved mainly via the 
European Solar Rooftops Initiative [3]. The packet of legislative solutions includes e.g. imposing a 
requirement of installing rooftop PV in all new residential buildings by 2029. Development of PV 
naturally implies decentralization of energy production and increasing prevalence of energy 
prosumerism – where the energy demand of an individual consumer is covered by their own energy 
production. Incentivizing renewable-bases energy prosumerism (e.g. via investment subsidies, feed-in 
tariffs or exemptions from certain taxes) is also an element of the EU Solar Energy Strategy [3]. 

Complete energy prosumerism based on renewable energy sources (RES) is however not possible 
without some kind of energy storage, because the availability of wind or solar energy is weather-
dependent and uncontrollable. Currently, hydrogen is viewed as the most promising direction in creating 
a low-carbon economy, as highlighted in the EU hydrogen strategy [4]. In the energy sector, hydrogen 
can replace natural gas to provide backup and stabilization capacity for RES and to support the 
development of photovoltaic and wind energy. Hydrogen is also one of the leading energy storage 
options and can be used to provide and distribute energy from renewable or non-renewable sources over 
long distances, using a pipeline system [5]. In the future, hydrogen is to be a fully zero-emission, freely 
available source of energy in the European Union. Given the global challenge of climate protection, 
countries are introducing national strategies for the development of the hydrogen economy. The 
roadmaps and strategies for hydrogen production development have been analyzed in recent years in 
different countries in the European Union (e.g. in Croatia [6], Austria [7], German road transport sector 
[8]), and in other regions of the world. The roadmaps indicate the strategic direction and policy for green 
hydrogen in e.g. China [9], South America [10], [11], South Korea [12] and perspectives of hydrogen 
for the Asia Pacific region [13]. The Polish Hydrogen Strategy has the following goals: implementation 
of hydrogen technologies in power and heating sectors, use of hydrogen as an alternative fuel in 
transport, support for industry decarbonization, efficient and safe transmission, distribution and storage 
of hydrogen, creation of a stable regulatory environment and production of hydrogen in new low-
greenhouse gas emission installations (from renewable sources) [14]. Overall, hydrogen is an energy 
carrier that will certainly make an important and decisive contribution to the global energy transition 
and lead to a significant reduction in greenhouse gas emissions over the coming decades [15]. 

In the present work, a simulation of cooperation of a photovoltaic power plant with a gas piston engine 
(GPE) fueled by hydrogen (operated by an energy prosumer) was performed. Variants of the energy 
system with and without the presence of energy storage have been considered. The aim of the analysis 
is twofold. 

The first question to be answered is whether coupling a renewable energy source (in this case 
photovoltaic panels) with an energy storage (ES) is beneficial from the energy point of view. Two 
contradicting effects affect the total yearly consumption of primary energy for satisfying the consumer’s 
demand for electric energy; they are described in detail in section 4.1. The first effect are “compensation 
losses” due to forced part-load operation of the engine coupled with RES. The engine, being a load-
following generation unit, must constantly adjust its power output to the variability of power output 
from PV. This may adversely affect its performance, because engines suffer from efficiency drop when 
operated below nominal parameters. This situation is analogous to the situation of large energy systems 
with high penetration of RES. If the system consists mostly of conventional thermal power plants, then 
increasing share of intermittent RES (mainly wind turbines) forces these thermal plants to cycle more 
often, decreasing their energy efficiency. Additionally, growing presence of RES results in an increase 
of the number of shut-downs/start-ups of other power plants, which are also associated with energy 
losses. An analysis of this subject was performed in a previous study [16]. It proved that the “energy 
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penalty” resulting from this effect may reach the same order of magnitude as the energy consumption 
associated with the construction phase of a wind power plant. The issue of forced power plant cycling 
due to RES is widely studied in the literature. In paper [17] the work of Irish power system has been 
modeled. It was found that at 40% share of wind power in the balance, the yearly number of start-ups 
of a typical combined cycle generation unit increases almost 3.5 times compared to the case without 
wind power. The Irish system was also a subject of research in [18], where an increase of the share of 
wind power from 29% to 41% caused a decrease of the average energy efficiency of combined cycle 
generation units by 3 to 7 percentage points. Paper [19] investigates the Danish power system; results 
indicate a 3% increase in the number of start-ups of conventional power units at 40% share of wind 
power (with an assumption of limited possibility to export electric energy to neighboring countries. 

The second effect are “storage losses” resulting from the thermodynamic imperfectness of the energy 
storage. The amount of energy obtained from the storage during discharge is always smaller than the 
amount of energy used to charge the system. In a previous study [20] several scheduling strategies for 
cooperation of an ES system with wind power sources and thermal power plants were investigated. It 
was determined that with a proper storage scheduling strategy it is possible to achieve lower “storage 
losses” than the avoided “compensation losses”, thus resulting in a decrease the overall consumption of 
nonrenewable resources in the system. The issue of ES systems cooperating with conventional power 
generation units has been also a subject of study [21], where a hybrid energy system consisting of diesel 
engines, wind turbines and storage was analyzed. Economic optimization of the system requires 
evaluation of the storage losses. In paper [22] it was found that coupling ES with a gas power plant and 
wind turbines can increase the operational profits by 43%. In the energy assessment part of the current 
study, the “compensation losses” are evaluated and compared with “storage losses”; this allows to 
calculate the minimum round-trip efficiency of storage required for positive energy effect. 

The second problem tackled by the current study is determining the impact of the source of hydrogen 
on the overall ecological effectiveness of the system. An elementary measure commonly used to 
compare various hydrogen production technologies (or, in general, any energy technologies) is energy 
efficiency. However, using this measure to compare renewable and non-renewable technologies may 
lead to inadequate conclusions. Such comparison should be performed at the global level of consumption 
of natural resources. An indicator fulfilling this criterion, which has been used in this study is called 
Thermo-Ecological Cost (TEC). It is described in section 2. The TEC of electric energy produced within 
the analyzed system will be calculated and compared with the TEC of electric energy from conventional 
sources, such as the Polish electric energy mix. Overall, results of the study can answer the question 
whether a hybrid PV-GPE-ES energy system is beneficial from the local (performance of conventional 
power generation unit) and global (total consumption of resources) points of view. 

Section 0 describes the analyzed energy system, section 4 describes the assessment methodology, and 
section 5 presents the results of simulation. 

2 Hydrogen production methods and their thermo-ecological cost 

Subsection 2.1 explains the idea of thermo-ecological cost, and subsection 2.2 discusses various 
hydrogen production pathways and their TEC. 

2.1 Fundamentals of thermo-ecological cost 

The tool used in the analysis is called thermo-ecological cost and was proposed and developed by 
Szargut [23]. The TEC of a given product is defined as the cumulative consumption of non-renewable 
exergy burdening the fabrication of this product. TEC aims to consider the interrelations between 
various production processes in the country’s economy, as well as the effects of rejection of waste 
substances to the environment occurring during the analyzed processes. TEC is expressed in units of 
non-renewable exergy (J*) per unit of analyzed product (which could be kg for materials or J for forms 
of energy). In the case of forms of energy, in particular electric energy, TEC may be seen as an inverse 
of cumulative exergy efficiency (considering only exergy of non-renewable resources) of production of 
this form of energy. TEC is suitable for comparing technologies based on renewable and non-renewable 
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resources, something which regular energy or exergy analysis may fail to do properly. Thermo-
ecological cost of electric energy produced from non-renewable sources is always higher than 1, as it 
includes the chemical exergy of fuel itself, exergy expenditures for mining, processing and 
transportation, exergy losses occurring in the power plant and consumption of exergy related to 
treatment of harmful waste substances. In the case of electricity produced from renewable energy 
sources, usually only the use of exergy (and materials) in the construction phase of the device contributes 
to the TEC, so that its value is significantly lower than 1. It should be noted that for the time being, 
emissions of CO2 are not accounted for in the evaluation of TEC. This is because of lack of proper 
knowledge about the scale of consequences of global warming and their cost. Average thermo-
ecological costs of electric energy produced from various sources are listed in Table 1. 

Table 1: Values of thermo-ecological cost of selected fuels and renewable electric energy [24], [25] 

Fuel Value, J*/J 
Hard coal 1.12 
Lignite 1.21 
Natural gas 1.06 
Gasoline 1.10 
Diesel oil 1.10 

Renewable electric energy Value, J*/J 
Hydropower 0.020 
Wind turbines 0.081 
Photovoltaic panels 0.294 
Biogas plants with combustion engine 0.082 

 

In the case of technological processes converting one form of energy to another (such as power plants 
converting fossil fuel to electricity, or chemical plants converting one fuel to another), the TEC of 
product (𝜌 , in J*/J) can be estimated if the TEC of input energy carrier (𝜌 , in J*/J) and energy 
efficiency of the process (𝜂) are known (1). This approach omits the “investment” component of TEC, 
resulting from the construction of the processing plant, but it is usually small compared with the “fuel” 
component. 

In the case of electric energy systems, if a mix of sources is used to produce the energy, then the TEC 
of final electricity 𝜌  can be expressed as weighted average of thermo-ecological costs 𝜌   of electric 
energy Σ𝐸   produced by specific sources 𝑖: 

As an example, the change of average TEC of electric energy in the Polish power system over the years 
2011–2019 is presented in Figure 1. A continuous decrease can be observed; this is thanks to the growing 
share of RES in the country’s energy mix. Nevertheless, the average TEC of electric energy is still 
significantly greater than 1, because the system heavily relies on fossil fuels. 

𝜌 =
𝜌

𝜂
 (1) 

𝜌 =
∑ (𝜌  ∙ 𝐸  )

∑ (𝐸  )
 (2) 
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Figure 1: Average thermo-ecological cost of electric energy in the Polish power system in the years 
2011–2019 [26] 

2.2 Hydrogen production methods 

From the perspective of greenhouse gas emissions associated with the process, hydrogen production 
methods can be classified into several groups [5], [27]: 

 “Grey” hydrogen – produced from fossil fuels, 

 “Blue” hydrogen – similar to “grey” hydrogen, but integrated with carbon capture and storage, 

 “Green” hydrogen – produced using renewable energy sources, 

 “Purple” hydrogen – produced using nuclear energy. 

The most widespread technology currently used for production of hydrogen is steam reforming of fossil 
fuels. It falls within the “grey” category and bases on chemical reactions transforming hydrocarbons 
into H2 and carbon oxides. The predominant feedstock is natural gas and the associated process is known 
as steam methane reforming (SMR). Another source of “grey hydrogen” is the process of coal 
gasification, also known as partial oxidation. Together, these methods provide almost 95% of global 
hydrogen production. An alternative to fossil fuel reforming is water splitting via electrolysis. Electric 
energy used for this process may come from various sources, and the most attractive sources are the 
renewable ones, because they do not cause greenhouse gas emissions and qualify to the “green” 
hydrogen category. Several other methods exist, but they are still either in the development phase, or 
represent a marginal share in the market [27], [28], [29]. Table 2 lists the energy efficiencies of the most 
common hydrogen production methods. The efficiency reported in literature is often based on lower 
heating value of hydrogen (𝐿𝐻𝑉 ). In this study efficiency based on higher heating value (𝐻𝐻𝑉 ) is 
used. The conversion from one to the other is done using formula (3). 

Table 2: Efficiency of selected hydrogen production methods (based on [30]) 

Method Energy efficiency range 
Steam methane reforming 63 – 72% 
Coal gasification / partial oxidation 51 – 63% 
Electrolysis 34 – 51% 

𝜂 = 𝜂( ) ∙
𝐿𝐻𝑉

𝐻𝐻𝑉
 (3) 
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Basing on the values from Table 1 and Table 2, the thermo-ecological cost of hydrogen can be calculated 
using the formula (1). The results are presented in Table 3. 

Table 3: Thermo-ecological cost of hydrogen produced using various methods 

Method Thermo-ecological cost of hydrogen, J*/J 
Steam methane reforming 1.47 – 1.69 
Coal gasification / partial oxidation 1.77 – 2.21 
Electrolysis powered by wind turbines 0.16 – 0.24 
Electrolysis powered by photovoltaic plant 0.58 – 0.87 
Electrolysis powered by Polish grid 4.34 – 6.51 

The value of TEC of hydrogen easily indicates whether it can be considered renewable or non-
renewable. Only hydrogen produced from RES is characterized by TEC lower than 1 J*/J. Traditional 
production methods (SMR and coal gasification) have TEC in the range about 1.5 – 2.2 J*/J. Notably, 
hydrogen produced via electrolysis powered by electric energy from a system based on fossil fuels is 
characterized by very high values of TEC. In the case of Polish grid and low energy efficiency of 
electrolysis, it takes 6.5 J* of non-renewable exergy to obtain 1 J of chemical energy of hydrogen. 

Comparison of TEC of various hydrogen production pathways proves that comparing these processes 
within local balance boundary (judging by local energy efficiency) is inadequate. The SMR process is 
characterized by higher energy efficiency than the electrolysis process, but it is the source of input 
exergy to these processes that really determines their sustainability. 

3 Description of the analyzed system 

A consumer with constant demand for electric energy (�̇�  ) at the level of 1 MW is assumed. The 
assumption corresponds with the rated power of the PV plant (described in section 3.2), which is also 1 
MW. Several configurations of the system, including one with an idealized energy storage (ES) have 
been analyzed, they are described in section 3.4. The consumer can cover his demand from two sources: 
the photovoltaic plant (PV) and gas piston engines (GPE) fueled by hydrogen (described in section 3.3). 
Hydrogen is supplied externally, but can alternatively be produced by a hydrogen generator (HG) 
(described in section 3.5) coupled with the PV plant.  

3.1 Analyzed variants 

Four configurations of the system have been modelled and analyzed. They are summarized in  

Figure 2. 

Variant 1 

The first variant serves as a reference to other variants. The demand for electric energy is solely covered 
by the engine, which operates at its nominal load (1 MW) throughout the whole year. 

Variant 2 

The aim of this variant is to simulate the cooperation of PV and GPE without any kind of energy storage. 
The demand for electric energy is primarily covered by the PV plant, and the residual demand is covered 
by the engine. Therefore the load of the engine constantly needs to be adjusted, which adversely affects 
its efficiency and induces “compensation losses” (see section 4.1 for more details). 

As the PV plant does not provide any energy during nights, the rated power of the gas engine 
(�̇�   ) has to be equal to 1 MW, in order to be able to satisfy the total demand for energy. 
However, due to technical constraints (the engine cannot operate below 30% of rated power), the system 
needs to be equipped with a second, smaller engine, which will be turned on when the residual demand 
for power drops below the main engine’s minimal output. The second engine has a rated power of 0.3 
MW. In every hour of the year, the residual power demand is determined and allocated to both engines. 
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Variant 3 

The idea of third variant is to couple the PV plant with an idealized energy storage system, so that the 
power output of the PV+ES subsystem is at a constant level throughout the whole year. Ensuring a 
constant power of this subsystem eliminates cycling of the gas engine. Theoretically, it also allows to 
use an engine with a lower rated power, which would constantly operate at nominal conditions. This 
effectively eliminates the “compensation losses” present in Variant 2. However, if the round-trip 
efficiency of the ES is lower than 100%, “storage losses” will appear during the charging and 
discharging processes (explained in section 4.1). The aim of this variant is therefore to compare the 
“compensation losses” with “storage losses” and determine the break-even point in terms of round-trip 
efficiency of the energy storage system. 

Variant 4 

In the fourth variant, all of the electric energy produced by the PV plant is used in an electrolyzer (see 
section 3.5) to produce hydrogen. This hydrogen is then utilized in the gas engine, replacing a certain 
amount of “external” hydrogen. Since only the source of the fuel varies, not the power of the engine, no 
“compensation losses” occur, similarly as in Variant 3. However, due to relatively low efficiency of the 
electrolyzer, there will be considerable “storage losses”. This variant also allows for a thermo-ecological 
comparison of the fuel supply. 

 

Figure 2: Analyzed configurations of the system 

3.2 Photovoltaic power plant 

The photovoltaic power plant consists of 3700 modules, each with area of 1.418 m2 and 270 W of rated 
electric power, for a total rated power of 1 MW. Its hourly production of electric energy throughout the 
whole year has been modelled using real characteristic of solar radiation and weather conditions for 
southern Poland (Bielsko-Biała city). These data have been taken from Polish meteorological database 
[31]. For each hour of the year 𝜏, the power �̇�   has been calculated as: 

The net efficiency depends on several factors, including the efficiency of conversion of solar energy to 
the energy of direct current ( ), temperature of the panels (𝑓  ), inverter system ( ) and own 
needs of the plant (𝜀 ):  

�̇�  (𝜏) = 𝐴 ∙ 𝐼̇ (𝜏) ∙ 𝜂  (𝜏) (4) 

𝜂  (𝜏) = 𝜂 (𝜏) ∙ 𝑓  (𝜏) ∙ 𝜂 ∙ (1 − 𝜀 ) (5) 
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The primary efficiency of solar panels ( ) is a function of the solar irradiance [32] and is approximated 
by formula (6). The shape of the efficiency characteristic is also presented in Figure 3. 

 

Figure 3: Efficiency of conversion of solar energy to the energy of direct current by the PV panels as a 
function of solar irradiance [33] 

The impact factor of the photovoltaic panel temperature 𝑡  on the efficiency is estimated from equation: 

Further details regarding the modelling of solar panels (including calculations of actual values of 𝐼̇
  

and 𝑡 ) are not presented here, as they are standard and are not the main focus of this study. The main 
parameters of the PV plant have been summarized in Table 4. 

Table 4: Parameters of the photovoltaic plant 

Parameter Value 
Latitude 49°60’ N 
Longitude 19°15’ E 
Inclination angle of the panels 25° 
Total surface area 5246.39 m2 
Efficiency of the inverter [33] 98.4% 
Coefficient of own electric needs of the PV plant 1% 

3.3 Gas piston engine 

The gas piston engine is assumed to be fueled by hydrogen. Since exact efficiency characteristics of 
engines fueled with hydrogen are not widely available in the literature, a typical shape of the efficiency 
vs load curve 𝜂 (𝑙 ) has been assumed after [34]. The nominal electric efficiency of the engine has 
been assumed to be equal to 40.5%, based on a catalogue of hydrogen fueled engines [35]. The efficiency 
used in catalogues, however, is based on lower heating value (LHV) of hydrogen, so it has been 
converted to higher heating value (HHV) to be consistent with the definition of efficiency used for the 
electrolysis process. This is done using formula (3). Consequently, the efficiency of the engine 𝜂   
is equal to 34.24%. 

The resulting efficiency characteristic used in the calculations is approximated by the following 
polynomial formula (8) and presented in Figure 4. 

𝜂 (𝜏) = 0.023 ln 𝐼̇ (𝜏) + 0.1052 (6) 

𝑓  (𝜏) = 1.128 − 0.0063 ∙  𝑡 (𝜏) (7) 
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Figure 4: Efficiency characteristic of a gas piston engine [34] 

Determination of efficiency allows to calculate the consumption of chemical energy of the fuel (10) in 
each hour of operation of the engine. Utilization of heat is not considered in the current case. 

3.4 Energy storage 

The energy storage system considered in Variant 3 is modelled as a “black box” with given round-trip 
efficiency (𝜂 ) and no limits regarding its storage capacity. A wide range of values of the efficiency 
has been simulated, including an ideal storage with 100% efficiency. The loading (𝜂  ) and unloading 
(𝜂  ) efficiencies are assumed to be equal to each other: 

As mentioned before, the working conditions are to be determined in such a way that the power output 
of the PV+ES subsystem (�̇�  ) is at a constant level throughout the whole year. The storage would 
be charged when the current power of PV plant is greater than �̇�  , and discharged when the 
current power of PV plant is less than �̇�  . For a lossless energy storage (𝜂 = 100%), the power 
output would simply be equal to the average electric power of the PV plant throughout the year. 
However, for a non-ideal ES, the energy losses need to be accounted for, so �̇�   would be smaller 
than the average. In practice its value is determined numerically under an assumption that the amount 
of energy stored in the system at the beginning of the year is the same as the amount stored at the end 
of the year. The amount of energy stored (𝐸 ) is calculated according to the formula: 

𝜂 (𝑙 ) = 1.16 ∙ 𝑙 − 2.695 ∙  𝑙 + 2.248 ∙ 𝑙 + 0.29 ∙ 𝜂   (8) 

𝑙 =
�̇�  

�̇�   

 (9) 

�̇�  (𝜏) =
�̇�  (𝜏)

𝜂 (𝜏)
 (10) 

𝜂  = 𝜂  = 𝜂  (11) 
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The rated power of the gas engine used in the hybrid PV+ES+GPE system is calculated as the difference 
between the power demand and the power output of PV+ES: 

3.5 Hydrogen generator (electrolyzer) 

Performance of the hydrogen generator is described in terms of its net energy efficiency, defined as the 
ratio of chemical energy (HHV) of produced hydrogen to consumed electric energy. Similarly to the gas 
engine, the efficiency depends on the load of the device. The part-load performance of the hydrogen 
generator has been modelled using the results of research published in [36], where experiments on proton 
exchange membrane electrolyzer have been conducted. The efficiency versus load characteristic 
𝜂 (𝑙 ) used in the calculations is approximated by the following formula (14) and presented in Figure 
5. 

 

 

Figure 5: Efficiency characteristic of a hydrogen generator [36] 
Due to rapid decrease of the efficiency for loads lower than 20%, the system was assumed to comprise 
of two hydrogen generators, each with rated power 0.5 MW. This allows to minimize the energy losses 
when the power supplied by PV system is low.  

Since the hydrogen generator operates on direct current, there is no need to transform the electric energy 
from PV system into alternating current. Thus, the factor   in formula (5) is omitted, effectively 
increasing the amount of energy obtained from the PV system. 

𝐸 (𝜏) = 𝐸 (𝜏 − 1) + 𝛿𝜏 ∙ 𝜂  ∙ �̇�  (𝜏) −
�̇�  (𝜏)

𝜂  
 (12) 

�̇�   = �̇�  − �̇�   (13) 

𝜂 = 0.49 ∙ 𝑙 . ∙ 1 −
0.072

𝑙
 (14) 

𝑙 =
�̇�  

�̇�   

 (15) 
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4 Assessment indicators 

The analysis has been split into two parts: energy (thermodynamic) analysis (section 4.1) and thermo-
ecological cost analysis (section 4.2). 

4.1 Energy analysis 

The energy analysis is based on the comparison of the total consumption of chemical energy of fuel in 
the investigated variants. First, the minimum consumption of the chemical energy of the GPE+PV 
system (Σ𝐸  ) is calculated under an assumption that the engines would operate with their nominal 
efficiency: 

The “compensation losses” ∆𝐸  occurring in Variant 2 are caused by the decrease of average energy 
efficiency of the gas engine induced by the intermittency of power output from the PV plant. They can 
be quantified by comparing the consumption of chemical energy of fuel in Variant 2 with the minimum 
consumption: 

“Storage losses” ∆𝐸  result from the thermodynamic imperfectness of the storage technology. Since 
the amount of energy obtained from the storage during discharging is smaller than the amount of energy 
used to charge the storage (when 𝜂  < 100%), the resulting difference needs to be provided by the 
remaining source, which is the gas engine in the analyzed case. Therefore “storage losses” are defined 
as the difference between the consumption of chemical energy of fuel in Variant 3 with the minimum 
consumption: 

Note that there is a fundamental difference between these two types of losses. “Storage losses” are 
associated with increasing the numerator in Equation (16), while “compensation losses” are associated 
with decreasing the denominator. 

By comparing both types of energy losses, an “energy bonus” or “energy penalty” of using energy 
storage can be calculated. The energy bonus/penalty ∆𝑒 is defined as relative difference of 
“compensation losses” and “storage losses”: 

Positive values of ∆𝑒 (energy bonus) indicate that the use of ES has an overall positive effect on the 
energy effectiveness of the system, while negative values (energy penalty) indicate that the “storage 
losses” outweigh the gains due to the increase of energy efficiency of GPE. The energy bonus/penalty 
is a function of the round-trip efficiency of storage. When the efficiency is assumed as 100%, there are 
no “storage losses” and the energy bonus takes the greatest value (it becomes equivalent to the relative 
value of “compensation losses”). Value of ∆𝑒 equal to 0 marks the break-even point in terms of storage 
efficiency, that is the minimum value of efficiency required to achieve a net positive effect of decreasing 
consumption of fuel. 

4.2 Thermo-ecological assessment 

The thermo-ecological cost of final electric energy consumed in the analyzed system (𝜌 ) can be 
calculated according to formula (2) as the ratio of the total cumulative consumption of non-renewable 
exergy to the consumed electric energy. Specifically, in the analyzed case it can be expressed as follows: 

Σ𝐸  =
Σ𝐸  − Σ𝐸  

𝜂  
 (16) 

∆𝐸 = Σ𝐸   ( ) − Σ𝐸   (17) 

∆𝐸 = Σ𝐸   ( ) − Σ𝐸   (18) 

∆𝑒 =
∆𝐸 − ∆𝐸

Σ𝐸  
 (19) 
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The TEC of electric energy from the PV (𝜌 ) was assumed to be 0.294 J*/J (see Table 1). The TEC of 
externally supplied hydrogen (𝜌 ) depends on the source, as indicated in Table 3. Calculations for a 
wide range of 𝜌  have been performed in order to visualize the impact of the source of hydrogen on 
the overall ecological effectiveness of the system. 

5 Results and discussion 

Discussion of the results of the energy analysis is presented in section 5.1, and discussion of the results 
of the thermo-ecological cost analysis is presented in section 5.2. 

5.1 Energy analysis 

Even though the rated power of the photovoltaic power plant is the same as the power demand of the 
consumer, it is able to cover only 15.9% of the demand on average. The remaining 84.1% is covered by 
gas engines. Figure 6 presents the energy balance of the analyzed system in Variant 2 for a selected day 
in the summer. The intermittency of the operation of the engine can clearly be seen: its power varies 
between ~350 kW and 1000 kW during this day. Figure 7 presents an example of the energy balance of 
the analyzed system in Variant 3 during the same day as in Figure 6. 

 

Figure 6: Work of the analyzed system during a selected day in summer (Variant 2) 

𝜌 =
Σ𝐸  ∙ 𝜌 + Σ𝐸  ∙ 𝜌

Σ𝐸  
 (20) 
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Figure 7: Work of the analyzed system during a selected day in summer (Variant 3) 

Table 5 presents the comparison of results of energy analysis for all four variants. The energy 
bonus/penalty as a function of the round-trip efficiency of the energy storage is presented in Figure 8. 

Table 5: Summary of energy balance of the analyzed system 

Variant 

Production of electric 
energy by PV 

(Σ𝐸  ) 

Production of 
electric energy by 
GPE (Σ𝐸  ) 

Consumption of 
chemical energy of 
hydrogen (Σ𝐸  ) 

GWh GWh GWh 

1: GPE only 0 8.76 25.58 
2: GPE+PV 1.61 7.15 21.31 
3: GPE+PV+ES (lossless) 1.61 7.15 20.89 
4: GPE+PV+HG 1.63 8.76 24.90 

The consumption of energy of fuel in Variant 1 is equal to 25.58 GWh. The “compensation losses” in 
Variant 2 are equal to 0.43 GWh, or 2% in relative terms. The break-even point between “compensation 
losses” and “storage losses” occurs at the value of round-trip efficiency of storage about 85.5%. For 
Variant 4, the maximum achievable round-trip efficiency of energy storage (via electrolysis and 
subsequent combustion of hydrogen in GPE) is at the level of 14%. With such low efficiency, applying 
energy storage makes absolutely no sense from the thermodynamic (energy) point of view. Since about 
90% of energy processed through the storage is dissipated, these losses greatly outweigh the potential 
losses due to part-load operation of engines. 
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Figure 8: Energy bonus/penalty as a function of round-trip efficiency of storage 
Various factors affect the results of such analysis. Among them are: the profile of renewable energy 
supply, the profile of consumer’s demand, types of devices used for power generation, their efficiencies 
and efficiency characteristics, characteristics of energy storage. However, the main parameter affecting 
the performance of the investigated hybrid system is the round-trip efficiency of energy storage. 
Moreover, it should be noted that the storage scheduling strategy employed in this work is very 
simplistic and no optimization of was carried out. With a proper management strategy of charging and 
discharging the storage, it may be possible to achieve energy savings even with lower round-trip 
efficiency of energy storage (scheduling strategies for a large-scale energy system have been 
investigated by the Authors in one of previous works [20]). 

5.2 Thermo-ecological analysis 

Figure 9 presents the thermo-ecological cost of electric energy produced in the analyzed system as a 
function of the TEC of hydrogen supplied to the system from outside. For comparison, the average value 
of TEC of electricity from the Polish grid in the year 2019 is shown. Additionally, the ranges of TEC of 
hydrogen produced via steam methane reforming, coal gasification and water electrolysis powered by 
solar power or wind turbines are highlighted for reference. 

With the chosen technology of converting chemical energy of hydrogen into electric energy – gas piston 
engine – the TEC of final electric energy in Variant 1 can be lower than the average TEC for Polish grid 
provided that the hydrogen is produced with TEC lower than ~0.75 J*/J. This can be achieved using 
electrolysis powered by RES. The hybrid GPE+PV system analyzed within Variant 2 is more 
environmentally friendly than electric energy from Polish grid for TEC of external hydrogen no greater 
than ~0.9 J*/J. However, for TEC of electricity to reach values below 1 J*/J, characteristic for 
renewables, hydrogen would have to be produced with TEC as low as 0.3 J*/J (corresponding to the 
range of TEC of input electric energy to electrolysis around 0.1–0.15 J*/J). As noticed in section 5.1, 
the most hindering factor for sustainable hydrogen economy is low round-trip efficiency of energy 
storage pathway in hydrogen via electrolysis and combustion in a gas engine; this is also visible when 
comparing the TEC of electric energy obtained directly from RES (Table 1) with the TEC of electric 
energy obtained from green hydrogen. Using hydrogen produced from fossil fuel reforming would result 
in TEC of electric energy in the range 4–6 J*/J, which is 2 to 3 times larger than the current value for 
electric energy in Poland. Clearly, such rendition of hydrogen economy would be unjustified from the 
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perspective of sustainable management of natural resources. The slope of lines representing the four 
analyzed variants is connected with the consumption of external hydrogen in each variant (Σ𝐸   listed 
in Table 5). 

 

Figure 9: Thermo-ecological cost of electric energy produced in the analyzed system as a function of 
the thermo-ecological cost of the external hydrogen. 

6 Summary 

In this work, a simulation of cooperation of a photovoltaic power plant with a gas piston engine fueled 
by hydrogen was performed, with and without the presence of energy storage. The “compensation 
losses” due to forced part-load operation of the engine coupled with RES were compared with “storage 
losses” resulting from thermodynamic imperfectness of the storage. In the PV+GPE variant about 2% 
of the total consumption of chemical energy of hydrogen can constitute the “compensation losses” and 
could be avoided if there was a possibility of lossless storage of energy produced by the PV plant. The 
break-even point for round-trip efficiency of energy storage, above which the use of storage to smoothen 
the intermittency of power availability from PV is beneficial from the thermodynamic point of view, 
was determined to be at about 85%. However this result should not be viewed as a generalizable finding, 
because the results of such analysis are affected by various factors: types of devices used for power 
generation, their efficiencies and efficiency characteristics, profile of renewable energy supply and 
profile of consumer’s demand. Nevertheless, the obtained results prove that the “compensation losses” 
in hybrid energy systems containing intermittent RES are not negligible. 

The performed thermo-ecological analysis confirmed that comparing various hydrogen production 
methods in terms of local energy efficiency is inadequate, because it does not tell much about their 
sustainability. Especially comparisons of renewable and non-renewable energy systems should be 
performed using an appropriate tool evaluating the consumption of non-renewable exergy within a 
global balance boundary. For a hydrogen energy system basing on the water electrolysis – hydrogen 
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transport/storage – combustion in a gas piston engine pathway to be considered sustainable (TEC of 
final electric energy lower than 1 J*/J), the input electricity to the electrolysis process should be 
characterized by TEC lower than ~0.15 J*/J. Even some renewable energy sources can be characterized 
by a higher value of TEC. Correspondingly, basing hydrogen economy on hydrogen obtained from 
reforming of non-renewable fossil fuels (with TEC greater than 1 J*/J) would clearly be unjustified from 
the perspective of sustainable management of natural resources. 

Nomenclature 

GPE Gas piston engine 
ES Energy storage 
HG Hydrogen generator 
PV Photovoltaic power plant 
RES Renewable energy sources 
SMR Steam methane reforming 
TEC Thermo-ecological cost 
 
𝐴  Total area of the photovoltaic panels, m2 
𝐸   Amount of electric energy produced by the i-th source, J 
𝐸  Amount of energy stored in the ES, kWh 
�̇�   Consumption of chemical energy of fuel (higher heating value) by the GPE, kW 
�̇�   Demand for electric power by the consumer, kW 
�̇�   Electric power of the GPE, kW 
�̇�    Nominal electric power of the GPE, kW 
�̇�   Electric power consumption by the HG, kW 
�̇�    Nominal electric power consumption by the HG, kW 
�̇�   Electric power of the PV, kW 
�̇�   Electric power output of the PV+ES subsystem, kW 
�̇�   Electric power consumed by the ES during charging, kW 
�̇�   Electric power obtained from the ES during discharging, kW 
𝑓   Impact factor of temperature of the PV panels on their energy efficiency 
𝐻𝐻𝑉  Higher heating value of hydrogen, J/mol 
𝐼̇

  Solar irradiance reaching photovoltaic panels with inclination angle β, W/m2 
𝑙  Load of the GPE 
𝑙  Load of the HG 
𝐿𝐻𝑉  Lower heating value of hydrogen, J/mol 
𝑡  Temperature of the PV panels, °C 
𝜀  Coefficient of own needs of the PV plant 
𝜂 Energy efficiency (based on HHV) 
𝜂   Net electric energy efficiency of the PV system 
𝜂  Round-trip efficiency of the ES 
𝜂   Charging efficiency of the ES 
𝜂   Discharging efficiency of the ES 
𝜂  Energy efficiency of the GPE 
𝜂   Nominal energy efficiency of the GPE (based on HHV) 
𝜂  Energy efficiency of the HG 
𝜂  Efficiency of the inverter system 
𝜂( ) Energy efficiency (based on LHV) 
𝜂  Efficiency of conversion of solar energy to the energy of direct current by the PV panels 
𝜌  Thermo-ecological cost of fuel (input to the process), J*/J 
𝜌  Thermo-ecological cost of externally supplied hydrogen, J*/J 
𝜌   Thermo-ecological cost of electric energy produced by the i-th source, J*/J 
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𝜌  Thermo-ecological cost of product from the process, J*/J 
𝜌  Thermo-ecological cost of solar energy, J*/J 
𝜌  Average thermo-ecological cost of electric energy produced in the analyzed system, J*/J 
𝜏 Time (hour of the year) 
∆𝑒 Energy bonus/penalty due to the operation of ES 
∆𝐸  Yearly “storage losses” due to the operation of ES, GWh 
∆𝐸  Yearly “compensation losses” occurring in the GPE, GWh 
𝛿𝜏 Time step of the calculations, h 
Σ𝐸   Yearly consumption of chemical energy by the GPE, GWh 
Σ𝐸   Yearly consumption of chemical energy of hydrogen supplied from outside of the 

system, GWh 
Σ𝐸   Minimum yearly consumption of chemical energy by the PV+GPE system, GWh 
Σ𝐸   Yearly demand for electric energy by the consumer, GWh 
Σ𝐸   Yearly production of electric energy by the PV system, GWh 
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Abstract 

Although dry ice blasting seems to be a common way of industrial dirt cleaning, so far, a few scientists 
have addressed their research on this method. This way of dirt removal is based on polluted surface 
treatment with a high-speed dry-ice air mixture. The dry ice blasting cleaning mechanism is carried on 
by three main phenomena: thermal effect (cooling), abrasion using flow kinetic energy and sublimation. 
The final force impacting the cleaning surface is a sum of three components: a force of compressed air, 
a force of solid CO2 particles caused by their velocity and a sublimation force caused by sudden phase 
change supported by rapid volume growth. One of the crucial issues related to the described cleaning 
mechanism are parameters of the blasting mixture. The main system component influencing those 
parameters is the nozzle. The study aimed to analyze selected operational parameters' impact on the dry-
ice blasting nozzle operation. For that purpose, a mathematical model of the supersonic, two-phase flow 
with particle-wall collision mass consumption was built and implemented in the Ansys CFX numerical 
environment. The crucial part of the modelling was proper dry-ice particles treatment, as their behaviour 
in the supersonic nozzle has not been well described in the literature so far. The presented model was 
validated against experimental data, so it can be treated as a valuable tool for further developing dry-ice 
blasting systems. Simultaneous analysis of modelling and experiment results allows withdrawing 
precious conclusions. Bench tests confirmed that greater particles are more prone to remove the 
pollution. The model covers several groups of particles analysis in the field of their behaviour in the 
nozzle and in the outflow. Particles' transport efficiency was analyzed, taking into account a wide range 
of operating parameters. Smaller particles reach higher velocities and are more prone to velocity change 
due to particle-flow interactions. Massive particles reach maximum velocity in the throat region and 
then slightly slow down. Nozzle efficiency seems to be independent of particles' mass flow rate in the 
considered range. Phase change heat consumed due to particle sublimation in the nozzle grows with the 
particles' mass flow rate and decreases with inlet air pressure in most cases. The knowledge presented 
in the study may lead to dry-ice blasting process optimization and contribute to blasting medium and 
energy savings due to the effective use of the blasting system. 
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1 Introduction 

Undesired dirt is present in nearly all industrial sectors. Their accumulation may lead to various 
inadvisable consequences like devices overheating, efficiency drop, and increased risk of fire or 
explosion. To avoid these negative after-effects, the technological lines need to be periodically cleaned. 
There are several well-known and widely used methods dedicated to industrial pollution removal. 
Generally, they can be divided into physical, chemical and physicochemical methods. In this research 
authors focused on dry-ice blasting, which is the physical abrasive method of industrial dirt removal. 
Although dry-ice blasting is successfully operated in industrial applications, the scientific literature in 
this field is poor. Dry-ice blasting is polluted surface treatment with a high-speed mixture of dry-ice 
particles and air. Cleaning mechanism bases on three steps [1]: surface subcooling, pollution crushing 
due to decreased temperature, dry-ice sublimation related with rapid volume growth, which causes gaps 
propagation and further dirt removal. Finally, residuals are transported from the cleaning zone with the 
gas flow. The dry-ice blasting system usually consists of an air compressor, gas dryer, dry-ice pellets 
feeder and blasting nozzle [2]. Blasting parameters strongly depend on a particular system and 
application. Typically maximal air pressure does not exceed 16 bar, while dry-ice mass flow rate remains 
below 200 kg/h [3]. 

The crucial part of the dry-ice blasting system is the nozzle, which proper shape in association with 
suitable process parameters may cause supersonic flow. Mathematical modelling of such a de Laval 
nozzle is widely reported in the literature. In [4] mathematical model of compressible, supersonic flow 
via 2D nozzle is described. The 3D model of a dry-ice blasting nozzle dedicated to its length 
optimization in the field of noise generation is presented in [5]. In the previous author's work [6] 
simplified numerical model of the two-phase flow via a supersonic nozzle is described. The main 
challenge of this study was to describe dry-ice properties in the analyzed flow. The research aimed at 
mathematical model development of the flow consisting of dry-ice particles dispersed in the air. 

2 Mathematical model 

The main aim of the fluid flow channel modelling was particles behaviour in the nozzle assessment, 
nozzle efficiency confirmation and outflow velocity determination in the neighbourhood of the nozzle 
outlet. 

2.1 Basic balance equations 

Determining the heat and mass transport in the considered fluid flow requires the calculation of velocity, 
pressure and temperature distributions for individual fluid components depending on the spatial and 
time coordinates. Therefore, it becomes necessary to solve the system of equations of fluid motion, i.e.: 

 continuity equation 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑈) = 0 (1) 

 energy conservation equation 

𝜕(𝜌ℎ )

𝜕𝑡
−

𝜕𝑝

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑈ℎ ) = 𝛻 ∙ (𝜆𝛻𝑇) (2) 

where 

ℎ = ℎ +
1

2
𝑈  (3) 

 momentum conservation equation 

𝜕(𝜌𝑈)

𝜕𝑡
+ ∇ ∙ (𝜌𝑈 ⊗ 𝑈) = −𝛻𝑝 + 𝛻 ∙ 𝜏 (4) 

1108



where  

𝜏 = 𝜇 ∇𝑈 + (𝛻𝑈) −
2

3
𝛿𝛻 ∙ 𝑈  (5) 

2.2 Turbulence model 

As the supersonic velocities are expected, the flow is suspected to be turbulent. Turbulence modelling 
is believed to be a great challenge in computational fluid mechanics. Among the most popular for high-
speed flow modelling are the k-ε and k-ω (both with some modifications) models [7], [8]. The standard 
k-ε model can be easily applied to describe most turbulent flows. Its advantages include reasonable 
accuracy for a wide variety of flows and robustness. Its main drawback is poor performance in non-
equilibrium boundary layers [9]. This model consists of the turbulence kinetic energy transport equation 
- k and the dissipation rate transport equation - ε. It is shown below in its standard form: 

Turbulent viscosity (𝜇 )  can be expressed as: 

𝜇 = 𝜌𝐶 𝑘 /𝜀 (6) 

Turbulence kinetic energy transport equation: 

𝜌
𝜕𝑘

𝜕𝑡
+ 𝜌𝑈

𝜕𝑘

𝜕𝑥
= 𝜏

𝜕𝑈

𝜕𝑥
− 𝜌𝜀 +

𝜕

𝜕𝑥
µ +

µ

𝜎

𝜕𝑘

𝜕𝑥
 (7) 

Dissipation rate transport equation: 

𝜌
𝜕𝜀

𝜕𝑡
+ 𝜌𝑈

𝜕𝜀

𝜕𝑥
= 𝐶

𝜀

𝑘
𝜏

𝜕𝑈

𝜕𝑥
− 𝐶 𝜌

𝜀

𝑘
 +

𝜕

𝜕𝑥
µ +

µ

𝜎

𝜕𝜀

𝜕𝑥
 (8) 

k-ω is based on a similar approach for turbulence modelling like k-ε, but turbulent energy dissipation 
rate (ω) is used instead of the dissipation equation. In contrast to k-ε, the k-ω model can be successfully 
applied for near-wall region flows calculations, even when high-pressure gradients occur. Its main 
disadvantage is the strong sensitivity to values of ω in the freestream far from the boundary layer [10]. 
The Shear Stress Transport (SST) version of the k-ω model helps to overcome this drawback 
by application of the k-ε model in free stream regions [11]. That is why the k-ω SST model was applied 
in these simulations, like in other models available in the literature, i.e. [12]. The k-ω SST model 
equations are presented below. 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
= −

1

𝜌

𝜕𝑝

𝜕𝑥
−

1

𝜌

𝜕

𝜕𝑥
((𝜇 + 𝜇 )

𝜕𝑢

𝜕𝑥
+

𝜕𝑢

𝜕𝑥
 (9) 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢 )

𝜕𝑥
= 𝐺 − 𝛽∗𝜌𝜔𝜅 +

𝜕

𝜕𝑥
(𝜇 + 𝜎 𝜇 )

𝜕𝑘

𝜕𝑥
 (10) 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢 )

𝜕𝑥
= 𝐺 − 𝛽∗𝜌𝜔𝜅 +

𝜕

𝜕𝑥
(𝜇 + 𝜎 𝜇 )

𝜕𝑘

𝜕𝑥
 (11) 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝜔𝑢 )

𝜕𝑥
=

𝛾

𝜈
𝐺 − 𝛽𝜌𝜔 +

𝜕

𝜕𝑥
(𝜇 + 𝜎 𝜇 )

𝜕𝜔

𝜕𝑥
+ 2𝜌(1 − 𝐹 )𝜎

1

𝜔

𝜕𝑘

𝜕𝑥

𝜕𝜔

𝜕𝑥
 (12) 

2.3 Materials 

2.3.1 Air 

The continuous fluid phase was assumed to be pure air, which was modelled as an ideal gas, like in [13]: 

𝜌 =
𝑤𝑝

𝑅 ∙ 𝑇
  (13) 

𝑑ℎ = 𝐶 𝑑𝑇 (14) 
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Main gas parameters are presented in Tab. 1. 

Table 1: Main air parameters 

Parameter Value Unit 

Molar mass 28.96 𝑘𝑔
𝑘𝑚𝑜𝑙 

Specific heat 1004.4 𝐽
𝑘𝑔 ∙ 𝐾 

Dynamic viscosity 1.831·10  𝑘𝑔
𝑚 ∙ 𝑠 

Thermal conductivity 2.61·10  𝑊
𝑚 ∙ 𝐾 

2.3.2 Dry-ice 

So far, a few scientists have addressed their research on dry-ice particles behaviour in the dry-ice blasting 
systems. Aiming at dry ice particle model determination, first main physical phenomena should be 
understood and described. As the crystal structure of the pellet introduced to the blasting machine could 
be important, one should start with dry-ice pellets manufacturing process. Dry ice is obtained by liquid 
carbon dioxide expansion in the throttling valve. Due to the Joule-Thompson effect CO2 droplets are 
cooled down and solidify [14]. Then, depending on the expansion nozzle parameters, dry ice particles 
can create conglomerates [15], [16]. At this step, obtained particles are characterized by diameters in 
the range from several μm up to approximately 500 μm [15], [16], [17], but the majority of them remain 
at the range of 50-500 μm. This carbon dioxide form, as mentioned before, is called snow. In the next 
step, carbon dioxide snow is pressurized and passes through the strainer aimed at pellets creation [18]. 
Dry ice produced this way can be stored and transported in insulated tanks, i.e. like presented in [19]. 
The research presented in [20] showed a non-homogenous structure of CO2 pellets, in which 
spontaneous decomposition was noted while immersing pellets in liquid nitrogen. The sizes of secondary 
generation particles were in the range of those produced before pellets generation. This decomposition 
was suspected to be related with the manufacturing process of the pellets, in which inhomogeneous 
structure was observed. This fact was supported by lower densities of the pellets in comparison with the 
material properties of dry ice [13]. 

Described above dry ice pellets are introduced to the dry-ice blasting system (described in chapter 3), 
where are mixed with the air via rotary dispenser or screw feeder. Air-particles mixture is speeded up 
in the rubber hose at the typical length of several meters (i.e. 5 m [21]). In the next step, two-phase flow 
enters and goes via the blasting nozzle, in the analyzed case, convergent-divergent one, where, while 
sufficient pressure difference has been applied, reaches supersonic speeds. The outflow is then directed 
to the surface being cleaned. 

As the room conditions in which it is assumed to lead the dry-ice blasting process are far from 
thermodynamic equilibrium conditions for dry ice (sublimation temperature under normal pressure 
equals to -78,5°C [20]), mass losses via sublimation are suspected. This assumption was confirmed 
by research presented in [22], where six particles diameters were considered covering the range from 
10 μm up to 500 μm, which corresponds with initial snow particles sizes. The model presented in this 
paper shows linear particle diameter decrease with the way passed in the ambient conditions to some 
point depending on the diameter. Then rapid diameter drop was predicted, corresponding to total particle 
sublimation. 

Another phenomenon predicted in the dry-ice blasting system is after impact sublimation, usually related 
to particles breakup. So far, a few scientists have addressed their research on dry-ice pellets' behaviour 
while impacting the stationary wall. A few bit more experiments and models were dedicated to water-
ice. A detailed dry-ice particle breakup model was found only in [13]. The experiments presented there 
covered particles sizes from 250 μm up to  4000 μm, impacting the wall with a velocity from 
1 to 120 m/s, with an impact angle of 0-89° and at the temperature from the range of -50 to +250°C. 
Temperature seems to have no significant impact on the particle breakup effects. It is supposed that 
secondary particles sizes are only a function of primary particle kinetic energy and impact angle. 
Generally, the primary particle disintegrates after the particle-wall contact into secondary particles. 
The collision-associated phenomenon is solid particle mass decrease due to the dry ice sublimation. 

1110



Secondary particles are reflected from the nozzle with various velocities and angles. The energy needed 
for the particle breakup can be described with the formula [13]: 

𝐸 , = 𝛶 ∙ 𝐶 , ∙ 𝑑  (15) 

𝛶 = 0,095 𝐽/𝑚 , 𝐶 , = 0,242, while assuming manufacturing pressure to be 100 bar and using 
𝑌 = 1,395 𝐺𝑃𝑎. It can be summarized that particle breakup energy depends only on its initial 
diameter. Depending on the particle size and velocity vector normal to the wall, two main scenarios 
were identified: minor and major particle breakup. The minor breakup was noted while considering the 
low-velocity impact. In this case, among secondary particles one main particle at a diameter comparable 
to the primary particle was observed. It was associated with small number of low-diameter secondary 
fragments. Major particle fragmentation occurs when the velocity vector normal to the wall is 
significant. This breakup is characterized by numerous secondary particles of comparable diameters – 
noticeably lower than the primary particle dimension. Minor and major buoyancy regions in the frame 
of particle impact velocity and diameter are presented in the Fig. 1. Although in [13] a detailed breakup 
model is presented and supported by experimental data, there are no bench tests data treating about the 
amount of dry ice sublimated during the decomposition. The author confirmed that his work in this field 
is only theoretical, and further research should be carried out.  

  

Figure 1: Correlation between impact velocity 
and primary particle diameter [13] 

Figure 2: Assumed inlet dry-ice particles 
distributions at the background of produced ones 

by [17] 

Dry ice was modelled as a solid of molar mass equal to 44.01 g/mol and density of 1.5 g/cm3 (crystalline 
dry ice density equals 1.564 g/cm3 [13], but due to i.e. gaseous impurities present in dry ice production 
this value was slightly decreased). Specific heat of dry ice was set as 0.815 J/g·K (as reported in [13] 
this value can vary from 780 to 850 J/g·K). Constant dry ice temperature was assumed as equal to the 
sublimation one: -78.5°C [20], [23], [13] (-78,35°C [19]). 

Particles diameters distributions should be included in the model. Knowing the dry-ice pellets 
production process and its inhomogeneous structure it was assumed that pellets decompose in the hose 
connecting the mixer and the nozzle to the particles at the diameters corresponding with those produced 
in liquid carbon dioxide expansion. In the model, six groups of equal-diameters particles were injected 
in each simulation in the amount corresponding to Rosin-Rammler distribution presented in [17]. Due 
to this study particles diameter distribution slightly changes with the snow production nozzle diameter. 
The assumed particle diameter distribution at the background of results presented in [17] is presented in 
Fig. 2. 

As no other data source was found to determine the amount of dry ice sublimating in the dry-ice blasting 
system, it was assumed, that 5% of inlet dry ice particles mass sublimates in the flexible hose connecting 
mixer with the nozzle [13]. In [24], it was reported that a maximum amount of 15% can sublimate upon 
a single impact. As the amount of sublimated dry-ice mass seems to depend on normal velocity vector 
and particle diameter, it can be assumed that amount of single impact sublimated mass in the analyzed 
nozzles will be lower – considered particles sizes are relatively small, and their privileged direction is 
parallel to the nozzle wall. As no data in this field were found in the literature, the mass absorption 
coefficients were determined based on the experiment's results. Each particle track in the model 
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represents a given amount of particles. While impacting the wall with mass absorption boundary 
condition, particle number rate decreases, which represents sublimation in the model. Neither heat 
transfer due to the sublimation nor the gaseous CO2 creation was included in the model. Coefficients for 
each group of particles are summarized in Tab.2. 

Table 2: Mass absorption coefficients for each group of particles 

Particle diameter [μm] 10 40 80 130 250 1000 
Mass absorption coefficient 0.03 0.03 0.04 0.04 0.05 0.05 

2.4 Two-phase flow model 

There are two main approaches for multiphase flow modelling: Eulerian-Eulerian and Lagrangian 
particle tracking. In Eulerian-Eulerian Multiphase, a momentum equation must be solved for each 
representative particle, which becomes very computationally expensive, although in case of high volume 
fraction of species should be implemented, as presented in [25]. As shown in [26],[27], the Lagrangian 
model is also widely applied in solid particles transport problems, especially in cases of lower volume 
fraction of solid particles, so after the initial analysis of the suspected flow in this work Lagrangian 
approach was implemented. The Lagrangian particle transport model is dedicated for modelling of the 
particles discretely distributed in continuous phase, which uses Eulerian model. In the implemented 
approach not all physically existing particles are being tracked, but representative particles or particles 
packages are used instead. For flow-particles interaction fully coupled option was selected. The 
aerodynamic drag force acting on the transporting particles was included. This force is proportional to 
the slip velocity between particle and fluid velocity [28]: 

𝐹 =
1

2
𝐶 𝜌 𝐴 |𝑈 |𝑈  (16) 

where 𝑈 = 𝑈 − 𝑈 , 𝐴  is the effective cross-section of the particle and 𝐶  represents drag coefficient, 
which should correspond to experimental data. In the considered case, high acceleration flow with non-
negligible solid phase volume occurs. Literature studies in this field are included in [13], where it is 
reported that although numerous researches on this topic were conducted, obtained data or models do 
not correspond well with this case. Popular drag force coefficient models like Schiller-Naumann predicts 
drag force coefficients from the range 0.4-0.5, when due to the experimental data, this coefficient seems 
to be significantly higher, especially in the convergent part of the nozzle. That is why the value of the 
drag coefficient was discussed and validated in the model validation section. 

2.5 Model validation 

Described above model was validated against experimental data presented in [13] in the field of particle 
velocity in the nozzle as the selected crucial parameter of the nozzle operation. In this experiment, four 
dry-ice particles dimensions were taken into account: 1.5 mm, 2 mm, 2.5 mm and 3 mm. A high-speed 
camera was used to assess the velocity of the particles in the transparent nozzle. The geometry of the 
fluid flow is presented in Fig 3-4. 

 
 

Figure 3: Fluid flow geometry – general view Figure 4: Fluid flow geometry – zoom to the 
nozzle 
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Model validation consisted of new drag coefficient determination. Finally, the value 0.9 was selected as 
constant, for which results fit the experimental data, as shown in Fig. 5. Obtained results analysis let us 
conclude that no significant discrepancies between experimental data and modelling results were noted 
for relative nozzle length greater than 0.3. In the initial part of the fluid channel, the modelling results 
curve shape slightly differs from those obtained from the experiment. In this section, significantly higher 
drag coefficient is predicted, but its application, while assuming a constant drag force coefficient for the 
whole nozzle, would contribute to discrepancies in the later sections. As the main parameter from the 
cleaning point of view is the particle velocity at the outlet, it was decided to accept this simplification 
and unfit at the nozzle first part. 

 

Figure 5: Particles velocity for inlet pressure 6 bar, modelling results in comparison with 
experimental data form [13] 

2.6 Model implementation 

The developed mathematical model was implemented on the example dry-ice blasting nozzle Fig. 6. 
Grid independence test was carried out, including three meshes. As the main parameter Mach number 
in the nozzle axis was selected (Fig. 7). For further calculation grid two was used (Fig. 8). 

  

Figure 6: Geometry of the analyzed nozzle 

Table 3: Selected parameters of the tested grids 

Nozzle's elements size 1 mm (grid 1) 0.7 mm (grid 2) 0.6 mm (grid 3) 

Number of nodes 87 424 153 523 206 187 
Number of elements 437 664 773 418 1 049 597 
Average element skewness 0.22208 0.22499 0.2245 
Average aspect ratio 1.8421 1.8487 1.8501 
Average element quality 0.8387 0.83696 0.83679 
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Figure 7: Mach number in the axis for analyzed grids Figure 8: Selected mesh – general view. 

The flow regime at the inlet was set as mixed (sub and supersonic), and turbulence intensity was selected 
as high (10%). Particles velocity at the inlet was set as 10 m/s. Dry-ice mass flow rate equals to 40 kg/h. 
Air parameters were calculated according to the convergence-divergence nozzles theory presented 
in [29] (Tab. 4). Nozzle wall was modelled as an adiabatic wall, smooth and no-slip wall. The particle-
wall collision was assumed to be non-ideal elastic collisions, with perpendicular restitution coefficient 
equal to 0.8 and parallel coefficient equal to 1. Each collision was associated with partial mass 
absorption, representing the sublimation of dry-ice particles. The outlet was modelled as the opening 
boundary condition with relative pressure equal to 1 bar and opening temperature assumed at the level 
of 293 K. Medium intensity of turbulence (5%) was predicted at this boundary. As gravity was 
neglected, just a quarter of the whole domain was considered, so in each model, two walls were treated 
as symmetry planes. 

The calculations were leaded using 8 threads, Intel®Xenon® CPU E5-2660 0 @2.20 GHz. 
As the convergence criteria RMS at the level 10-4 were selected. High resolution advection scheme 
as well as turbulence numerics were chosen. Models were calculated with doubled precision. 

Table 4: Selected parameters of the flow at the nozzle inlet 

Parameter Value 
𝑝  [𝑃𝑎] 200000 
𝑇  [𝐾] 288.15 

𝜌  𝑘𝑔
𝑚

 2.419 

𝐴/𝐴∗ 3.1605 
𝑀  0.1870 

𝑝  [𝑃𝑎] 195189.41 
𝑇  [𝐾] 286.15 

𝑉   [𝑚
𝑠⁄ ] 339.1 

𝑉  [𝑚
𝑠⁄ ] 63.35 

3 Results 

The general flow structure is presented in Fig. 9-12. Pressure and velocity (Mach number) profiles are 
in this case typical for the convergent-divergent nozzle. Ma number reaches 1 in the first throat, and the 
analyzed flow becomes supersonic. In the box domain, behind the nozzle, the flow slows down gently. 

As the main nozzle function is to speed up dry-ice particles, as the next aspect of its work, particles' 
velocities are analyzed. In the model, six groups of particles were considered, with a diameter from 
10 μm up to 1000 μm. The velocity of each group of particles for considered nozzles and inlet air 
pressure levels are presented in the Fig. 13. Lower velocities are reported for greater particles. According 
to the presented results, they reach maximum velocity in the first throat region and then slightly brake. 
Smaller particles are more prone to velocity change. Its velocities curve shape is similar to the gas 
velocity profile (Fig. 14).  
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Except for particles' velocity, transport efficiency should be taken into account. Particles' number rate 
for the example case (40 kg/h, 2 bar) are presented in Fig. 15. Red colour means that all particles inserted 
into the path are still present. Each particle-wall collision is associated with partial mass consumption, 
which in the model is represented by decreasing amount of particles following the path. As can be 
noticed, the first significant particles collision region is the throat zone, as the nozzle's canal shape is 
sharp, and the gas flow does not interact with the species so strong to turn them aside. This phenomenon 
causes particle transport efficiency decrease. Rati of particles sublimated in the nozzle depends on their 
diameter/mass (Fig. 16). Smaller particles are characterized by relatively high transport efficiency. Their 
mass absorption coefficients are the lowest, and they are most prone to direction change with the flow, 
avoiding collisions with the walls. Then the ratio of particles lost in the nozzle increase in almost all 
presented cases. Then, efficiency increase for the heaviest particles (1000 μm). They are probably less 
prone to deviations, have smaller velocities in comparison with other ones, and their paths are located 
in the middle of the flow, so particle-wall collisions are less probable. 

 

Figure 9: Pressure contour – general view 

 

Figure 10: Pressure contour – nozzle's zone. 

 

Figure 11: Mach number contour- general 
view 

 

Figure 12: Mach number contour – nozzle's 
zone 

 

Figure 13: Particles velocity by diameter as 
a function of distance from inlet 

 

Figure 14: Mach number in the nozzle's axis 

 

Figure 15: Particles number rate – nozzle's 
region 

 

Figure 16: Ratio of particles sublimated in 
the nozzle 
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4 Outcomes 

The main objective of this work was the mathematical model development of the flow containing dry-
ice particles. Considered flow modelling was challenging, as the flow is supersonic, two-phase, with 
particles sublimation and breakups and what is more, a little literature covering these issues can be 
found. Despite this, the mathematical model was built, implemented and validated against experimental 
data. The developed model can be treated as a useful tool for further dry-ice blasting technology 
development, as well as it was utilized for the considered nozzle assessment. The described model can 
also be implemented as a precious tool for dry-ice particle transport modelling, i.e. in flexible hoses 
being the part of the dry-ice blasting system. Further model development may cover phenomena related 
to the cleaning process, so flow impact on the cleaned surface may be modelled after the described tool 
adjustment, especially in the field of mass absorption coefficients. A constant drag force coefficient was 
assumed in the model, which can be in the future changed as depending on particle/flow velocity or 
acceleration. Particle transport efficiency was fitted by particle-wall interaction boundary conditions 
settings, but it can be mentioned that used coefficients based on the results of the macro-scale test. For 
further model development microscopic research of after-impact particle behaviour, particularly in the 
field of the amount of mas sublimated could be leaded. 

Author Contributions 

The concept was provided by A.D and P.K. The literature studies were provided by A.D. Mathematical 
model was built and implemented by A.D. and P.K. Results analysis were provided by A.D. and P.K. 
The paper was written by A.D. 

Funding 

The part of research presented in this paper was funded by The National Centre for Research and 
Development (Poland) and by the 3N Solutions company in the framework of the Smart Growth 
Operational Programme, grant number POIR.01.02.00-00-0209/16.  

Conflicts of Interest 

The authors declare no conflict of interest.  

Nomenclature 

𝐴 area [m2] 
𝐶 coefficient - 

𝐷, 𝑑 diameter [m] 
𝐹 force [N] 
𝑀 Mach number - 
𝑅 gas constant (universal) [J/mol·K] 
𝑇 temperature [K] 
𝑈 vector of velocity, velocity magnitude [m/s] 

𝑉, 𝑣 velocity [m/s] 
𝑐  specific heat [K/kg·K] 
ℎ enthalpy [kJ/kg·K] 
𝑘 kinetic energy per unit mass [J/kg] 
𝑝 pressure [bar] 
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𝑡 time [s] 
𝑢 fluctuating velocity component in turbulent flow [m/s] 
𝑣 specific volume [m3/kg] 
𝑤 molecular weight (Ideal Gas fluid model) [g/mol] 
𝛽 coefficient of thermal expansion (for the Boussinesq approximation) [K-1] 

𝐺 , 𝑌  original production and destruction terms for the SST model [m2/s3] 
𝛶  model constant [J/m2] 
𝜀 turbulence dissipation rate [m2/s3] 
𝜅 Von Karman constant - 
𝜆 Thermal conductivity [W/m·K] 
𝜇 dynamic viscosity [kg·m-1·s-1] 
𝜌 density [kg/m3] 
𝜎 turbulence model constant - 
𝜏 stress tensor [Pa] 
𝜔 specific dissipation rate [s-1] 

∗ critical parameters 
 reference parameters 
 drag 
 fluid 
 absolute 
 buoyancy 

, 
, 
 

coordinates 

 inlet 
 subsonic, in initial conditions for modelling calculations 

 turbulent 
 total 
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Abstract 

One amongst the many challenges in energy transition is a switch from conventional fuels supplying the 
heavy-duty vehicles, used in transportation, agriculture or constructions sectors, to alternative sources 
of energy. One of the promising fuels that would serve the purpose of decarbonization is the ammonia 
which is one of the major chemicals produced worldwide. Implementation of ammonia as a fuel in 
internal combustion engines is possible due to the its characteristics: it could be considered as hydrogen 
vector whereas it is easier to store and transport than pure hydrogen. Environmental effect of switch 
from diesel fuel to ammonia in internal combustion engine for heavy-duty vehicles should be assessed 
in terms of life cycle assessment of the vehicle since typically it is the operation phase which dominates 
the environmental impact of the vehicle, as shown in the literature, however when utilizing the ammonia 
as a fuel, the production cycle of the ammonia requires careful consideration – so that environmental 
benefits in terms of while life cycle of the vehicle are actually achieved. This study focuses on 
comparison of three ammonia production technologies: ammonia utilizing hydrogen from steam 
methane reforming, hydrogen from steam methane reforming with carbon capture and storage and 
hydrogen from electrolysis supplied from PV energy. GaBi software is used to perform the LCA, GaBi 
Professional Database is the primary choice of data, secondary data are based on literature. The 
environmental performance is referred through three midpoint indicators from ReCiPe 2016: climate 
change, fossil depletion, freshwater consumption. It is confirmed that electrolysis is the best choice from 
the climate change perspective, however its water usage should be considered as it requires around two 
times more water than ammonia utilizing hydrogen from steam methane reforming. 

1119



1 Introduction 

Climate crisis is a primary drive behind the current environmental policies aiming at decarbonization. 
According to the IPCC, global warming is going to reach 1.5 °C between 2030 and 2052 if it continues 
to grow at current rate [1]. One of the solutions to manage the global warming is to substitute the fossil 
fuels with alternatives such as ammonia. Ammonia is a widely used as fertilizer (80% of ammonia 
production), refrigerant and chemical feedstock contributing to 1.2% of total primary energy 
consumption and 1% of global greenhouse gases emissions [2]. It has been regarded as a promising fuel 
due to its high hydrogen content, possibility to store and transport at low pressure (unlike hydrogen 
which requires pressurizing to ca. 700 bar or cooling to the temperature of ca. -253 °C), possibility to 
transfer it through existing pipeline infrastructure with minor modifications and suitability for various 
applications such as combustion engines. Although the energy content of hydrogen on mass basis is 
around 6 times higher than for ammonia, the energy content on volume basis (MJ/l) is ca. 0.7 times 
lower. Comparison of these properties is presented in table 1. 

Table 1: Selected properties of ammonia and hydrogen as fuels [3] 

Fuel Mass energy 
content (LHV), 
MJ/kg 

Volume energy 
content (LHV), 
MJ/l 

Density, kg/m3 

Cooled 
ammonia 
(liquefied, 1 
atm, -33 °C) 

18.6 12.69 682 

Cooled 
hydrogen 
(liquefied, 1 
atm, -253 °C) 

120 8.5 70.85 

Transportation, agriculture and construction are the sectors which strongly depend on the machines 
fueled by diesel fuel – whereas the passenger vehicles are being electrified, this solution does not apply 
well for heavier vehicles like trucks, tractors, etc. due to the characteristic of operation of heavy-duty 
vehicles: they require high power output and must be able to cover acceptable range of distance. As 
such, the ammonia seems to be a promising solution towards decarbonization for such cases, however 
if the energy intensity of the production phase of the ammonia is too high, the switch of fuel in the 
engine from diesel to ammonia will not achieve its goal – surplus of emissions required for producing 
the ammonia might equal or exceed the avoided emissions in the operation phase of the tractor. 
Therefore, the investigation of the ammonia production cycle, from the perspective of ammonia as a 
fuel for internal combustion engine, is required. This study focuses on the well-to-wheel environmental 
assessments of the ammonia production using GaBi software to perform the life cycle assessment.  

There is a vast literature regarding the environmental impact of producing the ammonia or hydrogen 
(which is the essential part of producing ammonia). This short review discusses a few of them with 
regard to LCA’s scope, functional unit, modelling assumptions and main conclusions.  

Bicer et al. [4] perform Life Cycle Assessment for the case of four different ammonia 
production methods utilizing CML 2001 and Eco-indicator 99 methodologies. The ammonia is obtained 
by Haber-Bosch method where the hydrogen is generated by electrolyzer where the energy required is 
supplied from hydropower, nuclear, biomass and municipal waste resources. The analysis is referred to 
1 kg of ammonia, the LCA model comes from SimaPro 7 software, while the thermodynamic 
calculations are performed using Engineering Equation Solver (EES). The authors show that ammonia 
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from municipal waste and hydropower sources achieves better environmental performance than from 
nuclear and biomass cases, with hydropower as the best option in terms of energy and exergy efficiencies 
and municipal waste as the best option in terms of the environmental impact. Lasocki [2] presents a 
paper that focuses on the environmental assessment of ammonia production processes and compares it 
to conventional engine fuels, namely gasoline and diesel oil. Ammonia is produced through the Haber-
Bosh process with atmospheric nitrogen and hydrogen coming from steam methane reforming (SMR) 
or partial oxidation of heavy oil (POX). Typical fuels production processes are assumed, where the 
gasoline is produced from light fractions and the diesel oil from the medium-heavy distillate. The author 
uses the Sima Pro 7 software for LCA model with Ecoinvent databases and uses 1 GJ of energy content 
of fuel as functional unit. The author uses Eco-indicator 99 Cumulative Energy Demand indicators and 
shows that conventional ammonia production processes achieve worse environmental performance than 
diesel and gasoline processes and indicates nuclear electrolysis or underground coal gasification with 
carbon capture storage as interesting options for further development. Hacatoglu et al. [5] focus on the 
LCA of nuclear based copper-chlorine hydrogen production cycle. The life cycle considers the 
acquisition and processing of resources, manufacture, utilization and disposal phases. The authors use 
the data and analytical method from literature which uses embodied energy percentage (EEP) and 
greenhouse gas (GHG) intensity indicators. The assessment compares thermochemical hydrogen 
production obtained from nuclear with natural gas and renewable based sources as well as the gasoline 
in terms of 1 MJ of fuel in respect to energy return on investment (EROI) and mechanical efficiency of 
the internal combustion engine (in case of gasoline) and fuel cells (for hydrogen). The authors conclude 
that nuclear driven thermochemical hydrogen production seems to be a promising technology as it 
utilizes less fossil energy consumption than gasoline or natural gas-based production pathway with GHG 
emissions similar to renewable based sources (EROI of nuclear based hydrogen also yields similar value 
to wind based hydrogen). Another paper from Bicer et al. [6] discusses the ammonia as a fuel in general, 
going through its most important applications. Chapter 7: Ammonia in Road Transportation presents the 
Life Cycle Assessment of vehicles distinguishing fuel and vehicle cycles. The authors compare 
hydrogen, electric, ammonia CNG, diesel, LPG, hybrid electric, gasoline, and methanol vehicles (under 
given assumptions e.g. hydrogen for ammonia production, as in Haber-Bosch process, comes from 
hydrocarbon cracking) obtaining the results for global warming. CML 2001 method is considered, 
SimaPro 7.2 is used to perform the LCA. It is shown that hydrogen, electric and ammonia vehicles 
achieve the lowest values. Angeles et al. [7] investigate ammonia in terms of its use as an automotive 
fuel, focusing on the energy-intensive ammonia production processes and implementation of ammonia 
in terms of hybrid systems. Well-to-wheel LCA concerning following ammonia production processes 
are presented (two fossil fuel based and two biomass based processes): steam reforming (SMRF), partial 
oxidation (PROX), cyanobacterial process (Anabaena, ANAB) and willow-based process (Salix, SALI). 
Secondary fuels from the vehicle perspective are: gasoline, diesel and dimethyl ether. The analyses refer 
to a light-duty internal combustion engine vehicle (ICEV) with the functional unit of 1 km distance 
driven by the vehicle. The authors propose carbon and nitrogen footprint as environmental indicators 
for evaluation of the fuel cycles. Key conclusion is that the shift to biomass-based ammonia production 
is favorable while the fossil fuel based ammonia production achieves little benefit. Authors Chisalita et 
al. [8] analyze ammonia synthesis (Haber-Bosch process) through conventional and green hydrogen 
sources, namely hydrogen from steam methane reforming (SMR) with two CO2 capture technologies, 
hydrogen from electrolysis and iron-based chemical looping (CLH). ReCiPe method and GaBi software 
were used with one metric ton of ammonia produced serving as functional unit. They conclude that 
utilizing CLH instead of SMR could be a promising solution due to the decrease in the GHG emissions 
(15% reduction of natural gas consumption and 60% energy consumption reduction in the ASU stream), 
however its limitation is in the emissions to water and soil. Electrolysis could be used if from utilizing 
electricity renewable sources. Koroneos et al. [9] investigate hydrogen production processes: steam 
reforming and electrolysis. The functional unit is 1 MJ energy produced from hydrogen. The authors 
obtain that wind, hydropower and solar thermal energy are the best options as steam reforming is 
associated with high CO2 emissions, whereas the manufacturing of solar panels makes the PV 
unfavorable. Similar study has been conducted by Cetinkaya et al. [10] who present an LCA of five 
hydrogen production technologies, namely steam reforming of natural gas, coal gasification, water 
electrolysis from wind and solar, and thermochemical water splitting with a Cu-Cl cycle, for the case 

1121



study of Toronto, Canada. They obtain the lowest CO2 eq. emissions for thermochemical water splitting, 
followed by wind and solar. In terms of the hydrogen production capacity, thermochemical splitting 
achieve values similar to reforming or coal gasification, on the contrary to wind and solar that are suited 
for smaller capacities.  

General conclusion from this review confirms that renewable based ammonia would be the preferred 
variant of ammonia production and utilizing it as fuel might be an important technology towards the 
decarbonization of transportation (as well as other sectors).   

2 Overview of ammonia production technology 

This paper considers the Haber-Bosch process as the method of synthesizing the ammonia and 
distinguishes between the three main sources of hydrogen. The Haber-Bosch process requires nitrogen 
(obtained from air separation process) and the hydrogen which can be produced from a set of sources. 
The process is exothermic where hydrogen and nitrogen are combined with 3:1 volume ratio at the 
presence of catalyst. The reaction is conducted at temperature of about 500 °C and a pressure around 
200 atm [11]. It follows the eq. 1:  

𝑁 + 3𝐻  ↔ 2𝑁𝐻  (1) 

Analyzed ammonia production methods are:  

 grey ammonia – ammonia utilizing hydrogen produced through steam methane reforming, 

 blue ammonia – ammonia utilizing hydrogen produced through steam methane reforming with 
carbon capture and storage, 

 green ammonia – ammonia utilizing hydrogen produced through electrolysis supplied by 
electricity from photovoltaic energy.  

Short overview about the principles of operation of those technologies is presented in the following 
subsections. 

2.1 Steam methane reforming 

Steam methane reforming (SMR) utilizes natural gas as a feedstock (and water) and a fuel with 30-40% 
of the gas being used for combustion producing „diluted” CO2, while the rest of it is divided into 
hydrogen and „process” CO2 [12]. The primary reaction of producing hydrogen is the endothermic 
conversion of methane and steam into carbon monoxide and hydrogen as presented in the eq. 2: 

𝐶𝐻 + 𝐻 𝑂 + ℎ𝑒𝑎𝑡 → 𝐶𝑂 + 3𝐻  (2) 

The process is conducted at the temperature range of around 700-850 °C and pressure range of around 
3 to 25 bar [13] under presence of nickel catalysts. Then, water-gas shift reaction is used in order to 
obtain higher H2 share in the synthesis gas under iron or copper catalysts, according to the eq. 3: 

𝐶𝑂 + 𝐻 𝑂 → 𝐶𝑂 + 𝐻 + ℎ𝑒𝑎𝑡 (3) 

The complete technological chain in respect to synthesis gas includes also purification and / or CO2 
removal, methanation and compression. Overall process efficiency is high, reaching up to 90%, 
hydrogen processes through this method has a high purity of about 95-98% [14]. 

2.2 Steam methane reforming with carbon capture and storage 

Steam methane reforming technology is characterized by high quantities of CO2 emissions which is 
present both in the synthesis gas as well as the exhaust from furnace. There is a variety of technologies 
which can be used for carbon capture, they can be generally classified as technologies utilizing: 

 absorption (chemical or physical),  

 adsorption (adsorbed beds or regeneration methods),  

 membrane (gas separation). 
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The selection of the technology is linked to the approach to CO2 removal as there are three main options 
[13]: 

 post-combustion – the CO2 is removed from the exhaust gas which is a challenging option due 
to other impurities in the gas, dilute concentration of CO2 and low pressure of exhaust (a 
common solution for this option is to use chemical solvents), 

 pre-combustion – the CO2 is removed from the synthesis gas (which is the case of SMR+CCS 
technology) characterized by higher partial pressure of CO2 which results in a better 
performance of separation and capture technologies, 

 oxyfuel-combustion – the combustion is performed with pure oxygen resulting in the exhaust 
composition of CO2 and H2O (condensing water in the exhaust stream creates pure CO2 
stream). 

If the CO2 is captured from high-pressure synthesis gas it can reduce the emissions by up to 60%, if it’s 
also applied to the exhaust CO2 emissions, ca. 90% of emission reduction can be achieved [12]. The 
location of a plan with CCS technology depends also on the storage possibilities (it could be stored in 
geological formations like gas fields itc.) and transportation systems (pipelines, shipping or others).  

2.3 Electrolysis 

Electrolysis is a process of splitting the water into hydrogen and oxygen due to electrical voltage 
according to the eq. 4: 

𝐻 𝑂 + 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 → 𝐻 + 0.5𝑂  (4) 

There are a few ways how the electrolysis can be performed with the most popular being the alkaline 
electrolysis, where the electrolyser is constructed of two electrodes immersed in an aqueous KOH 
solution and an ion-permeable separator used to obtain gases in separate reservoirs. Alkaline electrolysis 
is characterized by operating pressure of 1-30 bar and temperature range of 60-80 °C. Average efficiency 
of electrolysis process ranges between 60% to 81% [9], the purity of obtained hydrogen is higher than 
99.9% [15].  

Electrolysis could be leveraged if waste heat from other processed would be coupled with the process 
as increase in temperature of water decreases the electrical energy requirement (high-temperature 
electrolysis), however an important consideration regarding the limitation of this technology is the water 
usage. If all of today’s hydrogen production was substituted with electrolysis, it would require roughly 
twice the amount of the current water consumption used for hydrogen from SMR [12]. 

3 Life Cycle Assessment 

The aim of the assessment is to evaluate and compare the environmental impacts of three technologies 
of ammonia production methods through cradle to gate approach. Functional unit is 1 MJ of lower 
heating value. The energy content has been chosen as the functional unit since the ammonia is analyzed 
from the perspective of a fuel in the internal combustion engine thus allowing for consistent comparison 
to other fuels. Ammonia is compared to diesel which is the fuel typically used for supplying heavy-duty 
vehicles.  

3.1 Grey and blue ammonia models 

Complete process of producing ammonia using hydrogen produced through steam methane reforming, 
from the extraction of raw materials to the ready product, which is the stored ammonia (anhydrous 
ammonia form which a liquefied gas) is taken from the GaBi Professional Database. The process is 
treated as a black box i.e. only the elementary flows (materials / energy requirements / emissions) are 
available for the user of the software, however it is not possible to analyze which component of 
producing the ammonia, along its technological chain, plays the most important role. The process is 
representative for EU-28 region. The same approach is used for the blue ammonia model which is the 
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steam methane reforming with carbon capture and storage. Identical assumptions are valid, the 
difference between the models is that in case of grey ammonia production, the CO2 emissions occurring 
in the SMR are treated as emissions, not as a by-product.   

3.2 Green ammonia model 

Ammonia produced through electrolysis has been modeled based on GaBi Professional Database and 
literature. Figure 1 presents the scheme of the model built in the software. 

 

Figure 1: Green ammonia model utilizing alkaline electrolyser (screenshot from GaBi software) 

Table 2 summarizes the most important information regarding the processes considered in the model. 
Generally, ammonia production requirements from electrolysis are based on Sundin [16], however the 
production of particular components (water, electrical energy and nitrogen) are modeled based on the 
software database. 

Table 2: Green ammonia model processes 

Process Source Scope Region 
Water preparation 
(desalinated; deionized) 

GaBi Professional 
Database 

Deionization (ion exchange) and 
desalination processes utilizing 
ground water; cradle to gate 
inventory. 

EU-28 

Process steam from 
natural gas 

GaBi Professional 
Database 

Process steam produced in natural 
gas specific heat plants, 90% 
efficiency, covering all relevant 
process steps and technologies 
along the supply chain. 

EU-28 

Electricity from 
photovoltaic 

GaBi Professional 
Database 

Production of electrical energy 
from PV, considering impacts of 
construction, use and EoL of PV. 

EU-28 

Electrolyser production Sundin [16] Alkaline electrolyser production 
through cradle to gate approach. 

Global 

Nitrogen production GaBi Professional 
Database 

Nitrogen produced by the 
cryogenic separation of air; cradle 
to gate inventory. 

EU-28 

Electrolysis for alkaline 
electrolyser 

Sundin [16] Process characteristics: (per 100 
kg H2): 
Water: 1000 kg 
Electricity: 18000 MJ 
Nitrogen: 0.0290 kg 
Steam: 11 kg 
KOH: 1.9 kg 

Global 
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Life cycle inventory for alkaline electrolyser is presented in table 3. The values are referred per 100 kg 
of produced hydrogen. 

Table 3: Inputs for alkaline electrolyser [16] 

Material requirement (kg/100kg H2) Value 
Copper 1.93E10-2 
Unalloyed steel 1.93 
Nickel 1.83E-1 
Aluminum 4.34E-3 
Calendered rigid plastic 7.52E-3 
Polytetrafluoroethylene 7.52E-4 
Acrylonitrile butadiene styrene 1.54E-3 
Polyphenylene sulfide 3.28E-3 
Polysulfones 2.51E-3 
N-Methyl-2-pyrrolidone 1.25E-2 
Aniline 4.72E-4 
Acetic anhydride 5.2E-4 
Terephthalic acid 8.48E-4 
Nitric acid 3.18E-4 
Hydrochloric acid 1.25E-3 
Graphite 4.14E-3 
Lubricating oil 4.63E-6 
Zirconium oxide 1.06E-2 
Carbon monoxide 1.45E-3 
Decarbonized water 1.06E-1 
Deionized water 8.29E-1 
Industrial machine production 1.54E-6 
Plaster mixing 7.52E-3 
Energy requirement (kJ/100kg H2) Value 
Electricity 347 
Heat 848 
Steam 6.74 

The inputs listed in the table 3 have been modelled in GaBi using processes from its database (e.g. the 
inventory for the copper production is based on a process available in GaBi, representative for 
manufacturing of copper sheets). However, due to the complexity of the inventory not all materials are 
included in the model –  some processes are not available in the GaBi Professional Database. The 
materials omitted are highlighted in the table 3 using orange color. However, since the share of those 
materials is relatively small, it is assumed that the omission does not impact the results significantly. 
The highest shares in the material inventory belong to steel and water, the sum of all omitted materials 
constitutes less than 1%. From the table 2, the production of potassium hydroxide is excluded. Verifying 
its impact on the results, as presented in the [16], its omission is acceptable since energy input for 
electrolysis followed by raw materials for electrolyser manufacturing and water for electrolysis 
dominate the impact from the technology on all environmental categories. 

Production phase of the equipment and machinery for Haber-Bosch processes are outside the system 
boundaries. Omission of infrastructure is however a common approach when analyzing the plants for 
which the emissions occur mostly during its operation, as explained in the [17] (it is caused by the fact 
that throughout the lifetime of a technology the relevance of infrastructure decreases as for each year 
the plant operates for a certain number of hours at some capacity generating emissions, whereas the 
construction of infrastructure is performed single time). As a consequence, the infrastructure for Haber-
Bosch process is not included for the processes representing grey and blue ammonia production and in 
order for the analysis to be consistent, it can be placed outside the system boundaries for the green 
ammonia pathway as well. If the environmental impact generated due to the production and construction 
of infrastructure for Haber-Bosch process would be included in the models, the obtained values for each 
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technology would be higher by the same difference as the Haber-Bosch process is the same for all of 
the technologies. Therefore, the omission of the infrastructure does not impact the conclusions based on 
the results at all, as the primary goal of the analysis is to compare the technologies and obtain the 
differences between these technologies rather than the absolute values.  

4 Impact categories 

 The environmental impact of the technologies described in previous sections is assessed through 
three midpoint categories of selected from ReCiPe 2016 v1.1 method:  

 Climate change – measure of climate change caused by the emission of greenhouse gases that 
affect radiative forcing capacity of Earth causing an increase in global mean temperature. 

 Fossil depletion – measure of the reduction in future availability of fossil fuels caused by 
exploitation of these fuels in regard to the unit of product (production of 1 MJ of ammonia in 
this case). 

 Freshwater consumption –   measure of water exploitation referred to evaporation, incorporation 
into products and by-products or disposed to sea causing the loss in availability of freshwater 
for ecosystems. 

 

The ReCiPe 2016 method allows to distinguish between three main perspectives which group similar 
types of assumptions: individualistic, hierarchist and egalitarian. The impact categories considered in 
this paper utilize the hierarchist perspective which assumes the timeframe of impact to be 100 years is 
generally based on scientific consensus regarding the plausibility of impact mechanisms [18].   

5 Results 

The results for three ammonia production technologies are presented in the figure 2. The ammonia from 
three technologies is additionally compared to diesel fuel which has been modelled in the same way as 
grey and blue ammonia pathways – the entire life cycle of diesel production has been used from the 
GaBi Professional Database. 

 

 

Figure 2: Fuel production comparison referred to 1 MJ of net calorific value 
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Comparing three methods of producing the ammonia: grey, blue and green ammonia, it is confirmed 
that the green ammonia pathway achieves the best performance in terms of climate change and fossil 
depletion, however due to its requirement for water, the freshwater consumption achieves the value 
approximately twice as high than in case of grey ammonia. In order to decrease the environmental impact 
on this category, seawater (that would require desalination thus increasing the electrical energy demand) 
could be considered as an alternative. The major contributor on the final result in case of the green 
ammonia is electricity from photovoltaic energy (around 81%), whereas the contribution from the 
electrolyser production is less than 5%. Therefore, inclusion of materials mentioned in the subsection 
3.2 is unlikely to affect the general conclusions resulting from this analysis. 

Collating the ammonia with diesel per 1 MJ of net calorific value favors the diesel. The main reason for 
that is net calorific values for these fuels – whereas for ammonia the LHV is 18.6 MJ/kg (as seen in 
table 1), the LHV for diesel fuel is 42.6 MJ/kg [19] which means that 2.3 times more ammonia per kg 
needs to be produced to match the energy contained in diesel. It indicates that the ammonia could be a 
successful solution to decarbonization providing that its use in the engine, allowing for the removal of 
emissions occurring due to the combustion of diesel in the internal combustion engine, will recover the 
environmental burden generated due to its production.  

6 Conclusions 

In general, the life cycle analyses aim at providing the insight into the consideration of the technologies 
analyzing the environmental effect caused by these technologies. This paper shows that there are several 
possibilities of producing the ammonia, each with certain characteristics, and prove the statement widely 
discussed in literature that the electrolysis with electricity from renewable sources is the best option of 
hydrogen production from the environmental perspective. Nevertheless, even renewable based ammonia 
production pathway achieves higher GHG emissions than the production of diesel. It indicates that when 
considering the ammonia as a fuel in the internal combustion engine, the emissions avoided during the 
use phase of tractor, need to compensate the emissions caused by the production cycle.  
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Abstract 

The focus of this study is to contribute toward the recycling of end-of-life wind turbine blades through 
the oxy-liquefaction technique under subcritical water conditions. Wind turbine blades have complex 
composition and it’s not an easy task to separate their components so the premise for recycling is a 
mixed waste stream where little is known about the chemical composition. The treatment of selected 
waste material is carried out at the temperature range of 250 to 350oC with starting pressure of 20 to 40 
bar. The effect of varying weight percentages of oxygen, waste to liquid ratio and residence time on the 
product composition has also been studied. BTX compounds including benzene and toluene, volatile 
fatty acids including acetic acid, and dodecanoic acid followed by palmitic acid were the major products 
of the oxy-liquefaction reaction. Dependency of total solid reduction and the acetic acid yield on various 
parameters is also verified statistically through ANOVA analysis. The high concentrations of acetic acid 
products offer opportunities for recovery and re-use if effectively managed therefore such a process can 
provide a significant commercial and environmental benefits.  

1 Introduction 

The increasing generation of plastic waste is one of the biggest environmental stressors of the early XXI 
century. Nowadays, plastics are a ubiquitous element of everyday life, with applications expanding from 
everyday life, and industry, to the military and power engineering sectors. Simultaneously, the 
Climate&Energy goals of the European Union (EU) for 2050 are summarized in the Green Deal, and 
increasing eco-awareness of modern societies favors further development of wind energy. Despite the 
well-developed technologies of plastics production, formation, and upgrading, only the simplest 
polymers i.e., polyethylene (PE), and polypropylene (PP), can be acknowledged as materials with 
appropriate recycling and utilization technologies and strategies. Much more challenging plastic waste, 
not only for recycling but for decomposition in general, are waste wind turbine blades (WTB), with 
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approaching end-of-lifetime withdrawal from exploitation blades from the early 2000s wind turbines 
installed all across Europe. One of the most dominant strategies of composite plastic waste disposal, 
such as WTB, is landfilling and storage. Deposition and migration of the microplastics into the 
environment posing a major threat to living organisms, wildlife, and human health, accelerated by the 
rapidly increasing population, improving living standards, and continuous industrial growth[1]. The first 
major wave of wind turbines with almost 14000 blades having an average life cycle of 20-25 years was 
installed in the 1990s and supplying 4.5% of total energy demand in Germany, these numbers are 1.46% 
for Poland, and 1.28% for Italy, and will expire in 2023 [2], [3]. These blades have complex polymer 
composition with outer layers of polymer matrix and reinforcement fibers mainly glass, carbon, aramid, 
epoxies, vinyl esters, and thermoplastics, the sandwich layer is made up of balsa wood and the PE is 
used for coating purposes [4]. This wide proportion of plastic waste and complex polymers is not only 
harmful to humans but also reduces soil nutrition, affecting plant growth and risk to marine life as it 
clogged the gills of fish causing breathing problems [5]. To bring the solution to this important problem 
various techniques that have already been adopted for the management of plastic waste are the  option 
but in the case of incineration material is directly burnt resulting in the addition of toxic gasses to the 
environment [6], mechanical recycling is widely dependent upon the type and mechanical properties of 
plastics [7], pyrolysis encompasses the energy-intensive pre-drying step that makes the process 
economically less favorable [8].  

On the other hand, oxy-liquefaction has a strong potential to sustainably treat the increasing 
concentration of waste with a common aim of waste to energy production. In this process, the high 
pressure (5–20 MPa) and temperature ranging from 150 to 350oC are used to oxidize the soluble organic 
and inorganic materials in the aqueous phase by air or pure oxygen to mainly produces the volatile acids 
[9], [10]. Strong hydrolysis reactions and solubility of oxygen in an aqueous solution at higher 
temperatures support the better oxidation process. Pure oxygen, compressed air, or any oxidant can be 
the source of oxygen [11]. Higher pressure is a key to keep the water in a liquid state that allows ionic 
instead of radical-driven reactions to take place at a relatively low temperature as compared to the 
requirements of oxidation in open flame combustion. In addition, water provides the medium for heat 
and mass transfer that helps to moderate the oxidation rate and reduce the excess heat by evaporation. 
Lower energy demand, minimized feed pre-treatment, and no further separation of the product make 
this technique superior to other thermal processes methods. Energy production from waste materials is 
a basic change in approach from waste treatment alone to waste treatment with energy recovery which 
is also known as the circular economy paradigm [12]. 

Oxy-liquefaction has already found its applications in various processes including a reduction in waste 
volume [13]phosphate recovery in sewage sludge plummeting the heavy metals in sludge and value 
recovery from waste [14]. However, no studies have been reported in the literature about the conversion 
of waste from wind turbine blades.  

So the objective of this research is to study the impact of the oxy-liquefaction method on the 
decomposition of the waste from WTB. The effect of temperature, initial pressure, oxidant 
concentration, and residence times on WTB structure decomposition and product composition for the 
potential of valuable resource recovery has been studied. Previously, almost no efforts have been made 
for total mass reduction and value products from this type of complex solid waste. The present study 
offered oxy-liquefaction of wind turbine waste as an emerging technique to sustainably treat waste with 
the aim of solid waste reduction and valuable product generation. Furthermore, this study helped to 
understand the effect of temperature as an important process parameter on solid reduction and volatile 
acid production during wet Oxy-liquefaction. 

2 Materials and Methods 

2.1 Materials 

Pieces of wind turbine blades are collected from ANMET company whose sole purpose is the recycling 
of waste and these pieces are cut into small chips of size 1 to 2 cm. Hydrogen peroxide is used as a 
source of oxygen during the process, with decomposition temperatures between 100 to 140 °C. Nitrogen 
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gas is used to provide the inert conditions for the reactions and maintain the required pressure in the 
reactor.  

2.2 Experimental setup 

Experiments including are performed in Parr reactor (series 4650, II, USA) having the volume of 250 
ml coupled with bench top high-temperature spiral used for heating the parr reactor and heating 
temperature, pressure is controlled by Parr 4838 temperature controller. The controller is connected to 
the laptop through parr software where the variation of temperature can be viewed while pressure is 
examined through the pressure gauge with the maximum limit of 344 Bar and 5000 Psi. 

 
Figure 1: Experimental Setup for Oxi-liquefaction experiments 

2.3 Experimental procedure 

Waste material in the form of chips is mixed with varying concentrations of the water and peroxide 
solution to make the waste/liquid ratio from 15 to 25 for various experiments. The solution is prepared 
by mixing the peroxide with water in the ratio of 15-45 following the designed experimental plan. Now 
the prepared sample is placed in the Parr reactor and the reactor is purged with Nitrogen gas to create 
an inert environment inside and generate the starting pressure of 20-40 bar. The reactor is placed in a 
benchtop spiral and heated from 250 to 350oC for specific residence time.  

After reaching the set temperature, the whole reactor will be kept for 10 minutes, and then cooling of 
the entire reactor will be initiated. After cooling down to ambient temperature the gas products will be 
collected in a sampling bag for further analysis by GC. The residue will be separated to determine the 
amount of the remaining solid fraction and the amount of the liquid fraction obtained. Both separated 
fractions will be subjected to further laboratory analysis. 
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3 Analysis 

3.1 Total solid reduction Analysis 

Total solid reduction (TSR) analysis was used to determine the amount of solid that was not solubilized 
and therefore remained in the final product mixed with an obtained liquid. A standard method 
recommended by the American Public Health Association [15] was used in this study to determine TSS. 
Each well-mixed product sample was filtered through, pre-weighed, and dried cellulose filter papers 
(pore diameter 47 mm). Distilled water was used for pre-washing and the filter paper was dried in an 
electric oven at 105oC for two hours. The increase in weight of the filter paper due to trapped solids on 
the filter paper was noted as TSS. 

3.2 BTX and volatile fatty acid analysis 

The liquid products from the oxy-liquefaction process were filtered through a PTFE syringe filter (0.45 
mm) to eliminate solid impurities. The resulting fatty acids C2-C18 were estimated qualitatively and 
quantitatively. For the quantitative determination of C2 to C18 fatty acids, corresponding mixtures of 
standard substances in chloroform were prepared at five different concentration levels (μg/ml). For each 
compound included in the standard mixture, the retention time was determined and a calibration curve 
was drawn. The main components of the liquid product were determined using a GC instrument: the 
Clarus 500 GC (PerkinElmer, USA). A DB-FAT WAX UI (Agilent Technologies, USA) capillary 
column, dimensions 30 m x 0.25 mm x 0.25 μm, was used, and the carrier gas was helium, which was 
used at a rate of 1 ml/min. Split/splitless dispenser (5:1), 240 °C. The furnace temperature program was 
set to 120 °C for 2 min, then the temperature was increased to 140 °C at a rate of 5°C/min, and next, the 
temperature was increased to 240 °C at a rate of 20°C/min (giving a run time of 22 min). 

3.3 The ANOVA analysis 

Analysis of variance (ANOVA) is used to study the impact of various parameters like temperature, 
pressure, residence time, and waste/liquid ratio on the degradation of solid material and production of 
BTX and volatile acids. Results from TSR and VFA analysis were analyzed using a one-way analysis 
of variance and constructing a correlation matrix using Statistica software. During ANOVA), analysis, 
p-values (p ¼ probability) that determine the probability of getting a result equal to or more than the 
experimental result was determined. If correlation r is significantly different from the p-value and it is 
less than 0.05 indicates that the specific parameter change has a significant effect on the quantity being 
measured. On the other hand, a p-value greater than 0.05 indicates that the parameter change does not 
have a significant effect on the quantity being measured. 

3.4 Time-dependent temperature- pressure variation 

Starting from room temperature and specific pressure the time-dependent temperature-pressure variation 
is plotted by recording the values for temperature and pressure for each five minutes interval throughout 
the reaction to identify the decomposition stage of peroxide and compare the slopes of the curve in 
various halves of reactions.  

4 Results and Discussion 

4.1 The TSR analysis 

The experiments have been performed for 300°C for varying conditions of the initial pressure, 
concentrations of peroxide, waste/liquid ratio, and residence times. TSR against the various 
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experimental conditions have been shown in Table 1 while Table 2 summarizes the minimum, average 
and maximum values of all variables against the set codes. 

Table 1: Total solid reduction against various experimental conditions 

Serial No. Temperature 

(°C ) 

Pressure 

(bar) 

H2O2 

 (wt.%) 

Residence 
Time 

(minutes) 

Waste/Liquid 
mass ratio 

Total Solid 
Reduction 

(%) 

1 0 -1 0 0 0 37.5 

2 0 1 0 0 0 34.34 

3 0 0 -1 0 0 27.34 

4 0 0 1 0 0 39 

5 0 0 0 -1 0 31 

6 0 0 0 1 0 33.16 

7 0 0 0 0 -1 47 

8 0 0 0 0 1 31.5 

9 0 0 0 0 0 34 

10 0 0 0 0 0 35 

Table 2: Minimum, average and maximum value of variables against the set codes 

 Minimum = -1 Average  = 0 Maximum = 1  

Temperaturę 

(°C ) 

250 300 350 

Pressure 

(bar) 

20 30 40 

H2O2 

 (wt.%) 

15 30 45 

Residence Time 

(minutes) 

30 60 90 

Waste/Liquid  

mass ratio 

5 15 25 

The minimum reduction in the waste material was 27.34% for the sample prepared at 300oC with starting 
pressure of 30 bar, 15% oxygen, waste/liquid ratio of 15 wt.%, and residence time of one hour. On the 
other hand, there was a 47% reduction in weight when all the other conditions were the same but the 
waste/liquid ratio was reduced to 5. The main reason is the availability of a sufficient amount of reaction 
medium that supports the oxidation and hydrolysis of waste material which results in its decomposition 
and formation of liquid and gaseous products.  
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The ANOVA analysis results of the effect of each variable on TSR are presented in Figure 2.  

 
 

 

  

Figure 2: Justification of dependency of total solid reduction on (a) pressure (b) oxygen wt% (c) 
residence time (d) waste to liquid ratio, through correlating the parameters in statistica software 

In this analysis, the mark correlations “r” are significant at p < 0.05, and out of all discussed parameters 
the correlation between TSR and waste/liquid is way below 0.05 identifying it as the most critical factor 
that will affect the TSR. These analyses are also authenticated by experimental results when TSR was 
changed from 27.35 to 47% with the change of waste/liquid ratio from 15 to 5. 

4.2 BTX and volatile fatty acids analysis 

Results obtained from GC-FID analysis of developed samples confirmed the presence of BTX 
compounds i.e. 1,2,4-trimetylobenzen, m-ethyl toluene,  toluene, and volatile fatty acids including acetic 
acid, propionic acid, butyric acid, valeric acid, hexanoic acid, dodecanoic acid, and palmitic acid. 
Results showed that in BTX compounds, 1,2,4-trimetylobenzen that appear with a larger retention time 
is highest in concentration and its maximum concentration i.e. 0.203 mg/ml is observed for the sample 
that has the maximum oxygen wt%. On the 2nd we have the toluene with a concentration of 0.143 mg/ml. 

 

 

  

(a) (b) 

(c) (d) 
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Table 3: Retention time and yield of various chemical compounds formed under different experimental 
conditions 

  Sample 1 Sample 2 Sample 3 

  Retention 
Time 

(Minutes) 

Yield 

(mg/ml) 

Retention 
Time 

(Minutes) 

Yield 

(mg/ml) 

Retention 
Time 

(Minutes) 

Yield 

(mg/ml) 

BTX        

Toluene 

 

5.20 0.143 5.179 0.039   

m-Ethyl 
toluene 

 

16.37 0.033 16.32 0.072 16.36 0.082 

1,2,4-
Trimethyl 
benzene  

17.27 0.187 17.24 0.104 17.28 0.203 

Volatile 
fatty acids 

       

Acetic 
acid 

 

3.11 0.857 3.12 0.916 3.12 1.172 

Decanoic 
acid  

13.48 0.177 13.48 0.121 13.48 0.128 

Palmitic 
acid  

18.23 0.853 18.23 0.477 18.23 0.245 

 Details of variables for each sample have been presented in Table 4. 

Table 4: Details of variables for Samples presented in Table 3 

 Sample 1 Sample 2 Sample 3 

Temperature (°C) 300 300 300 

Pressure (bar) 20 40 30 

H2O2 (wt%) 30 30 45 

Residence Time 
(minutes) 

60 60 60 

Waste/Liquid 15 15 15 

In case of volatile fatty acids, the most prominent product is acetic acid which appears at the start of the 
analysis and with a maximum concentration of 1.172 mg/ml for the sample having the 45 wt.% oxygen 
available for the reaction. This available oxygen reacts with carbon atoms of waste materials under 
partial oxidation conditions to convert them into acetic acids. The 2nd major product in the mixture is 
dodecanoic acid followed by palmitic acid, but the maximum concentration of palmitic acids appears 
for the sample produced under minimum pressure conditions.  

When statistical analyses were performed on the samples only parameters that are changing are pressure 
and wt% of H2O2. The effect of these parameters on the acetic acid yield has been shown in figure 3. 
The correlation r indicates that the changing pressure affects acetic acid yields but the value of r is higher 
than the reference p-value in the case of H2O2 wt%  but this value is only calculated between 30 and 40 
wt% for a limited number of samples. More data will help to understand the effect of changes in 
concentration of oxygen wt% on acetic acid yields. 

1135



  

Figure 3: Justification of dependency of acetic acid yield on (a) oxygen wt% and (b) pressure, through 
correlating the parameters in statistica software 

4.3 Time-dependent temperature- pressure variation 

The presence of peroxide in the solution highlights the importance of discussing time-dependent 
variation in temperature and pressure of the reaction Figure 4. 

 

Figure 4: Time-dependent temperature-pressure variation 

By plotting the pressure and temperature against the time of reaction for all the prepared samples it has 
been observed that the overall pattern of the variation is almost the same so here time-dependent 
temperature-pressure variation curve of the sample that has maximum total solid reduction is under 
discussion. By looking at figure 4 one can divide the pressure and temperature variation into 3 interval 
stages; the first interval from 0-60 minutes, 2nd from 60-100 minutes, and the third from 100-160 
minutes. During the first 60 minutes, the slope of pressure and temperature curves is much steep 
indicating the quick rise in the quantities, and this sudden rise is associated with the decomposition of 
peroxide, which is an exothermic process and results in a sharp increase in temperature, on the other 
hand, decomposition of peroxide also produces the higher amount oxygen that causes the pressure to 
rise as well. During the 2nd interval, the change of temperature is very wise but the pressure is reducing 
which indicates the fact that the oxygen produced during the first interval of reaction is now consumed 

(a) (b) 

1136



in the oxidation of waste material, and decomposition has started. In the last half of the reaction slope 
of the temperature and pressure is almost zero indicating that any decomposition of waste material 
happening is now due to the thermal degradation and hydrolysis reaction.  

5 Conclusions  

Oxy-liquefaction can effectively degrade non-recyclable wind turbine blades. During oxi-liquefaction, 
solids are reduced, BTX and volatile fatty acids can be produced and their concentration is widely 
dependent upon the temperature, pressure, weight percentages of oxygen, waste to liquid ratio, and 
residence time. Wet oxidation at 300oC with a waste/liquid ratio of 5 successfully reduced the total solid 
waste concentration by over 47%. Higher concentrations of available oxygen can result in the formation 
of acetic acid, and dodecanoic acid followed by palmitic acid with a considerable amount of benzene 
and toluene as well. So TSR is highly dependent upon the waste/liquid ratio while a higher concentration 
of oxygen can result in higher yields of BTX and volatile fatty acids and these results have been 
statistically verified by ANOVA as well. Obtained results suggest that the oxi-liquefaction technique is 
a promising method for chemical recycling the WTB for value-added products generation and studies 
can be prolonged to examine the effects of the size of WTB chips in sample preparation, co-liquefaction 
with biomass, and the use of catalysts.  
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Abstract 

Backup thermoelectric power plants connected to the Brazilian grid commonly consume energy from 
the transmission networks when in stand-by mode. This consumption is valued according to the Price 
for Settlement of Differences (PLD), calculated by the Electric Energy Commercialization Chamber 
(CCEE). This work analyses the technical-economic feasibility of applying a concentrating solar power 
(CSP) plant combined with a small organic Rankine cycle (ORC) to replace the electricity consumed 
from the transmission network for a case study located in Candeias, Bahia, Brazil. The methodology 
developed focus on the use of CSP as the main electricity source while the grid is used only when long 
periods without direct solar radiation occurs. The results indicate that the levelized cost of energy 
(LCOE) can vary between 6 and 80 ¢/kWh depending on CSP main components costs. This indicates 
that a reduction of 87% in the CAPEX is required for economic viability of proposed system, within 
scenarios whose remuneration varies in proportion to the PLD. 

1 Introduction 

Between June 2019 and October 2020, Brazil had an electrical matrix composed of about 2000 
operational generating units, totalizing approximately 170 GW of installed power in the National 
Interconnected Systems (SIN) [1], [2]. During the same period, an average of 24.8 GW of thermoelectric 
units remained on standby mode waiting to be dispatched in case of need. The consumption of electrical 
energy from the transmission network is common for these units to remain available. Electricity 
consumption in this modality is valued by the Settlement Price of Differences (PLD), calculated by the 
Electric Energy Commercialization Chamber (CCEE). The PLD indicates the monetary value of all 
electric energy that is excessively produced or consumed in the grid and is not foresee on contracts [3]. 
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The internal electrical consumption of a 300MW thermoelectric backup plant waiting to be dispatched 
may represent the second highest utilities costs just after the fuel consumption. Supplying this demand 
by using renewable sources makes the generating agent less dependent from the grid and may present a 
competitive financial return on investment, depending on the PLD and components values. 

Concentrating Solar Power plants, also known as CSP, use solar radiation as a heat source to generate 
electricity and have greater operational stability when compared to other renewable sources [4]. The 
main feature that allows such stability is the ability to store thermal energy for later use. The thermal 
storage system, also known as TES, gives these generators more robustness, which can maintain 
production during periods of reduced solar radiation, as well as during the night [4]. The proper solar 
field and TES design is of fundamental importance to guarantee greater plant autonomy without 
excessively increasing the capital required for construction (CAPEX). 

Knowing that heliothermic technologies still represent less than 0.2% of the international market for 
renewable solutions [5], more research is needed to assess the feasibility of these technologies in the 
most diverse industrial applications. There is a significant number of works that technically and 
financially evaluate the application of heliothermic plants in regions with high solar incidence in Spain, 
the United States of America, China, Africa, and the Middle East [6]–[11]. In these works, the technical 
evaluation is based on calculation of design values of the main plant parameters, such as solar field 
aperture area, TES thermal capacity, solar multiple (SM) and direct radiation, following optimization to 
reach minimum levelized cost of energy (LCOE). Agyekum et al. (2020) evaluated the technical-
economic performance of central solar tower and parabolic trough technologies at two different sites in 
Ghana (Navrongo and Tamale) using System Advisor Model (SAM) software. It was observed that the 
solar multiple (SM) that results in the lowest LCOE for the central tower varies between 1.4 and 1.9, 
and for parabolic troughs between 2.4 and 4. Aly et al. (2019) analyses the feasibility of a CSP plant in 
the Tanzania region, considering subsidy scenarios under a 7% loan interest rate. The results show 
LCOE values for mid-sized central solar tower plants between 11.6 and 12.5 ¢/kWh and for parabolic 
trough plants between 13.0 and 14.4 ¢/kWh. El Hamdani et al. (2021) simulates LCOE results of small 
CSP plants of 1 MWe in SAM, varying the parameters SM, direct solar radiation, cycle efficiency, 
efficiency of solar collectors and absorbers to use as a database for optimization by neural networks 
artificial and by response surface methodology. The results show a minimum cost of 8.74 ¢/kWh in the 
city of Tata. The optimum plant design is 1.94 for the solar multiple, 20.88% for the cycle efficiency, 
86.73% for the mirror efficiency, and 85.37% for the absorber efficiency. 

Most of the works reviewed in the literature focus on optimizing CSP solutions to achieve lower LCOE 
considering the current costs of the technology regardless the plant's capacity factor or specific demand 
as a target. This makes such plants significant variable in terms of power production to the grid. This 
work presents a methodology to design CSP plants focusing on maximize electricity demand supply 
(large capacity factors) and indicating the equipment costs needed for project viability. 

2 Proposed system 

The heliothermic plant proposed is composed of a solar field of parabolic troughs, a two-tanks direct 
thermal storage system associated with a power block, as illustrated in Figure 1.  

The solar field has a solar tracking system and uses thermal oil (DowTherm-A) as a heat transfer fluid. 
The tanks are constructed of carbon steel sheets and thermally insulated with calcium silicate. The power 
block (PB) is composed of an organic Rankine cycle (ORC) that can be sub- or supercritical and have a 
recuperator or not, depending on an internal optimization used to create the surrogate model applied in 
this work. The location of the backup thermoelectric plant under evaluation is Candeias city (−12.73 N, 
−38.48 L) located in Bahia, Brazil. 
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Figure 1: Proposed model of a heliothermic plant. 

The parabolic trough technology was chosen because it is the most widespread on the market. Its main 
advantages are associated with the easiness of expanding the solar field using the same unit type and the 
easiness of tracking the sun in two dimensions [12]. The choice for the direct heat transfer system 
between the solar field and the storage system is related to the relatively low operation temperatures and 
with a smaller number of heat exchangers. 

The electricity demand comes from electrical heaters operation, equipment used in conservation routines 
(such as running pumps, radiators, fans, etc.) and administrative areas consumption. The calculation of 
the ORC nominal electrical power is carried out to meet the internal consumption peaks (1.25 MW). 

3 Methodology 

In the solar field modelling, SkyFuel SkyTrough solar collectors with 80mm receiver and 2008 Schott 
PTR70 Vacuum absorbers models were considered. The tank thermal insulation thickness is calculated 
according to the economic thickness criteria of Petrobras' N-550 standard [13]. Due to the high computer 
burden to calculate the heat transfer from tanks, a surrogate model was used to estimate the TES thermal 
losses as function of ambient temperature, tank dimension, heat transfer fluid (HTF) level and 
temperature [14]. The surrogate models use computational tools to approximate results of complex 
functions based on input data [15]. The power block was also modelled using a surrogate approach; 22 
ORC models are imported to choose the most efficient option during the plant designing routine. The 
models represent different combinations of working fluids and configuration: (i) basic ORC; (ii) Basic 
ORC with heat-recover system; (iii) supercritical ORC; and (iv) supercritical ORC with heat-recover 
system. The working fluids considered are Ammonia1, D4, R134A, R245FA, R1233ZDE and SES36, 
as these are the most used commercially. The ORC inputs are heat supply inlet and outlet temperatures 
and heat transfer rate, whereas the outputs are the power block efficiency and unit cost, optimized for 
the given inputs [14]. The models were calculated for temperatures between 60 and 350ºC and transfer 
rate between 100 and 50,000 kWt. All calculations were developed in MATLAB®. General 
assumptions: 

 Mass and energy balances were calculated considering a sequence of steady states obtained for 
each hour. 

 Kinetic and potential energy variation are neglected. 
 Thermal losses are disregarded except for tanks, collectors, and power block. 

                                                      
1 Only applied to basic ORC and basic ORC with heat-recover system configurations. 
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3.1 Designing the heliothermic plant for a typical day 

The main design parameters adopted to determine the size of the heliothermic plant are the solar field 
aperture area (ACS) and the TES thermal capacity (CT). Figure 2 illustrates the methodology used to 
calculate these parameters. 

For each aperture area iteration (Ai
CS), the solar field absorbed heat in each hour (Qh

CS) and the total heat 
transferred to the power block (Qtransf_PB) are calculated. Knowing the size of the solar field, the electrical 
demand (input), and the ORC efficiency (calculated using operational temperature and maximum heat 
absorbed by the solar field), it is possible to estimate the parasitic losses of the plant and calculate the 
total heat needed to be transferred to the PB in loop. The difference between the total heat required by 
the power block and total heat supplied by the solar field determines the power supplied from or stored 
in the TES, depending on the intensity of direct radiation each hour. The total energy supplied and 
absorbed at the end of the day to maintain the power generation will determine the thermal capacity and 
the tanks size needed to sustain the cycle.  The hourly records of direct radiation and ambient 
temperature of the typical day in Candeias were taken from the NSRDB (National Solar Radiation 
Database). 

3.2 Designing for periods longer than the typical day 

The methodology described in Figure 2 may not converge in cases of periods longer than one day. In 
these cases, the proposal is to calculate ACS and CT values for each day of the evaluated period (days, 
weeks, or years). The final ACS value is calculated in m2 as an annual average of daily optimized results 
according to equation (1). 

𝐴 =
∑ ∑ (𝑄 _ + 𝑄 )

∑ ∑ 𝜂 ∙ 𝐼
 (1) 

ηh
CS  solar field efficiency in each hour, 

Ih
dir  hourly direct radiation, W/m2, 

Qh
transf_PB 

 
hourly heat transferred to PB, kW, 

Qh
losses

 
hourly heat lost by the tanks, kW, 

 

The final value for tank capacity, CTdim, is obtained by minimizing the differences between daily and 
annual values, i.e. (CTd - CTdim)2 as illustrated in Figure 3. 

For days in which there is no convergence, the respective ACS and CT values are purged. For these days, 
the final values of ACS and CTdim may result in a heliothermic plant configuration that does not meet 
100% of the electricity demand and grid electricity must be used instead. 

3.3 Operational and financial simulation 

The model uses the same theoretical bases used by SAM [16], incorporating the TES thermal loss 
surrogate model and power block (ORC) outputs [14]. The simulations were carried out using the entire 
period of climatic data obtained for Candeias, from 1998 to 2020, totaling 23 years, as it is understood 
that this period can satisfactorily represent the climatic behaviors in the region. The energy generated is 
expressed as annual averages. Then, the model calculates the financial results for the project lifetime 
based on the unit costs of each component and the discount rate chosen. Table 1 indicates the main costs 
and rates adopted in this work [17]. 
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Figure 2: Methodology for designing the solar field area and heat capacity for a typical day. 

 

Figure 3: Graphical representation of the CTdim value to minimize the difference (CTd - CTdim). 

Table 1: Unit costs adopted for the composition of Project CAPEX and OPEX. 

CAPEX 

Site 
Improvements 

Costs 
[US$/m2] 2 

Solar Field Costs 
[US$/m2] 

Heat Transfer 
Fluid Costs 
[US$/m2] 

TES Costs 
[US$/kWh] 

Contingency 
Percentage 

EPC Percentage 
Costs 

10 150 60 62 7% 11% 
OPEX 

Fixed Yearly O&M 
costs 

[US$/kW] 

Variable O&M costs 
[US$/MWh] 

Insurance percentage 
Costs 

Project Lifetime Discount rate 

66 4 0.5% 15 14% per year 

The project remuneration is given by the avoided cost related to the electric energy that would be 
consumed from transmission network, valued at PLD. All values are expressed in US dollars (US$) for 
comparison purposes. Figure 4 shows the profile of the PLD annual averages in the Northeast region of 
Brazil considering the average quotations of the US dollar between 2001 and 2020. The average 
expected remuneration for the period of the projected lifetime is also shown (0.0617 US$/ kWh). The 
feasibility of the project is assessed by calculating the LCOE and the internal rate of return (IRR). 

                                                      
2 Estimated average value for site improvements in Candeias-Ba, considering the facilities already installed at 
the industrial unit. Dollar exchange rate from December 2020. 
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Finally, a sensitivity analysis of these results is performed by linearly and combinatorically varying the 
unit costs of the solar field, TES, thermal fluid, and O&M costs. 

 
Figure 4: Profile of PLD annual averages in Brazil’s northeast region expressed in US dollars. 

4 Results 

The result of the designing the heliothermic plant based on Candeias' typical day for minimum and 
maximum operating temperatures of 256 and 350ºC, respectively, was an ACS of 50224 m2 and CT of 
132 MWht. For the same configuration, but considering the typical year, generates an ACS of 69289 m2 
and CT of 129 MWht. Using the total period from 1998 to 2020 (23 years) the ACS was 67638 m2 and 
CT was 132 MWht. The percentage of annual electrical demand supply was 91.33% for the 23 years-
period design (i.e., only 8,67% of electricity was bought from the grid), with Solar Multiple of 3.67, FC 
of 55.37% and LCOE of 0.7992 US$/kWh. These results indicate satisfactory electricity supply to 
demand and relatively higher capacity factor comparing to optimization evaluated in the literature (i.e., 
33.3% in 100 MW Parabolic Trough CSP plant in Tanzania [10] or 24.1% in similar plant in Navrongo, 
Ghana [9]). 

The lowest LCOE (0.7811 US$/kWh) was obtained for the typical day approach which generated the 
smallest plant, suggesting that, with the increase of ACS and CT, the total costs of the enterprise were 
more relevant than the increase in generation capacity. All operating and financial results are shown in 
Table 2. 

Table 2: Operational and financial results for each heliothermic plant design simulated based on 
climate data from Candeias between 1998 and 2020. 

Design base 
ACS  
[m2] 

CT 
[MWh] 

SM 
PB 

Efficiency 
PB 

Gross 
Power 

PPB 
[kW] 

Annual Net 
Energy 
[kWh] 

LCOE 
[US$/kWh] 

FC 
%Electrical 

Energy Demand 
Supplied 

Typical Day 50224 132 3.00 10.64% 1276 5.27E+06 0.7811 49.12% 78.80% 
Typical Year 69289 129 3.72 9.82% 1307 6.09E+06 0.8077 55.19% 91.07% 

Full climate data3 67638 132 3.67 9.90% 1306 6.10E+06 0.7992 55.37% 91.33% 

Focusing on the configuration based on 23 years-period, the Table 3 alongside with Table 4 show the 
results of the LCOE sensitivity analysis, in which the set number represents a combination of unit cost 
values. For the PLD values indicated in Figure 4, it was only possible to obtain project feasibility with 
set #1 and solar field unit cost value from 1 US$/m2, resulting in an LCOE of 0.0599 US$/kWh and 
payback of 14.5 years. The IRR for the set of unit costs were evaluated, as shown in Table 5, in which 

                                                      
3 From 1998 to 2020 (23 years). 
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the highest value was 14.4% (discount rate of 14% per year). This scenario represents a challenge 
compared to world averages of 0.18 US$/kWh for the same type of plant [18]. 

5 Conclusion 

A technical-economic feasibility study was carried out to evaluate the use of a heliothermic plant to 
supply electricity to a backup thermoelectric plant in stand-by operation located in Candeias, Bahia. The 
methodology used considers the calculation of the solar field aperture area and the TES thermal capacity 
necessary for constant power generation to maximum supply a specific electricity demand.  

The financial analysis showed that the plant would have an LCOE of 0.7992 US$/kWh in 15 years of 
the project's lifetime, at a discount rate of 14% per year, using the average unit costs adopted by the 
NREL [17] which is significantly higher than local PLD average. It was possible to observe that the 
viability of the project would be reached only in cases with unit costs of the solar field, TES, thermal 
fluid, and O&M less than or equal to 1 US$/m2, 1 US$/kWh, 1 US$/m2, 1 US$/kW and 1 US$/MWh, 
respectively. The LCOE in this case would be 0.0599 US$/kWh and a payback of 14.5 years would be 
obtained. The analysis suggests that applications like this will only be viable with the drastic reduction 
of CAPEX and OPEX or for a scenario of higher PLD. 

Table 3: Set of unit costs of the main CSP 
components. 

 

Table 4: LCOE variation as a function of unit 
costs. 
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Table 5: IRR variation as a function of unit costs. 
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Abstract 

The paper presents an emergy analysis of the poultry farm regarding shifting energy sources from 
fossil fuels to biomass generated onsite in broilers and hen eggs rearing systems. It has been found that 
the manure produced on the farm has sufficient energy potential to replace the currently used energy 
carriers, both for heating and electricity supply. The analysis assumed that the manure-based 
production of electricity will be carried out with electricity generation efficiency of 0.18. Replacing 
the currently used conventional energy resources with chicken manure will increase the emission 
charges. However, implementation of low-emission combustion techniques can help with reducing the 
emissions. Emergy analysis showed that for the conventional energy mix used in the farm, the 
Renewability Index (REN) is 0.5797, the Environmental Loading Ratio (ELR) is 171.49 and the 
Emergy Yield Ratio (EYR) has a value of about 1. If energy carriers are replaced by chicken manure, 
the REN may increase by 6.19% and the ELR may decrease by 6.11%. These relatively small changes 
should be considered in the context of the large scale of chicken production in Poland. 

1 Introduction 

Modern poultry farming should be focused on providing high quality food products in accordance with 
the principles of sustainable development as a combination of the economic, social and environmental 
aspects. In fact, poultry industrial-scale production, including chicken farming, is based on providing 
inexpensive items for consumers whilst maximizing profit for producers. This is accompanied by 
optimization of the environmental costs of livestock operations, enforced by increasing restrictions to 
reduce on limiting pollution and waste loads of the production [1]. 

The issue of sustainable chicken livestock farming is important given the successively increasing 
trends of the global consumption and production of hen eggs and poultry meet in last decade. Poultry 
farming in the world, including Europe, is constantly growing. For instance, Poland, the leading 
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European poultry producer, has a chicken population estimated at over 176 million, corresponding to a 
volume of chicken manure of around 4.49 million tons per year. European Union (EU) produced about 
7 million tonnes of chicken meat in 2010, while in 2020 it was already 11 million tons [2]. The 
growing scale of production contributes to higher profitability, but at the same time it increases the 
hazard to the natural environment leading to its degradation [3]. 

Due to the considerable concentration of birds in chicken farms, the problem of identifying and 
reducing the negative effect of chicken production on the environment is becoming increasingly 
important. The relations between the environment and production should be discussed from two points 
of view. The first is associated with the consumption of resources (both renewable and non-
renewable), both directly from nature and purchased. The second aspect is related to the generation of 
pollution and dangers to the environment: sewage, waste, odours, noise as well as spread of animal 
diseases. 

The specific stages of farm operation lead to the consumption of considerable amounts of resources, 
both renewable and non-renewable ones, among which energy carriers are a significant item.  The 
level of energy consumption depends on the climate zone and the type and technical condition of farm 
equipment. Energy consumption on chicken farms is mainly related to heating, ventilation and 
lighting, energy use for distribution, forage preparation, egg collection and sorting, as can be seen in 
Table 1. 

Table 1: Levels of daily energy consumption of typical activities on chicken farms in Italy [4] 

Activity 
Estimated energy use 
Unit Broilers Laying hens 

Local heating Wh/bird/day 13–20 - 
Feeding Wh/bird/day 0.4-0.6 0.5-0.8 
Ventilation Wh/bird/day 0.10–0.14 0.13–0.45 
Lighting Wh/bird/day - 0.15–0.40 
Egg preservation Wh/egg/day - 0.30–0.35 

As reported in [4], electricity consumption on chicken farms depends on the intensity of rearing. 
Annual average electricity consumption for broiler production in France is determined to be in the 
range from 9.4 to 20.3 kWh/m2 of the broiler house surface. According to [4], chicken house 
ventilation and lighting are the dominant items, responsible for respectively 48.1% and 32.5% of total 
electricity consumption. 

There are many environmental issues related to poultry production, however the most serious 
inconvenience is caused by generation of huge amount of chicken manure. The quantity of manure 
excreted depends on the feed consumption, its quality, water, the age of the birds and their 
productivity. In general, the amount of poultry produced by laying hens may vary from 100 to 150 
g/day/bird, and in the case of broilers, from 50–160 g/day/bird [5,6]. In Poland which is a leading 
poultry producer in Europe, the volume of chicken manure was assessed as 4.49 million tons per year 
[7,8]. Another environmental problem of chicken production is bird losses that generate a fairly large 
amount up to several percent of total waste from big-scale chicken farms.  

Nowadays in Poland chicken manure is mainly used as a mineral fertilizer or a substrate for mushroom 
farming. Using huge amount of chicken manure as an organic fertilizer results in environmental 
degradation due to over-fertilization and atmospheric emissions of hazardous substances such as dust 
or ammonia NH3. Since ammonia emissions generated during chicken manure land spreading is 
several dozen times greater than emissions from combustion, it is worth considering alternative 
poultry manure treatment: directly on the farm and in line with a sustainable approach to 
environmental protection [7]. One of the solutions for sustainable chicken manure treatment is using it 
for generation of useful energy such as heat or electricity. Due to its unstable and unique 
physicochemical properties, energy applications based on chicken manure is still not common and 
rather rarely used. The spectrum of technologies that in this case can be applied is very wide, however 
the most technologically advanced are the processes of combustion and co-combustion of chicken 
manure. Regardless of the technology considered, the use of chicken manure for efficient energy 
production requires that the substrate is properly prepared for the process, at least by drying. 
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Alternative use of chicken manure should always be subject to detailed environmental and economic 
analysis. 

One method to assess the environmental impact of production is emergy analysis [9]. The emergy 
analysis and the calculation of emergy indicators are mainly aimed at determining the degree of 
environmental usage in a given activity and its environmental sustainability. Emergetic calculation as 
well as the emergetic monetary equivalent can be applied to practically any kind of production. 
Emergy approach is the most commonly used in the analysis of agricultural production, mainly crop 
production but also livestock production or in the assessment of the environmental impact of fish 
farming [10]. This method is also used to evaluate various types of restoration activities for greenfield 
restoration. This is due to the fact that in agricultural production and farming activities, the degree of 
environmental use is relatively high. Then, the emergy indices are a good measure to compare the 
degree of environmental pressure across different types of production, including both: conventional 
and environmentally friendly. 

In the literature emergy analysis of breeding and production of poultry meat and eggs can be found, 
however they mostly concern small-scale farms. In [11], two organic poultry rearing systems in China 
were compared: a family-operated farm with a population of 100 birds and a farm of 2,000 chickens 
with orchard-based free-range system. Presented results show that the emergy yield ratio (EYR) of 
both cases were close to unity, respectively 1.10 and 1.11, which means that there is almost no 
additional use of local resources. In turn, it was noted that the environmental loading ratio (ELR) was 
more variable between the two systems, concluding that the family-operated organic rearing system 
(ELR = 3.10) exerts less pressure on the environment compared to the orchard-based field rearing 
system (ELR = 3.44).  These breeding systems were compared with two Italian ones, an organic 
system with 1,000 free-range birds and a conventional system with 15,600 chickens detailed in [12]. 
For the conventional Italian system, the emergy-based indicators were EYR = 1.19 and ELR = 5.21, 
while for the organic system they were determined to be 1.51 and 2.04, respectively. Of the systems 
analyzed, the Italian organic grassland-based rearing system was found to be the most beneficial in 
terms of environmental load and overall sustainability. The system was considered as the closed to the 
real practise of organic production, because of more efficient local resources usage. 

In [13] a partial-organic duck farm with a stocking rate of 12,500 ducks was analyzed. The highest 
energy consumption was associated with purchased feed and service. Production was characterized by 
emergy indicators of EYR of 1.01 and ELR of 8.85. It has been also observed that good economic 
performance obtained by the scale effect, intensity and efficiency of production, is not in a sustainable 
pattern. The paper [14] presents emergy analysis of egg production referred to 100 laying hens per 
year. The analysis determines the emergy demand of production inputs, the total energy consumption 
per unit of the product and solar convertibility. The energy consumption of layer houses was evaluated 
as 3.99E+20 in sej/ha/yr, however no additional emergy indicators were specified. Performed 
literature research has shown, that there is a lack of detailed emergy analyses performed for intensive 
poultry farming, with several hundred thousand birds per year. These farms, under European 
conditions, are both primary suppliers of poultry meat and eggs to the market and make intensive use 
of environmental resources.  

The aim of this paper is to perform the emergy analysis for large-scale chicken farm and to determine 
the use of emergy in particular components of production. Another objective of the analysis is to 
determine the potential for reducing production pressure on the environment due to changes in the 
energy management of the plant by replacing the current energy carriers based on fossil fuels with 
energy generated from dried chicken manure produced directly on the farm. 

2 Materials and methods 

2.1 System description 

The input data for the research was taken from a chicken farm located in the south-western Poland, in 
the Opolskie province. The analysed farm is a producer of broilers for meat and laying hens reared for 
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eggs. Unproductive hens are also used for meat production. The farm consists of 14 henhouses, each 
with an area of 860 m2. It forms an assembly with two houses joined by a connector building Figure 1.  

 

Figure 1: Structure diagram of poultry farm system 

Laying hens are kept in seven houses (1 to 5, 13, 14). Buildings 1 to 5 are equipped with a multi-tier 
battery-cage system and are not heated. Stocking density of laying hens in cage system varies from 20 
to 23 thousand birds. The houses labelled as 13 and 14 contain 12,500 laying hens each and are 
operated as non-cage free range system of total area of 2.4 ha. They are equipped with a multi-level 
system of nest boxes and roosting perches. They have no heating installation. There are small amounts 
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of sawdust applied as the litter in these building. Additionally, the farm has two henhouses for 
hatching chickens (houses no. 11 and 12). Both of them are for 24 thousand birds and contain a system 
of floor and litter breeding. In the broiler houses (6 to 10) a conventional litter system is used. Each 
house is designed for 15,000 chickens in a single cycle. 

All poultry houses have systems applied for automatic feeding and watering. All poultry houses are 
also equipped with ventilation systems with air inlets integrated with roof and wall fans. Henhouses 
are equipped with automatic removing manure facility. The manure mixed with litter in broiler houses 
is removed manually with backhoe loader. Broiler houses are heated with open combustion heaters 
supplied with heating oil. Hatching housing are heated by coal-fired water boilers. The auxiliary 
infrastructure of the farm are: drain-less tank for domestic sewage, machinery room, straw warehouse, 
garage, packaging warehouse, waste disposal warehouse, water well, hydrophone, utility rooms and 
office and staff facilities. The analysed farm employs 18 people, including 10 people related to the 
operation of poultry houses. 

The production of broilers and the rearing of laying hens begins with the purchase of day-old chickens 
from hatchery. Chicks for broilers are then placed directly to broiler houses for 42 days rearing cycle 
(six consecutive production cycles per year) until they reach a final weight of about 2.4 kg. There is a 
disinfection break after each cycle. The slaughter of the broilers takes place outside the farm. In case 
of laying hens, chicks are kept in laying hens rearing houses for about 16 weeks. Two full chick 
rearing production cycles take place during the year. After that period they are moved to laying hens 
houses where they stay for about 62 weeks. The eggs produced in laying hens houses are collected on 
a conveyor belt and delivered to warehouses. After the end of the cycle and liquidation of the flock, a 
technical break follows, during which the remaining manure, remains of feeder other after production 
wastes are removed. Chosen production data of the farm are presented in Table 2. 

Table 2: Production data of the analyzed chicken farm 

Item Unit Production data 
Rearing cycles volumes:   
- broilers/cycle/house thousand/cycle/house 15 
- laying hens/cycle/house thousand/cycle/house 22-24; 20; 12.5a 
Total number of birds per year:   
- broiler thousand 45 
- laying hens thousand 131 
Henhouse area: m2 860 
Birds density:   
- broiler bird/m2/cycle 17.4 
- laying hens – cage system bird/m2 9 
- laying hens – free range system bird/m2 0.075 
Production:   
- average broiler weight – end of cycle kg 2.4 
- broiler meat tons/year 1080 
- hens meat tons/year 275 
- average eggs number/laying hen total/year 215 
- average annual mortality rate % 3.5 
Feed consumption rate:   
- broiler chickens g/bird/day 60 
- broilers g/bird/day 119 
- laying hens chickens g/bird/day 60 
- laying hens g/bird/day 112 
Chicken manure production: Mg/year 8,074 
Electricity consumption: kWh/year 850,000 
- heating oil kg/year 52,370 
- coal kg/year 84,100 

 a free-range houses 
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In the analyzed farm the total volume of chicken manure produced annually is around 8,074 Mg, 
mostly generated from laying hens systems. Energy consumption profile is changing in time, both 
during the day and particular seasons of the year. Electricity is used for ventilating poultry houses, 
lighting, feeding systems, watering, removing manure, and collection of the eggs. The chosen 
electricity demand data is presented in Table 2. The total electricity consumption is 865,000 kWh, 
which gives the mean unitary consumption of 11.72 Wh/bird/day (regarding all birds on the farm). 

Heat demand of the farm is changing according to the breeding cycle and the season. In the 
investigated poultry production, the annual demand for thermal energy in fuel (coal and heating oil) to 
heat hen houses is 4.25E+06 MJ. Five broiler houses are heated with fuel oil using six heaters with a 
capacity of 80 kW, five of 100 kW and four of 160 kW. The annual oil fuel demand is 52,370 kg. 
There are also four coal-fired boilers installed on the farm: three 160 kW boilers and one 140 kW 
boiler. Only two henhouses for laying chicks are heated with coal, and the consumption is 84,100 kg 
per year. 

The total demand of the farm for chemical energy of both for power and heat is equal to 13,829 
GJ/year, assuming efficiency of heat production from oil as 0.85, efficiency of heat production from 
coal as 0.75 and electricity production in conventional power plant as 0.35. 

2.2 Problem formulation and methods 

One of the ways of reducing the impact of the analyzed production on the environment is associated 
with the limitation or complete substitution the heating of poultry houses with the non-renewable 
fuels, i.e. coal and heating oil by other measures. Such possibility is feasible as a result of the 
valorization of pre-dried or dried chicken manure, which can be used as fuel. This possibility has been 
reported in a number of studies [15,16,17]. In the analysis conducted within the presented research, the  
substitution of fossil fuels was based on two alternatives of transition: using dried manure only for 
heat generation in a fluidized boiler (alternative B) or using dried manure for heat and electricity in 
Organic Rankin Cycle system (alternative C). The current, only fossil-fuel-based energy system is 
described as alternative A. 

2.3 Energy potential of proposed poultry manure valorization 

The amount of energy Ed used for water evaporation from manure depends on dryer efficiency 
resulting from specific heat and electricity demands of drying process, as shown in Eq.(1).: 

 

𝐸 = 𝐵 (𝑞 + 𝑒) (1) 

where: 
 
𝐵   the amount of evaporated water, (kg), 
𝑞 specific heat demand for drying, 0.9 kWh/kg of evaporated water, 
𝑒

 
specific electricity demand for drying, 0.08 kWh/kg of evaporated water.  

 

Within the applied approach, the energy 𝑞  needed to remove 1 kg of water from the raw manure, 
related to energy of the fuel used for heat and electricity generation, was derived from the Eq.(2):  

 

𝑞 =

⎩
⎨

⎧
𝑞

𝜂 ,
+

𝑒

𝜂 ,
                      𝑖𝑓          manure is used for heat generation 

𝑞

𝜂 ,
+

𝑒

𝜂 ,
     𝑖𝑓    manure is used for heat and electricity generation

 (2) 

where: 

𝜂 ,   thermal efficiency of the boiler fuelled with manure, 𝜂 , = 0.80 
𝜂 ,   electrical efficiency of system power plant, 𝜂 , = 0.40 
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𝜂 ,   thermal efficiency of ORC unit fuelled with manure, 𝜂 , = 0.70 
𝜂 ,   electrical efficiency of ORC unit fuelled with manure, 𝜂 , = 0.18 
 

For the assumed values of specific energy demand as well as efficiency of energy conversion, the total 
energy needed to remove 1 kg of water from the raw manure is equal to: 1.33 kWh for alternative B 
and 1.73 kWh for alternative C. 

The humidity of the fresh weight of chicken manure is in the range of 50–70%, and its calorific value 
in this condition is low, from 2 to 6 MJ per kg of fresh manure. These values depend mainly on the 
rearing system (cage, litter, free range) and on the degree of manure dryness before it is removed from 
the poultry house [7]. 

On the basis of the analysis, moisture content in the raw manure can be assumed as 71%. It can also be 
assumed that the manure is dried (outside the poultry house) to a moisture level of 35% of its weight. 
Through this process, its calorific value increases to about 8 MJ/kg of manure. The amount of manure 
after drying is derived from the formula Eq.(3): 

 

𝐵 = 𝐵 1 − 𝑥 + 𝑥
1 − 𝑥

1 − 𝑥
 (3) 

 

Considering the initial moisture content xb = 0.71 and the final content xf  = 0.35, an amount of BMf = 
3,590 Mg of fuel with theoretical energy potential of 28,720 MJ is obtained. 

In the energy balance of poultry houses, we need to take into account the generated by the birds. In 
accordance with the literature data, the thermal power generated during the poultry - the demand in the 
rearing process is 12.12 W per broiler [18]. Other reports contains data in the range from 1 to 17.1 
W/broiler depending on the bird’s age [19]. 

Under the assumption of the mean annual heat flux generated by a hen at the level of 10W, the total 
energy output generated by poultry per year under the conditions of the analyzed production is about 
63E+06 MJ. This means significant amounts of heat, requiring intensive ventilation, in particular in 
summer. In the period of scorching heat, it is also recommended to cool the circulating air. The output 
of large amounts of heat accompanying the process of ventilating henhouses with air at a temperature 
of about 20 oC and a humidity of 40–60%, offers the potential for the application of the air stream for 
dry manure. There are existing technical solutions that apply air derived from ventilating poultry 
houses in the process of drying manure. As it is declared, they are able to dry all the manure removed 
from the poultry houses on an ongoing basis, to a moisture level of 20%. Having the opportunity to 
dry the manure, the energy obtained in the dry manure can be estimated at 28.7E+08 MJ. 
Theoretically, it makes it possible to cover the energy needs of the analyzed production. In this 
process, the technical solution described in [7] can find application, which applies a fluidized boiler 
or/and Organic Rankin Cycle system. A separate issue is associated with the economic aspects of the 
investment that need to be undertaken to modernize the energy management system in the farm. 

Similar to [7] and assuming energy generation efficiency for alternative C (applying ORC system), the 
total demand for energy both for power and heat is equal to 2.18E+08 GJ/year (including coal and fuel 
oil and replacement of liquid fuel with solid fuel). 

2.4 Environmental fees 

Any economic activity related to rearing poultry is associated with a negative impact on the 
environment, in particular with the emission of large amounts of pollutions discharged into water 
along with energy, soil and air use [20]. Therefore, the operation of a poultry farm requires is related 
with taxes that need to be paid for the use of the environment. In the analyzed example of a medium-
sized industrial poultry farm, environmental fees are incurred in relation to the size and system of 
poultry rearing, water use and wastewater discharge, waste production and the emission of gases and 
particulate matter into the air. The use of poultry manure as fuel to meet the energy needs of the farm 
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can substantially affect two of the components of the above mentioned fees, i.e. one related to the 
poultry farming system and the other related to the amount of pollutants introduced into the air. 

Currently, laying hens are reared in a cage system and includes a conveyor belt for excrement 
removal, while chicken broilers are reared in a cage-free system on litter. Taking into account the 
number of poultry on the farm and the applicable fee rates, the environmental fees [35] for the systems 
mentioned are currently equal to: 2,427.96 USD for laying hens, and 1,454.84 USD for broilers. The 
implementation of the investment resulting in a system capable of combustion of chicken manure 
directly on the farm requires pre-drying of this fuel prior to its use in combustion chamber of a boiler. 
The introduction of mechanical drying of manure will reduce the environmental fee for broiler 
breeding to the amount of 676.18 USD. The national law does not include provisions providing the 
reduction of the fee for the cage system of laying hens, in which mechanical drying of manure has 
been implemented. 

Fee rates related to the emission of gases and particle into the air are based on the emission levels of 
installations responsible for releasing pollutants into the air from fuel combustion. On the farm, these 
are coal-fired and fuel oil-fired boilers. Environmental fees for the introduction of pollutants into the 
air can be calculated in the form of a flat rate or according to the type of pollutant emission [35]. In the 
case of the flat fee, the amount of fuel burned and the fee index are taken into account, and the total 
fee for the emission of toxicants into the air from the analyzed project is 766.03 USD. In the case of 
calculating the environmental fee rates relating to the type of pollutant emission, the following factors 
taken into account: type, quantity and composition of fuel, emission factors according to the National 
Emission Inventory Database multiplied by applicable rates. The Table 3 contains a summary of the 
ratios and calculation results for coal and fuel oil. 

Table 3: Environmental charges related to coal and oil combustion on the farm 

Pollutant 
Fee rate 
[35] 

Coal 
emission 
index [21] 

Environmental 
fee 

Oil 
emission 
index [21] 

Environmental 
fee 

USD/kg g/Mg USD g/m3 USD 
Sulphur dioxide, SO2 0.14 12.8a 152.17 0.0017c 0.01 
Nitrogen dioxide, NO2 0.14 3.2 38.04 2 17.63 
Carbon monoxide, CO 0.029 10 24.22 0.57 1.02 
Carbon dioxide, CO2 0.076d 2130 14.07 2700 13.22 
Particulate matter, TSP 0.092 24b 190.22 0.34 2.00 
Soot, BC 0.385 0.24 7.93 0 0.00 
Benzo/a/pyrene, BaP 99.832 0.0032 27.40 0.00026 1.65 

 a sulphur content in coal 0.8% 

 b soot content in coal 12% 

 c sulphur content in oil 0.1 mg/kg 

 d USD/Mg 

The second method of calculating the environmental fee (and a more accurate one) usually gives lower 
fees, in this case it is equal to the rough amount of 489.58 USD and the lower one will be taken into 
account for the needs of emergy analysis. This method was also used to calculate the environmental 
fee for the introduction of gases and particle pollutants into the air as a result of the substitution of 
both fossil fuels with biomass in the form of chicken manure. 

Emission factors for the combustion of poultry manure are not published, however, Commission 
Regulation (EU) 592/2014 provides emission limits values of sulphur dioxide (50 mg/Nm3) nitrogen 
oxides as NO$_2$ (200 mg/Nm3) and particulate matter (10 mg/Nm3) that have to be met for an on-
farm poultry manure combustion plant. Fluidized bed combustion combined with CHP technology 
[22] can guarantee the emission of the specific pollutants at the levels of SO2 = 18.4 mg/Nm3, NOx = 
167 mg/Nm3, PM = 2.7 mg/Nm3 as well as CO = 5.3 mg/Nm3. Taking into account the 
physicochemical parameters of the chicken manure applied for combustion and assuming the typical 
level of oxygen concentration in the flue gases generated by the BFC boiler, i.e. O2 = 5.5%, the 
combustion emission factors would be as given in Table 4.  
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Table 4: Environmental charges related to combustion of chicken manure on the farm 

Pollution 
Fee rate [35] 

Poultry litter emission 
index [22] 

Environmental fee 

USD/kg g/Mg USD 
Sulphur dioxide, SO2 0.120 3.45 1,750.83 
Nitrogen dioxide, NO2 0.120 31.31 15,890.68 
Carbon monoxide, CO 0.024 0.99 102.73 
Carbon dioxide, CO2 0.067a 0 0 
Particulate matter, TSP 0.080 0.51 171.28 
Soot, BC 0.333 n.a. - 
Benzo/a/pyrene, BaP 86.442 n.a. - 

a USD/Mg 

Taking into account the mass of chicken manure burned on the farm, i.e. 3,590 Mg, the environmental 
fees for the emission of pollutants into the atmosphere would amount to 17,915.52 USD. In the 
presented bill, the fee for NOx emissions is particularly high, it accounts for as much as 88% of the 
total fee to be paid. The reason for this level of the high fee is associated with the ratio (practically ten 
times higher than for hard coal) resulting from the very high content of fuel nitrogen in the hen manure 
and the assumption that all the manure available on the farm will be burned. 

It should be noted that the decrease of the NOx emission factor has a crucial effect on the profitability 
of this investment. The use of low-emission techniques, e.g. selective catalytic NOx reduction (SCR), 
known from 0.22 g/Mg [15]. Nevertheless, can note that the use of primary or secondary zero-
emission techniques involves additional expenditure related to such an investment. 

When the environmental aspects related to direct combustion of manure on the farm are taken into 
account, we need to remember that the residual ash gained from thermal process can be recirculated 
with the purpose of enriching soil or as a phosphorus and calcium-rich poultry feed additive [23]. The 
ash-based fertilizer is more stable and sterile due to the lack of pathogenic microorganisms, and the 
mineral nutrients it is characterized by higher availability to plants compared to raw poultry litter. 
Moreover, fertilizer derived from ash is also much easier to use, transport and trade than natural 
fertilizers. 

Ultimately, the presented emergy calculus does not take into account the emissions avoided outside 
the farm and related to the transport and application of fertilizers, which can lead to over-fertilization 
of agricultural fields and be related to an excessive environmental loading, associated e.g. with an 
excessive migration of nitrates and phosphate to surface waters or atmospheric emission of NH3, NOx, 
N2O and odours [15, 20]. 

2.5 Emergy analysis 

Emergy analysis forms a very useful tool for assessing the environmental effect associated with given 
production. It takes into account all the components that affect a given activity, including monetary 
and energy aspects. Emergy analysis consists in calculating the amount of direct or indirect demand 
for exergy of solar radiation during the process of creating a given product or service [9].  

The emergy of a product or service expressed in solar joules can be defined by the following equation: 

 

𝐸 = 𝐸 ∙ 𝜏  (4) 

 

where Exi (J) is the exergy of a given independent component and i constitutes its solar 
transformation, expressed in (seJ/J). 

A number of products and services are characterized by high complexity and the involvement of 
numerous intermediate components, including monetary flows. Therefore, the emergy calculus is often 
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very complex. It captures many interactions and different production methods or technologies used. 
Nowadays, in literature, emergy is often derived from the formula [24]: 

𝐸 = 𝑓 ∙ 𝑈𝐸𝑉  (5) 

where fi forms i-th input of exergy flow, which is not expressed in (J), but in terms of either mass or in 
monetary units. UEVi determines the specific convertibility of the i-th inflow (flow) expressed in 
(seJ/USD). The emergy calculation is somewhat similar to determining the thermo-ecological cost of a 
product [25], however, it takes into account the environmental impact to a greater extent.  

Additionally, the current studies include details of whether a given element of emergy originates from 
renewable or non-renewable sources. The first category includes solar radiation, water, wind, often 
human labor and, in part, agricultural products. Common materials derived from non-renewable 
sources include: fossil fuels, chemicals or building materials. Often a factor is introduced, the so-
called renewability factor (RF), which determines the degree of renewability of certain materials or 
services in terms of a fraction or as a percent ratio. The values of the factor, although they relate to 
practically the same material/service, may differ significantly in specific cases. This may result from 
local conditions of production, the ratio of local sources or purchased ingredients, as well as can 
depend on the assumptions that are made in a specific case. For instance, human labor investigated in 
[26] was assumed to be a service with sustainability factor of 10%, whereas in [27] this level was 
assumed at 5%, as the remaining proportion of the labor necessary to complete the task was 
considered as a purchased service with non-renewable characteristics. In [13] the sustainability of 
human labor was assumed at the level of 90\%, regardless of whether it is work performed using the 
local resources or a purchased service. These differences mean that despite the same total emergy 
related to a given production, the ratios of the renewable and non-renewable parts may offer different 
results. As a consequence, different values of emergy-based indicators are gained and the comparison 
of various production methods and their effect on the environment is impeded. 

Table 5 contains a summary of all the essential ingredients of importance in the analyzed production. 
The table summarizes the magnitude, assumed level of sustainability and solar transformation, specific 
monetary values, total monetary values and as well as total emergy. The table also contain details of 
emergy determined with regard to the given components, distinguishing between the renewable and 
non-renewable parts. The conversions took into account the Polish monetary equivalent of 2015 
named P1, equal to 6.09E+12 seJ/USD [28]. 

Some of the most common emergy-based indicators include ELR and EYR [29, 30, 31]. The first is 
defined as the ratio of total non-renewable emergy use to renewable emergy. This forms a measure of 
the environmental load generated by a given type of production and the technologies applied in it. The 
other one, EYR, which provides an insight into the net benefit of production, is expressed by the ratio 
of the total emergy (Y) expended in production to the total emergy in the components purchased on 
the market for the purposes of this production. Human labor and services are also paid in these 
components. The aim is to obtain the lowest ELR value and the highest – EYR value in the production 
systems. 

3 Results and discussion 

The flows of emergy and variations in the flows resulting from the substitution of the currently applied 
energy carriers with a fuel derived from poultry manure are presented in Figure 2. The symbols used 
in the figure are consistent with emergy systems language introduced in [9]. 

Virtually all production materials are purchase outside the farm, and employees are employed under 
the contract of employment. All prices and wages are quoted in USD, at an average 2016 USD/PLN 
exchange rate of PLN 3.82. The data presented in Table 5 show that the largest items in terms of cost 
and emergy are feed and its supplements. In total, its emergy is equal to 1.52E+19 seJ. Eighteen 
workers' salaries have an emergy equivalent of 1.93E+18 seJ. The energy carriers have a total emergy 
value equal to 1,10E+18 seJ, and emergy value attributed to the mean annual expenses related to the 
maintenance of the technical overhaul of buildings and equipment  is equal 5.76E+17 seJ. 
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Table 5: Farm production emergy analysis 

 
RF – renewability factor, TC – total cost; 𝐸  – total emergy;  solar transformity; A – current 
production type; B – substitution of oil and coal with fuel from poultry manure; C – substitution of oil 
and coal and electricity generation with fuel from poultry manure. 
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Figure 2: Emergy flows prior to and following the shift in energy carrier use, a) scenario A – current 
state, b) scenario C – non-renewable heat and electricity withdrawal, where: RL – local renewable 

input; FN – purchased non-renewable input; FR – purchased renewable input; NL – local non-
renewable input; Fu – purchased fuel; E -  purchased electricity. 

The emergy of of all purchased significant components serving the analyzed production was 
determined using the P1. In addition, the emergy of sun, wind and precipitation was taken into account 
due to the used free-range area for some of the kept laying hens. These values were determined by 
adopting the same methodology, exergies and solar transformities as in [9,12,14], as well as by 
application of local data on solar radiation, precipitation and wind conditions. The value of this 
emergy is negligible in comparison to utilized emergy derived from other sources (purchased) listed in 
Table 5. For comparison purposes, the emergy of fuels was also derived under the assumption of the 
exergy of such carriers based on [25] and solar transformity on the basis of [9] for coal, and in 
accordance with [12]. The following cumulative values were obtained, equal to 9,53E+16 seJ for coal 
and 1,72E+17 seJ for fuel oil, respectively, i.e. results that are very close to the ones determined on the 
basis of the monetary equivalent P1, presented in Table 5. 

The total emergy of consumed electricity was determined on the basis of derived total exergy and 
assumed solar transformity equal to 1.6E+05 seJ [9] and it is equal to 4.97E+17 seJ. It was found to be 
nearly 40% lower than the value determined on the basis of the monetary equivalent P1 (6.85E+17 
seJ). The emergy of human labor was determined on the basis of the methodology specified in [28] 
and under the assumption of the adoption of the mean remunerations in the farming sector in Poland in 
2016 [33].  
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The emergy of the remaining components, purchased for production, was determined on the basis of 
the mean prices in 2016 and the monetary equivalent. Table 6 contains a summary of the relevant 
sustainability parameters, environmental load and effectiveness calculated for the analyzed production. 
These parameters were determined for the current production (alternative A) as well as for other 
alternative, where fuels (alternative B), as well as fuels and electricity, with a specific conversion 
coefficient (alternative C), are substituted with energy from derived poultry manure. In variants B and 
C, in addition to the change of fuel, the change (increase) of the emission fee is also considered. 

In a similar way to the procedure applied in [34] REN*, ELR*, ratios were determined which do not 
take into account the emergy related to human labor and services. As it is explained in the study 
referred to above, this procedure ensures that the modified parameters are not sensitive to the 
variations in the labor costs, which may be different in specific regions of the country. This may have 
an effect on the values of these parameters, which will then emphasize the differences in the compared 
productions to a lesser extent. In the production that is investigated in this study, the approach applied 
the determination of the REN* and ELR* parameter regardless of the effect resulting from the adopted 
level of sustainability of human work discussed earlier in this work. This offers the way in which the 
effect of this sustainability on the values of emergy indicators resulting from variations in the 
management of energy the enterprise can be omitted. 

Table 6: Major emergy parameters  

Measure, parameter Symbol Calculation formula 
Investigated alternatives 
A B C 

Extracted Emergy, seJ 𝐸  𝐸 + 𝐸  2.02E+19 1.98E+19 1.91E+19 

Renewability REN 𝐸 /𝐸  0.5797 0.5918 0.6130 

Renewabilitya REN* 𝐸 /𝐸  0.5754 0.5887 0,6168 

Environmental 
Loading Ratio 

ELR 𝐸 / 𝐸  171.49 167.98 162.13 

Environmental 
Loading Ratioa 

ELR* 𝐸 / 𝐸  172.76 168.85 162.34 

Emergy Yield Ratio EYR 𝐸 / 𝐹  1.0001 1.0001 1.0001 

Emergy Yield Ratioa EYR* 𝐸 / 𝐹  1.0001 1.0334 1.0606 

A – current production type; B – substitution of oil and coal with fuel from poultry manure; C – 
substitution  of oil and coal and electricity generation with fuel from poultry manure; CLE – using low 
emission techniques; Fi  – total goods and resources purchased on the market; a excluding human labor 
and services, 𝐸  – renewable emergy of i input, 𝐸  – non-renewable emergy of i input; F – 
emergy of purchased goods. 

In the analyzed production, the renewability factor REN is equal to 0.5797, while ELR is 171.49, and 
the resulting EYR is very close to 1. The latter result is due to the fact that virtually all production 
components are purchased. Human labor also needs to be considered as one of the resources 
transmitted outside. The farm forms an employer that creates jobs locally, and the owners are 
employed in the administration. The company also obtains feed, straw and water from its 
surroundings. The REN* value is 0.5754 and the ELR* is greater than the value of ELR and equal to 
172.76. It results from the omission of human labor in the calculations, for which a large share of 
renewable resources was assumed. Very high values of the ELR and ELR* indices result from the fact 
that basically all means of production come from purchase, with a low share of renewable emergy in 
P1. In the case of the cited papers, the assumptions about the renewability of human work and fodder 
play an important role, hence the low ELR values in the cited articles. 

For instance, in case of the conventional poultry production on a smaller scale analyzed in [12] the 
following parameters were gained: ELR = 5.21, and EYR = 1.19. In this case, the low level of 
renewability was assumed with regard to the basic components of the feed (22% and 10%) as well as 
labor (only 5%). In turn, in the study [11] carried out with regard to small poultry farms (family-

1161



operated organic rearing system and orchard-based field husbandry system), the following results were 
calculated: ELR 3.10 and 3.44, as well as EYR 1.10 and 1.11. In this case, it was assumed (in both 
cases) that the renewability ratio of feed was equal to 25%, and human work was considered as 
renewable to a ratio of 60%. In [13], in the part concerning the rearing of ducks, the results gave the 
ratios equal to ELR = 8.85 and EYR = 1.01. In this case, the renewability ratio of 10\% was assumed 
for feed and 90% for human labor. We can note the very low level of EYR in this production. 

The variations in terms of the values of environmental factors, related to the adopted levels of energy 
management of the production, which is the basis for the analysis in the study, results from the ratio of 
fuels and electricity in the total resource use for production. The ratios of these resources in production 
costs is, respectively: for coal 0.53%, for heating oil: 0.96% and for electricity: 2.18%. These ratios 
are very similar in relation to the total emergy use in the production process. 

The values of the parameters presented in Table 6 demonstrate that the use of manure as an alternative 
energy source both increases the renewability rate of REN process by 5.74% (when the procedure 
defined in alternative C is adopted - in relation to A), and also leads to the decrease of the ELR by 
5.46%. For the reasons provided in the paper, the value of the EYR indicator does not change. The 
REN*, ELR* and EYR* parameters vary in a similar way. The use of low emission techniques and the 
reduction of NO2 emission factor to 0.55 g/Mg allows for a substantial reduction of emission charges 
and a further reduction of ELR by 6.11% compared to the baseline. The REN may be 6,19% higher 
than the baseline. The variations of these ratios in percent are only minor. However, when we take into 
account the scale of production and the number of similar farms, the effects of a positive 
environmental impact may be significant. 

4 Conclusions 

The conducted research and analysis of the topic offer the statement of the following conclusions: 

1) The chicken manure generated on the farm may constitute the fuel sufficient to meet the 
energy demand of the farm after drying. The warm air from the poultry houses provides 
sufficient amount of heat for the purposes of drying process. Dedicated equipment is available 
that enable ongoing drying of manure removed from poultry houses, without the need to store 
it. Combustion of the dried manure is possible e.g. in low fluidized bed boilers, or its co-
combustion with other fuels in conventional solid fuel boilers. 

2) The amount of energy from the dried manure is sufficient not only to replace the fuels used on 
the farm for heating purposes. Using a fluidized bed boiler coupled with the ORC system with 
the electricity generation efficiency equal to 0.18, enables generation electricity in an amount 
sufficient to meet the farm demand. Due to possible surpluses of the generated electricity, the 
proposed generation system on the farm would have to cooperate with the external power 
system. 

3) The analysis of emergy aspects made it possible to determine the ratios of individual energy 
sources used in the analyzed poultry and egg production. The largest inflows of emergy area 
associated with feed and feed additives – 75.1% and human labor – 9.53%. Fuels and 
electricity together account for 5.43% of the total emergy use. 

4) The basic indices of emergy efficiency and environmental renewability were determined. In 
the analyzed production, REN is 0.5797, ELR is 171.49 and EYR 1.0001. The ELR, which 
measures the environmental pressure, is very high. It is due to the fact that most means of 
production come from purchase, with a low share of renewable emergy. A very significant 
impact on the absolute value of the above indicators has the adopted degree of renewability of 
individual emergy resources used in production. 

5) The use of chicken manure in the analyzed production as fuel allows not only to reduce the 
collected emergy, but also to positively change the value of individual indices. The ELR is 
reduced by 2.05% when manure is applied to substitute production fuel and by 5.46% when 
additionally used as fuel for electricity production. Accordingly, the REN increases by 3.17% 
and by 5.75%. Taking into account the scale of production, changes in these indicators will 
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also result in specific economic effects. These results should also be considered taking into 
account the large level of egg and poultry production in Poland. 
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Abstract 

The thermal energy storage system (TES) is the main feature that allows concentrating solar power 
plants (CSP) to accumulate thermal energy for electricity generation in the absence of solar radiation. 
Thus, the plant autonomy is directly related to TES design with respect to thermal capacity and heat 
losses calculations. This work presents the development of a surrogate model to predict storage tanks 
heat losses from input data related to ambient conditions, tank’s design, and its stored fluid (HTF). An 
analytical model is proposed and validated based on reference values of TES heat losses from real CSP 
plants found on the literature. A set of heat loss calculation data is carried out using the analytical model 
for surrogate training using MATLAB®’s machine learning toolbox. The results show that around 97% 
of the surrogate prediction is within a mean error of 650 W of heat loss predicted using the analytical 
code. Additionally, it was observed that computation time was reduced by 70% to calculate similar 
conditions of heat loss, which is beneficial for either extensive CSP plant simulation or design 
optimization routines. 

1 Introduction 

Concentrating Solar Power plants, also known as CSP, use solar radiation as a heat source for electricity 
generation, adding energy stability in a sustainable and flexible way in grids. The main feature that 
allows such operational flexibility is the ability to store thermal energy for later energy conversion. The 
thermal storage system, also known as TES, allows a steady thermal energy supply from the solar field 
and, thus, electricity production during periods of low solar radiation intensity or even during the night 
[1]. A proper thermal capacity design as well as heat losses control in the storage tanks is of fundamental 
importance to guarantee a greater autonomy of the plant. 
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The TES basically consists of three parts: the storage material, the storage tanks, and the transfer 
equipment [2]. Commercial plants such as SolarTwo can reach an annual storage thermal efficiency of 
99% [3], provided that their thermal insulation is well designed and preserved. Controlling the heat lost 
makes it possible to predict the expected autonomy of the plant and to anticipate operational decisions. 
The investment for a set of insulated tanks can reach the order of 20% of the CAPEX for the entire TES 
[4]. In a 50 MW parabolic trough CSP plant with 510.000 m² of solar field aperture area and 7.5 hours 
of thermal capacity, the investment cost required the TES reached US$ 38.4 million in 2011 [4]. 
Electronics for solar field and TES control and monitoring can reach US$ 9.1 million for the same 
reference.  

Some works in the literature aim to calculate the heat exchange between fluid, tank plates and thermal 
insulation. SCHULTE-FISCHEDICK et al, 2009, [5] uses CFD to model a TES of 880MWh of thermal 
capacity using molten salt. The model is based on a real project in Spain and the heat fluxes in each tank 
section indicate that there may be salt solidification in cases of low level in the tank, for the evaluated 
climatic condition. The work of ZAVERSKY et al., 2013, [6] proposes a transient evaluation to calculate 
the heat loss as a function of local climatic variations. The results showed that the most representative 
factors in the heat loss value of the tank were the heat exchange by convection of the wet walls of the 
tank and the heat transfer by radiation from the surface of the molten salt to the dry walls. 
Complementarily, focusing on the contribution of heat loss from the bottom of the tanks, SUÁREZ et 
al., 2015, [7] analyses the heat lost through the cooling system of the tanks foundation, considering a 
one-dimensional model. The work uses a CFD model to determine the correlation between the 
equivalent thermal resistance of the soil, its thermal conductivity, and the diameter of the tank. 
PACHECO, JAMES E. BRADSHAW et al., 2002, [3] records in detail the operational performance of 
the SolarTwo Project between 1996 and 1999, to validate the technical characteristics of the plant with 
central tower technology operated with molten salt as a working fluid. In this work, the heat losses are 
evaluated from the operating regime of the electric heaters inside the storage tanks, representing indirect 
measurements of the lost heat rate. According to WILLIAM et al., 2019, [8] surrogate models use 
computational tools to simplify the relationship between input data and output data to predict new 
outcomes. It is usually expected that these technics result in relatively less computer burden than 
analytical models. 

This work presents the methodology used to generate a surrogate model to estimate storage tanks heat 
losses from five input data: (i) heat transfer fluid (HTF) temperature (THTF), (ii) ambient temperature 
(Tamb), (iii) HTF level inside the tank (iv) tank diameter (DTES), and (v) tank height (HTES). The adherence 
of the results related to the analytic model is assessed through metrics such as the coefficient of 
determination 𝑅2 and the root mean squared error (RMSE). 

2 Thermal storage tank characterization 

To sustain the static pressure of the internal material, the tanks are constructed of metal plates welded 
together in a cylinder shape. The roof can have different configurations (fixed triangular, dome, mobile) 
according to the needs of preserving the internal material. Externally to the tank, the insulation material 
is packed with light metal sheets (e.g., aluminium), suitable for protecting against the weather. On the 
floor, the insulation is normally contained in a gallery over concrete or masonry, where the tank is 
accommodated. Considering the described constructive aspect, the most relevant mechanisms for heat 
transfer can be summarized as illustrated in Figure 1. 

The heat transfer fluid (HTF) in the liquid state and in contact with the side walls and floor exchanges 
heat by convection (Qc). These regions are called wet. Since the fluid inside the tank must never touch 
the roof, there is always a gaseous mass (internal air) above the HTF surface that exchanges heat with 
it. The volume occupied by the gaseous mass changes as the fluid level changes. The HTF will exchange 
heat by radiation (Qr) with the dry walls and roof. The gaseous mass then exchange heat by convection 
with the dry areas. 

The heat received by the tank metal sheets will be transferred by conduction (Qk) along the insulating 
material, and the metal closing sheet. Finally, the outer surface exchanges heat by radiation and 
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convection with outside air. Solar radiation absorption (Qsolar) by the insulation closing plates is also a 
factor that can be considered in this system, since it directly influences the temperature of these surfaces. 

 

Figure 1: Physical model of heat transfer mechanisms in a thermal storage tank [9] – Adapted by the 
author. 

Depending on the operating temperature of the internal fluid, it is common to have concrete cooling 
systems to avoid compromising its mechanical properties at high temperatures. Thus, the temperature 
of the concrete (Tconc) is controlled and can be different from the ambient temperature (Tamb), 
representing a second branch in the thermal circuit of the tank. Alongside with location names, the 
subscripts i stands for internal, e for external, w for wet and d for dry. 

3 Methodology 

The surrogate model was generated from a set of data composed of results of analytic heat loss 
calculations for a thermal storage tank. To calculate the total tank heat losses to the environment, internal 
heating systems were disregarded, and some hypotheses were assumed as indicated in Table 1. As a 
result, the tank model illustrated by Figure 2 was used as the proposed approximation model to calculate 
the necessary data for the surrogate 

3.1 Analytic model 

Considering that the temperature reduction resulted from the tank heat loss is of the order of only 5ºC 
per day approximately [6], [9], the heat lost over time can be evaluated as a constant heat transfer rate, 
i.e., the reduction in the heat rate throughout the day, due to the cooling of the fluid, was neglected. 
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Table 1: Hypothesis adopted for heat transfer calculations within a storage tank. 

Hypothesis Equations 

The surface gaseous mass is considerably 
smaller than the HTF mass, resulting in a rapid 

temperature rise to the HTF temperature 
Tair = THTF 

The surface HTF film thickness is small or non-
existent, resulting in negligible thermal 

resistance 
Tsurf = THTF 

The thermal resistance of the steel sheet is 
negligible, resulting in uniform temperatures 

over the entire length of the sheet thicknesses. 

Ti_side_w = Ti_side_d = Te_side_w = Te_side_d  
 Ti_side = Te_side = Ti_roof = Te_roof 

Te_insul_w = Te_insul_d = Te_insul_roof = Te_insul 

The thermal resistance of the insulation packing 
plate is negligible and the temperature at this 

point is equal to the external temperature of the 
thermal insulation 

Te_insul 

The concrete temperature is kept constant at 90 
°C due to the cooling system [6] whenever the 

HTF temperature is above 90 °C. 
Tconc ≤ 90°C 

It is considered that there is no heat transfer 
between the side and the floor due to the 

temperature uniformity throughout the plates 
Qside – floor ≈ 0 

The heat transfer convection and radiation 
coefficients between internal atmosphere and the 

side sheet is significantly lower than the 
convective coefficient between the HTF and the 

side, making heat transfer from the dry side 
negligible. 

hair-side << hHTF-side 

Qair – side ≈ 0 

 

Figure 2: Simplified physical model of heat transfer mechanisms adopted for a thermal storage tank 
model – Adapted by the author. 
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3.1.1 Heat transfer model 

The complete physical model can be represented by the thermal circuit of equivalent resistances, as 
indicated in Figure 3. The R variables indicate the thermal resistances of the respective locations which 
are indicated in Table 2. Their subscripts represent identification numbers as thermal resistances were 
being listed sequentially on physical model before simplification.  

 

Figure 3: Equivalent thermal circuit for the heat loss model in thermal storage tanks. 

 

Table 2: Thermal resistance equations applied to the tank heat transfer mechanisms. 

Thermal resistance equation 
Equivalent thermal 
resistance equation 

Description of 
heat loss 

mechanism 
on HTF 

𝑅 =
1

ℎ ∙ 𝐴
 

𝑅 =
𝑅 ∙ 𝑅

𝑅 + 𝑅
 

Internal air 
convection and 
radiation to roof 𝑅 =

1

𝜀 ∙ 𝜎 ∙ 𝑇 + 𝑇 𝑇 + 𝑇 ∙ 𝐴
 

𝑅 =
1

ℎ ∙ 𝐴 _
 

𝑅 =
𝑅 ∙ 𝑅

𝑅 + 𝑅
 

Convection on 
wet walls and 

radiation to dry 
walls 𝑅 =

1

𝜀 ∙ 𝜎 ∙ 𝑇 + 𝑇 𝑇 + 𝑇 ∙ 𝐴 _

 

𝑅 =
𝑒

𝑘 ∙ 𝐴
  

Conduction in 
roof’s thermal 

insulation 

𝑅 =
𝑙𝑛

𝑟𝑒
𝑟𝑖

2𝜋 ∙ 𝑘 ∙ 𝐿
  

Conduction in 
wall’s thermal 

insulation 

𝑅 =
1

ℎ _ ∙ 𝐴
 

𝑅 =
𝑅 ∙ 𝑅

𝑅 + 𝑅
 

Roof’s external 
air convection 

and radiation to 
ambient 𝑅 =

1

𝜀 ∙ 𝜎 ∙ (𝑇 + 𝑇 ) 𝑇 + 𝑇 ∙ 𝐴
 

𝑅 =
1

ℎ _ ∙ 𝐴
 

𝑅 =  
𝑅 ∙ 𝑅

𝑅 + 𝑅
 

Wall’s external 
air convection 

and radiation to 
ambient 𝑅 =

1

𝜀 ∙ 𝜎 ∙ (𝑇 + 𝑇 ) 𝑇 + 𝑇 ∙ 𝐴
 

𝑅 =
1

ℎ ∙ 𝐴
  

Convection on 
floor 

𝑅 =
𝑒

𝑘 ∙ 𝐴
  

Conduction in 
floor’s thermal 

insulation 
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The variables h, hr, and k represent the coefficients of convection, radiation, and conduction heat transfer 
respectively; variables A represents the heat exchange area; ε represents the emissivity of the HTF; σ 
represents the Stefan-Boltzmann constant (5.67×10-8 W/m2 K4) for calculating the radiation emitted 
by a body; e represents the thickness of the material; re and ri represent the external and internal radius, 
respectively, of the heat exchange region and L the height of the HTF column present in the tank. The 
subscripts indicate the respective surfaces to which the variables apply. To assess the maximum 
contribution of radiation resistance, a fixed value of 0.99 was considered as the emissivity of the HTF. 

All structural steel plate and external closing plates thickness was considered in exchange heat areas 
calculation. Fixed values of 0.008 m, 0.0125 m, 0.009 m, and 0.0008 m related to the wall plates, roof, 
floor, and external closing, respectively, were adopted for the model based on ABNT NBR 7821 
standard [10]. 

The total tank heat loss (Qloss) can be expressed as the result of the sum of the heat lost to the surround 
ambient (Qamb) and the heat lost to the concrete foundation (Qconc). Both heat loss values can the 
calculated by solving the nonlinear equations system derived from heat equation on each node of the 
thermal circuit. All physical properties of materials and fluids were calculated based on their 
thermodynamic tables [11], using the average temperature of the respective regions. The heat transfer 
coefficients were calculated using applicable planes and cylinder models [12]. 

3.1.2 Economic model for the tank thermal insulation thickness determination 

The tank thermal insulation thickness was estimated with respect to each HTF temperature and tank 
diameter. For this, Annex G of the Petrobras N-550 standard [13] was used, which provides the optimal 
economical insulation thickness considering these two variables. A code was developed to incorporate 
this standard’s content into the analytic model. It is worth noting that, given the extensive application in 
tanks and equipment with high operating temperatures, calcium silicate was adopted as a thermal 
insulator. 

3.2 Surrogate model 

A database was generated with 83160 points in the format of (x1, x2, x3, x4, x5, y1). The HTF 
temperature, ambient temperature, HTF level, tank diameter and tank height represent the independent 
variables (x) and the calculated tank heat losses represent the dependent variable (y). The independent 
variables values were incrementally varied within the ranges indicated in Table 3. In this case, the 
Syltherm 800 thermal oil was considered as the HTF [14]. Due to the relatively low operational 
temperature of this thermal oil, the maximum working temperature of this model is set to 350ºC. 

The analytical results obtained by these sets of heat losses calculations was used for the training and 
validation phases of the surrogate model. All calculations were done by using MATLAB® codes and 
its Regression Learner Toolbox. The surrogate model configuration was set as Optimizable Gaussian 
Process (GPR) with a holdout of 35% of data set for validation. 

Table 3: Independent variables adopted for surrogate database construction 

Independent variable Adopted values range Number of increments 
HTF temperature (THTF) 60 °C ≤ THTF ≤ 350 °C 11 

Ambient temperature (Tamb) 10 °C ≤ Tamb ≤ 40 °C 5 
HTF level (LHTF) 1 m ≤ LHTF ≤ (HTES - 0.01) 5 

Tank diameter (DTES) 2 m ≤ DTES ≤ 36 m 18 
Tank height (HTES) 2 m ≤ HTES ≤ 36 m 18 

Dependent variable Range of calculated values Number of points 
Tank heat losses (Qloss) 0.34 kW < Qloss < 777.99 kW 83160 
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4 Results 

The results obtained from the analytic model were validated using published measurements of storage 
tank heat losses in commercial CSP plants while the surrogate model was compared to analytic model. 

4.1 Validation and results for analytic model 

Literature references that indicate values of thermal storage tanks’ heat losses of real CSP plants (Solar 
Two and Andasol-I) [3], [15], [16] were adopted to validate the calculations of the proposed model as 
shown in Table 4. Both hot and cold tanks of each project were considered for the comparison, where 
their specifications are as follows: 

 Solar Two: Hot tank: diameter of 11.6 m and 8.4 m of height; Cold tank: diameter of 11.6 m 
and 7.8 m of height 

 Andasol-I: Hot and cold tanks: diameter of 36.0 m and 14.0 m of height. 

In these cases, it was used Solar Salt thermal fluid for validation purposes only. 

Table 4: Comparison between reference values and results of the analytical model 

Project 
Tank 

specification1
   

Adopted 
ambient 

temperature 
Tank level2 

Heat lost 
reference 

value 
(kW)3  

 

Analytic 
model 
results 
(kW) 

Average 
value 

discrepancy 

Solar Two 
 

HTF: Solar 
Salt4 

Hot 
T: 565ºC 

einsul = 204 mm 
Tamb = 32.5 ºC 

Full 
LHTF = 8.39 m  

102 ± 21 101 -0.98% 

Hot 
T: 565ºC 

einsul = 204 mm 
Tamb = 32.5 ºC 

Empty 
LHTF = 1.0 m 

Not 
informed 

48 N/A 

Cold 
T: 290ºC 

einsul = 140 mm 
Tamb = 32.5 ºC 

Full 
LHTF = 7.79 m 

44 ± 6,6 53 +20.45% 

Cold 
T: 290ºC 

einsul = 140 mm 
Tamb = 32.5 ºC 

Empty 
LHTF = 1.0 m 

Not 
informed 

26 N/A 

Andasol-I  
 

HTF: Solar 
Salt 

Hot 
T: 386ºC 

einsul = 165 mm 
Tamb = 22.5 ºC 

Full 
LHTF = 13.99 m 

488  495 +1.43% 

Hot 
T: 386ºC 

einsul = 165 mm 
Tamb = 22.5 ºC 

Empty 
LHTF = 1.0 m 

230 292 +26.96% 

Cold 
T: 292ºC 

einsul = 140 mm 
Tamb = 22.5 ºC 

Full 
LHTF = 13.99 m 

483 393 -18.63% 

Cold 
T: 292ºC 

einsul = 140 mm 
Tamb = 22.5 ºC 

Empty 
LHTF = 1.0 m 

225 229 +1.78% 

 

The analytical model presents results with the same magnitude of reference values, with absolute 
discrepancies between 0.98% and 26.96%. There are discrepancies in constructive aspects of the real 
tanks that were not considered in the adopted model, such as in Solar Two project which uses a 
combination of more than one type of insulating material in the tanks. Additionally, it is worth noting 
that the tank heat loss measurements in these works were made indirectly, i.e., by measuring average 
time required to reduce the tank temperature or by measuring the power required for internal heating to 

                                                      
1 Where T is the tank HTF temperature and einsul is the thermal insulation thickness adopted according to Table 
G-1 of Petrobras' N-550 standard. 
2 Adopted values for the tank level. 
3 Uncertainty values not informed for the Andasol-I Project. 
4 Solar Salt is the commercial name for 60% NaNO3 40% KNO3 salt 
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maintain a constant temperature. Both methods are susceptible to errors and uncertainties that have not 
been indicated. In addition, there is no clarification on environmental conditions at the time of 
measurements such as wind speed, radiation, etc. 

Table 5 shows the fraction of each heat transfer mechanism on the HTF in relation to the total heat lost 
in each scenario. 

Table 5: Thermal storage tanks heat loss fractions for each project. 

P
ro

je
ct

 

Tank type /  
Tank level 

Convection 
between 

HTF Surface 
and the tank 
atmosphere 

ƒ (𝑹𝟏𝟏
) 

Radiation 
from the 

HTF Surface 
to the roof  

ƒ (𝑹𝟏𝟐
) 

Convection 
at the wet 

wall 
ƒ (𝑹𝟐𝟏

) 

Radiation 
from the 

HTF Surface 
to the dry 

wall 
ƒ (𝑹𝟐𝟐

) 

HTF 
Convection 
on the Floor 

ƒ (𝑹𝟏𝟏) 

S
ol

ar
 T

w
o Hot/Full 0.13% 14.13% 66.26% 0.05% 19.43% 

Hot/Empty 0.11% 14.78% 7.00% 37.72% 40.38% 

Cold/Full 0.22% 7.41% 73.85% 0.03% 18.49% 

Cold/Empty 0.39% 13.38% 17.53% 31.36% 37.34% 

A
nd

as
ol

-I
 Hot/Full 0.27% 13.67% 60.66% 0.02% 25.39% 

Hot/Empty 0.38% 20.41% 6.62% 29.49% 43.10% 

Cold/Full 0.34% 10.94% 64.68% 0.01% 24.02% 

Cold/Empty 0.64% 20.01% 9.24% 28.91% 41.21% 

 

It is verified that the heat lost by convection between the HTF and the floor and wet side in all scenarios 
varies from 47.38% to 92.34% indicating the HTF convection is the main mechanism of heat transfer. 
The radiation to the dry walls and roof can represent from 7.44% to 52.50% of the total heat lost. It is 
noteworthy that the heat losses between the HTF and the internal atmosphere of the tank represented 
contributions of less than 1%. These heat loss fractions are comparable with what was observed in [6] 
work, indication that the heat interaction between these phases can be neglected for studied conditions. 

4.2 Surrogate model 

The validation of the trained model resulted in a root mean squared error (RMSE) of 644.09 and R2 of 
1.00. The optimized hyperparameters for the GPR were found as stated below for 30 iterations. 

 Basis function: Constant 

 Kernel function: Nonisotropic Matern 3/2 

 Kernel scale: 282.7727 

 Sigma: 0.0015991 

 Standardize: true 

The predicted versus true response and residual plots were assessed for the validation data as shown in 
Figure 4 and Figure 5. These curves show that the surrogate is capable to predict the analytic model 
within the range values of its training data. Most of the predicted data is aligned with the expected 
analytic results and only 3.37% of data points had absolute residuals values higher than RMSE. 
Additionally, the surrogate calculation time is around 0.3 s for each data whereas for the analytical 
model is around 1.0 s, showing a reduction of 70% of computer burden in a i5-7300HQ (2.5 GHz, 4 
cores).
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Figure 4: Predicted versus true response plot 
for tank heat loss. 

Figure 5: Residuals plot for tank heat loss 
prediction with respect to the analytic results. 

5 Conclusions 

The development of an analytical model for thermal storage tank heat loss calculation was carried out 
in this work. This model was validated through published measurements related to real project 
applications. Then, a wider range of results was used to compose a dataset to train a surrogate model 
using MATLAB®’s machine learning toolbox for heat loss predictions. 

The analytical model validation was done for different hot and cold tanks level scenarios of Solar Two 
and Andasol-I CSP plants. Due to the lack of published information about measurement conditions, the 
discrepancies between 0.98% and 26.96% with respect to the TES heat loss reference values were 
considered acceptable. A similar pattern of heat transfer mechanisms within the tanks was also observed 
in other works. 

Finally, the surrogate was able to predict TES heat loss with mean error of 650 W. Around 3.37% of 
validation data had results above this mean. It was possible to observe a reduction of calculation time 
by 70% using the surrogate, comparing the analytical calculation for similar applications. This is 
beneficial for either extensive CSP plant simulation or design optimization routines. 
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Abstract 

The idea of climate neutrality which refers to a balance between anthropogenic greenhouse gas 
emissions and their removals by sinks belongs to one of the crucial challenges in the global and European 
climate change policy. Achieving this goal will not be possible without reducing fossil fuel reliance, 
renewable energy sources development as well as implementation of Carbon Capture, Utilisation and 
Storage (CCUS) technologies on a broad scale. International Energy Agency predicts that installed 
carbon capture and storage capacity needs to be expanded from today’s 40 Mtpa CO2 to over 5600 Mtpa 
CO2 by 2050 in order to limit global warming to 2°C. CCUS technologies development involves 
activities relating to: (i) CO2 capture (not only from energy sector but also from the industry), (ii) 
transport infrastructure development, (iii) use of carbon dioxide to produce valuable products and (iv) 
permanent storage in geological formations. The objective of this study was to investigate two CO2 
capture technologies. First one, amine absorption process, is already mature and characterized as 
commercial technology, whereas second one is a promising method, using chemical calcium looping 
and is still under pilot studies. These CO2 separation systems make up separate process units and can be 
integrated with already existing facilities without having significant influence on their operation. What 
is more, they can be added to power plants as well as to industrial sources of CO2 emissions such as 
cement plants and blast furnaces. Energy required to capture process yields efficiency penalty in 
electricity generation and other processes, which was also pointed out by the results obtained in the 
research via process analysis of two CO2 capture technologies for natural gas combined cycle (NGCC) 
power plant. The analysis was conducted using process modelling of energy systems and it constitutes 
the basis for estimating the CO2 separation installation impact on the performance of the whole plant. 
Carbon dioxide capture is one of the key elements of ongoing energy transition and its integration with 
NGCC power units could be determined as essential for maintaining energy security with zero carbon 
dioxide emission power generation. 
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1 Introduction 

Carbon capture and storage (CCS) is a key climate mitigation tool on the path to net-zero emissions. At 
the end of 2021 the number of operational commercial CCS facilities reached 27 in all of the industrial 
areas with the capture capacity of 36,6 Mtpa. Most of the projects are located in the United States and 
the United Kingdom. Power generation sector represents 28 units with different status among which 9 
units in natural gas power sector are in advanced or early development. Despite that the installed CCS 
capacity needs to increase to over 5600 Mtpa by 2050 to limit the global warming to 2°C [1]. 

The visible growth of CCS projects indicates the rapid development in this technology (Table 1). In 
upcoming years, in power generation sector the CCS deployment will expand in natural gas-fired units 
in particular, which provide stabilization in national grid system and short-term flexibility especially in 
terms of non-steerable renewable energy sources and ongoing energy transition. 

Table 1: CO2 capture from power generation sector in the Sustainable Development Scenario [2] 

CO2 capture (Mt) 2030 2050 2070 Cumulative 
Power generation 223 1877 4050 87529 

 from coal 201 895 1031 34378 
 from natural gas 21 605 1175 26942 
 from biomass 0 377 1844 26209 

 
Figure 1: Global cumulative captured CO2 by source in the Sustainable Development Scenario, 2020-

70, adapted from [2] 

The CO2 separation from flue gas can be obtained using the post-combustion, pre-combustion or oxy-
fuel combustion capture systems. The post-combustion methods refer to capturing the CO2 from flue 
gases produced by fuels combustion. The separation can be achieved using following technologies: 
absorption, adsorption, membranes or cryogenic removal [3]. Within this paper two post-combustion 
technologies were investigated: amine absorption with Shell Cansolv solvent and chemical calcium 
looping process (CaL) integrated with natural gas combined cycle (NGCC) power plant. 
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2 Methods 

In this paper two capture technologies integrated with natural gas combined cycle power plant were 
compared in the field of energy as well as economic assessment. Both configurations were modelled in 
IPSEpro software, which is an engineering software for heat balances calculations and process 
simulations. Energetic analysis includes the impact of capture installation deployment to the existing 
gas-fired plant on the whole system performance, while economic evaluation focuses on the profitability 
of retrofitting options in two scenarios.  

2.1.1 NGCC power plant 

Case B31A presented in DOE NETL 2019 was selected as a reference NGCC power plant with energy 
and mass balances available in this report [4]. The system includes two F-class gas turbines with 
generator, two heat recovery steam generators (HRSG) and steam turbine with generator. A natural gas 
with gas composition as follows: 93.99% methane, 3.91% ethane, 0.62% propane, 0.61% CO2 and 
0.87% nitrogen, initially heated, is fed to combustion chamber with compressed air. The gas after 
combustion expands in a gas turbine and generates electricity in amount of 473 MWel. Then, flue gas at 
625°C passes through HRSG to produce superheated steam which consecutively is driven to a steam 
turbine divided into three sections with different pressure levels. Steam turbine’s generator produces 
additional 277 MWe electricity. Flue gas at 82°C leaves the HRSG and is vented to the atmosphere. 

2.1.2 Calcium-looping 

The CO2 capture system using the chemical calcium looping method (CaL) is a high temperature process 
based on cyclic calcination and carbonation. It is usually conducted in reactors with dual fluidized bed 
and is built on reversible calcium oxide reaction with CO2 at around 650°C [5]. 

 

𝐶𝑂 +  𝐶𝑎𝑂 ↔ 𝐶𝑎𝐶𝑂 , ∆𝐻 = −178.2 𝑘𝐽/𝑚𝑜𝑙𝑒 (1) 

 

Gases with high CO2 content contact with CaO-rich solids in the first reactor – carbonator, where the 
exothermic carbonation process is held. The solid phase containing the CaCO3 resulting from the 
carbonation is sent to the calciner (second reactor) where it is thermally decomposed at a temperature 
of 900-950°C back to the calcium oxide. The calcination reaction requires high temperatures which are 
guaranteed by the oxy-combustion of fuel (natural gas in analyzed case). The fuel burning uses the 
oxygen from an air separation unit (ASU). The regenerated sorbent is sent back to the calciner. Captured 
CO2 is then cooled down, dried and compressed to the pressure needed for transportation. The clean 
gases from the carbonator are cooled and vented into the atmosphere, what may be noticed in Figure 2 
[6]. 

 
Figure 2: Simplified process flowsheet of CaL unit 

1177



In addition to that in CaL system there is a possibility to apply heat recovery steam cycle to recover the 
large amount of heat generated in calcium looping process especially from carbonator, CO2-lean stream 
leaving the carbonator and high temperature CO2-reach stream from calciner. The electricity produced 
in additional cycle can compensate the electric consumption in CaL installation.  

Key assumptions for calcium-looping process modelling are presented in Table 2. 

Table 2: Main assumptions for the CaL unit simulation 

Parameter Value 

Carbonator outlet temperature, °C 580 

CO2 capture efficiency, % 90 

Gas velocity at carbonator inlet, m/s 5 

Pressure losses in carbonator, kPa 20 

Calciner outlet temperature, °C 920 

Recycle gas temperature, °C 400 

Oxygen concentration in oxidant flow to calciner, %vol. 50 

Oxygen preheating temperature, °C 150 

Oxygen concentration in calciner off-gas. %vol. 5 

2.1.3 Amine absorption 

The process of CO2 capture in second configuration is realized through amine absorption with Shell 
Cansolv in dedicated reactor (Figure 3). Flue gases from HRSG are cooled and compressed before 
entering the absorption column, where the absorption process occurs by using solvent. Flue gases stream 
flows counter-current to the Cansolv solution. CO2 reacts with the solvent and approximately 90% is 
absorbed into the lean stream. Remaining gas after the main absorber section is sent to the water-wash 
section then leaves the column and is vented into the atmosphere. Hot amine stream is collected at the 
bottom and pumped through heat exchanger where heat from lean amine is transferred to the rich amine 
solution. The CO2-rich stream is delivered near to the top of the second column. The stream flows 
downwards, counter-current to the water vapor flowing upwards. It enables removing CO2 from the 
amine solution and the amine regeneration. The heat needed for this process is taken from low pressure 
steam from NGCC system. Lean amine stream is collected at the bottom of stripping column and 
transported back to the absorber via heat exchangers to close the loop. Separated CO2-rich gas leaves 
the column in the upper section and is cooled, dried and compressed afterwards.  

 

Figure 3: Simplified process flowsheet of amine absorption unit 

In Table 3 a summary of modelling assumptions is presented for amine absorption method. 
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Table 3: Direct formatting styles 

Parameter Value 

Solvent Shell Cansolv 

Heat for amine regeneration, GJth/Mg CO2 3.1 

Capture efficiency, % 90 

Absorber inlet temperature, °C 40 

Absorber inlet pressure, bar 1.2 

Pressure losses in absorber, bar 0.2 

Amine concentration, %mass 45-55 

Reboiler pressure, bar 0.9-1.1 

Reboiler temperature, °C 120-125 

2.2 Assessment methods 

2.2.1 Performance indicators 

The overall performance of the analyzed unit with capture installations can be calculated using the 
following formulas: 

 net electrical energy efficiency (ηnet, %LHV): 

𝜂 =
𝐸

∑ 𝐸 ,

 (2) 

 net electrical energy efficiency penalty (Δηnet, p.p.): 

𝛥𝜂 = 𝜂 , − 𝜂 ,  (3) 

 specific primary energy consumption for CO2 avoided (SPECCA, MJLHV/kg CO2): 

𝑆𝑃𝐸𝐶𝐶𝐴 =
𝑞 , − 𝑞 ,

𝑒 , − 𝑒 ,

=

3600 ×
1

𝜂 ,
−

1
𝜂 ,

𝑒 , − 𝑒 ,

 (4) 

where:  

𝐸   annual net electricity generation of the system, MWhel, 
𝐸 ,  annual consumption of i-th fuel, MWhLHV, 
𝑞

 
unit fuel consumption per net electricity generation, MJLHV/MWhel, 

𝑒   specific direct CO2 emission, kg CO2/MWhel. 

“REF” relates to reference NGCC plant, “CCS” refers to plant with carbon capture installation added. 

2.2.2 Economic assessment 

The financial evaluation includes Levelized Cost of Electricity (LCOE) determination as well as Net 
Present Value (NPV) analysis and Break Even Points (BEP) calculation for gas, electricity and CO2 
emissions allowances EU ETS prices. The economic parameters were obtained for two price scenarios: 
beginning of 2021 and second quarter of 2022, by following equations: 

 

𝐿𝐶𝑂𝐸 =  
𝐶𝐴𝑃𝐸𝑋 ∙ 𝑓 + ∑ 𝑂𝑃𝐸𝑋

𝐸
 (5) 
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where: 
𝐶𝐴𝑃𝐸𝑋   capital expenditures, EUR, 
𝑂𝑃𝐸𝑋   operational expenditures, EUR, 
𝑓  discount factor, - 

𝑓 =  
𝑟(1 + 𝑟)

(1 + 𝑟) − 1
 (6) 

 

𝑁𝑃𝑉 =  
𝐶𝐹

(1 + 𝑟)
− 𝐶𝐴𝑃𝐸𝑋 (7) 

Economic assessment comprises calculation for no inflation impact, Free Cash Flow to Firm (FCFF) 
cash flow model. List of further financial assumptions is presented in Table 4. 

Table 4: Key assumptions for financial calculations 

Parameter Value 

Cost year basis 2021 

Base currency EUR 

Project lifetime 25 

Capacity factor for power plants, % 90 (7008 h) 

Discount rate, % 8 

 
Scenario 1 Scenario 2 

1Q 2021 2Q 2022 

Electricity price, EUR/MWh 60 [7] 103 [8] 

Gas price, EUR/MWh 20 [7] 190 [8] 

EU-ETS emission allowance price, EUR/tCO2 38 [7] 87 [9] 

 

Financial estimations were based on data implicit in CEMCAP reports and articles [6][10]. 

3 Results 

3.1 Energy assessment 

For the analyzed configurations the obtained results in field of energy performance point out the change 
of power generation and net electrical energy efficiency drop from 57.7% in reference NGCC plant to 
48.1% in unit with amine capture and 37.7% in unit with CaL system. Decrease of gross power can be 
noticeable in amine unit due to steam collecting between intermediate- and low-pressure stage of steam 
turbine in NGCC plant (Figure 4). The power generated in plant with CaL unit increases compared to 
the reference plant because of the additional heat recovery system which was applied to the base system. 
Nevertheless there is a big difference between gross and net power in both capture systems, clearly 
visible in calcium-looping unit. Such a difference results from the electricity consumption for the 
purpose of capture unit, compression unit and CPU, which total 45.7, 18.4 and 3.2 MWel, for amine 
installation respectively and 33.2, 58.2 and 1.4 MWel for CaL installation respectively. In calcium-
looping unit a large electricity consumption comes also from ASU and amounts to 99.4 MWel.  
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Figure 4: Total power values in analyzed cases 

Other findings related to energy balances and the amount of CO2 captured are presented in Table 5. All 
obtained values are based on the results from process simulations.  

Total energy consumption per CO2 captured represents similar values to ones found in literature. Higher 
net electrical efficiency penalty in CaL system comes from higher value of chemical energy due to 
additional gas stream introduced to the capture unit. This impacts also on significant increase of 
SPECCA value and CO2 captured in calcium-looping installation, resulting in much higher stream 
dedicated for transportation and further storage.  

Table 5: Main performance indicators  

Parameter 
Reference NGCC 

model 

NGCC model 
integrated with 

CaL capture 

NGCC model 
integrated with 
amine capture 

Steam turbine cycle energy 
efficiency (gross), %  

39.4 39.4 31.6 

Steam turbine cycle energy 
efficiency (gross) in heat recovery 
cycle, %  

- 39.2 - 

Net plant electrical energy 
efficiency, % 

57.7 37.7 48.1 

Net electrical energy efficiency 
penalty, p.p. 

- 20.0 9.6 

Total energy consumption per CO2 
captured, MJ/kgCO2 

- 4.87 3.10 

Total CO2 emission per el. 
production, kgCO2/MWh 

344.4 29.1 41.4 

SPECCA, MJ/kgCO2 - 10.49 4.12 

CO2 captured for sequestration, tpa - 3 422 066 1 798 591 
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3.2 Economic evaluation 

Capital expenditures estimated from performed economic assessment for both configurations and the 
share of particular unit costs are presented in Figure 5. As can be seen, calcium-looping capital 
investment is over 5.5 times higher than in amine unit mainly due to additional ASU and heat recovery 
steam cycle but also the capture unit is more expensive by itself in this case. Compression unit cost is 
also higher in CaL system because of higher CO2 captured stream and comprises 41.2% of total unit 
expenditures. 

 

Figure 5: Estimated CAPEX distribution within the analyzed units, (A) calcium-looping, (B) amine 
absorption 

Financial analysis was performed for two scenarios which differ in gas, electricity and EU ETS prices. 
The results were compared for the prices from the beginning of 2021 and second quarter of 2022 to 
visualize the impact of price change on the profitability of both systems. The levelized cost of electricity 
was calculated excluding the capital expenditures for reference NGCC plant.  

Table 6: Results of economic assessment 

Parameter 

Scenario 1 Scenario 2 

1Q 2021 2Q 2022 

NGCC w/ 
amine 

NGCC w/ 
CaL 

NGCC w/ 
amine 

NGCC w/ 
CaL 

LCOE, EUR/MWh 74.1 88.3 429.6 540.6 

∆NPV, mln EUR -725.4 -1675.2 -429.8 -9612.9 
BEP for gas price, 
EUR/MWh 

n/a n/a n/a 4.0 

BEP for electricity price, 
EUR/MWh 

n/a 253.7 33.1 1534.9 

BEP for EU ETS price, 
EUR/tCO2 

101.5 151.8 124.6 928.1 

 

The results presented in Table 6 show that higher fuel, electricity and EU ETS prices influences the 
LCOE value which is much higher in second variant. What can be noticed is the NPV below 0, meaning 
that neither amine nor calcium-looping unit are cost effective in both scenarios. In first scenario EU ETS 
price should be increased by 167% and almost 300% in amine and CaL unit respectively to meet the 
BEP, where obtained NPV would be equal to 0.  

For the purpose of the system profitability examination the analysis containing gas and electricity prices 
adjustment was performed for both cases. The results are presented in graphs in Figure 6. Amine unit 
would be economically viable in a broader range of gas and electricity price (light blue colour) than 
calcium-looping system (dark blue colour).  
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Figure 6: Financial profitability of analyzed systems  

4 Conclusions 

The goal of the study was to compare two different CO2 capture technologies integrated with natural 
gas combined cycle in the terms of energy as well as economic outcomes. Obtained results from energy 
balances indicate the significant impact of the capture unit on the whole system performance.  

 Net electrical energy efficiency penalty for NGCC integrated with amine capture totalled 
9.6 p.p. while for NGCC with CaL unit this value was almost 2 times higher. 

 Total power generation in NGCC with CaL installation is higher than in reference plant due to 
application of additional steam cycle with gross power equal to 334.6 MWel. 

 Gross power obtained in system integrated with amine unit were lower than in reference plant 
due to lower stream flowing through last stage of steam turbine resulting from heat requirement 
for amine regeneration is stripper column. 

 Captured CO2 stream is higher using CaL technology because of additional capture from extra 
gas burning in calciner. 

The financial analysis showed that calcium-looping unit has higher capital expenditures including the 
need for oxygen supply which is realized via air separation unit. Based on presented findings the 
economic justification for the deployment of the proposed capture units would be achieved with higher 
EU-ETS CO2 emission allowances prices and in case of amine unit for higher electricity prices and in 
case of calcium-looping installation for very high electricity price and low gas price, which seems to be 
unlikely to happen due to electricity price dependence on fuel market.  
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Abstract 

Waste heat plays a significant role in obtaining the 4th and 5th generation of District Heating (DH) System 
in cities. This article presents the possibilities of integrating selected waste heat emitters into DH, with 
the objective of meeting the demand for heat for the selected residential area (approx. 4000 inhabitants) 
in the city of Gliwice (180 000 inhabitants). The total heating demand of the studied area was estimated 
at 19 800 GJ including both space heating and domestic hot water. The maximum thermal power was 
estimated at  approx. 2.45 MW. The demand was calculated based on registered metering values for 
individual buildings which were processed and summarized due to the lack of collective meters for the 
district. A detailed data classification, correction and completion procedure was elaborated to deal with 
non-uniform and low quality data registration. Two industrial objects with waste heat generation were 
examined to be integrated with the local DH network. The waste heat generation potential equals 9.0 
MW for plant #1 and 0.9 MW for plant #2. Apart from the constant generation declared by the industrial 
entities, realistic profiles including possible shaft-work and maintenance periods were created. It has 
been shown that the total heat demand for selected residential can be covered by integrating waste heat 
into the current DH network. Depending on the waste heat generation profile, the local area heat demand 
can be covered entirely or to a large degree (coverage factor ranges from 72 to 100%). The waste heat 
utilization factor ranges from 6.3 to 8.3% To manage the remaining waste heat potential it is required to 
increase the network capacity to receive additional 7.45 MW thermal power. 

1 Introduction 

The contemporary geopolitical crisis turns everyone’s attention on the significance of energy resources. 
Fossil fuels, beyond being harmful to the Earth’s climate, reveal our dependance on supply from a 
limited number of countries. The majority of fossil (and nuclear) fuels is used for the production of 
electricity or mechanical energy (transportation). Unfortunately, 72% of the primary energy supplied 
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for these two purposes is lost in the conversion processes, and it is dissipated to the surroundings in the 
form of heat [1]. 

However, basic human needs, as specified in the Maslow hierarchy [2] comprise the needs of shelter, 
heat and hygiene, which requires proper indoor conditions. In many climatic zones including Poland, 
this is bound to space heating and the preparation of hot water. These needs are defined at low 
temperature levels (+20°C indoor temperature, about 55°C - domestic hot water), however, they are 
mostly covered by fossil fuel combustion, which results in an unnecessary generation of much higher 
temperatures. In the case of Poland, space heating and domestic hot water production is largely covered 
by solid fuels (coal and wood) which leads to a severe air pollution in the winter season, and to an 
unavoidable CO2 emission. 

To address this problem, it is recommended to extend the use of heat pumps, and to promote a new 
generation of heating systems, integrating various available sources, especially renewable sources and 
waste heat [3]. The objective set by the European Commission (European Green Deal) is to achieve 
carbon neutrality, reducing the CO2 emission to 0 kg/GJ usable heat. 

Development of district heating systems is focused on maximizing the efficiency of the DH system and 
minimizing heat losses by reducing the temperature supply of the heat carrier. Currently, 5 generations 
of development of district heating systems are known [4], [5].The first two generations, 1GDH and 
2GDH (1st/2nd generation of district heating system), were based on centralized production of heat from 
fossil fuels and were characterized by high temperature levels. The feeding temperature in the 1GDH 
was above 200°C with steam as a heat carrier, which resulted in large heat losses. Replacing the steam 
with pressurized hot water enables reducing the feeding temperature to 100°C and it constitutes a 
transition to 2GDH. This transition resulted in increasing efficiency of the DH system and the endurance 
of the DH network. Implementation of pre-insulated pipes into DH networks allowed a further reduction 
of the feeding temperature below 100°C  and the utilization of a greater variety of heat sources including 
renewable energy sources and high-temperature waste heat from industrial sources. These measures 
define the 3GDH. The fourth generation of DH, 4GDHC is characterized by obtaining the supply 
temperature in the range 50-60°C, which enables utilization of low-temperature waste heat. Moreover, 
this generation utilizes industrial heat pumps as one of the heat sources. This generation also includes 
production and distribution of district cooling. The most innovative system is described as 5GDHC (5th 
generation of district heating and cooling), which ensures less heat loss within the DH network, by 
obtaining ultra-low feeding temperature below 50°C. This system, compared to previous ones is  
bi-directional - production of heat is decentralized and each consumer can be either producer.  

In the case of Poland, transition from the current level of 2-3 GDHC towards higher levels (4-5) provides 
a simultaneous solution to 3 major problems in the local heating sector [6]:  

1. decarbonization - the Polish heating sector currently emits about 68∙106 Mg CO2 per year. From 
a strictly economic point of view, each Mg is burdened by about €80/Mg emission allowance - 
compared to €20/Mg in 2019.  

2. energy safety - following the closure of several major coal mines, and accounting for the current 
breakdown of Russia-UE economic relations, Poland has now a shortage of 11∙106 Mg of coal 
(about 40% of the sectoral demand), while the price of coal still available has risen from $60 to 
$320/Mg. 

3. air pollution - in winter, Poland suffers from severe air pollution, in many cities (including e.g. 
Kraków) the allowable levels of PM10 are exceeded during 150 days/year [7]. Air pollution is 
mostly bound to individual solid fuel boilers, i.e. houses not connected to district heating.  

To upgrade the generation of DH networks, it is essential to integrate the available waste heat. Until 
now, waste heat recovery was frequently neglected due to the availability of relatively cheap fuels (coal 
and gas). Investment costs for waste heat integration were often too high to provide economic feasibility. 
The new, challenging macroeconomic situation is likely to quickly change this perspective. 

The objective of this paper is to demonstrate the availability of waste heat on the local energy market, 
and to provide the first estimation of its possible integration into the district heating system.  
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2 Case of Gliwice 

2.1 General information 

Gliwice is a middle-sized city of approx. 180 000 inhabitants, situated in the highly industrialized area 
of Upper Silesia, Poland. The city hosts several industrial factories (i.a. Huta Łabędy steelworks, Bumar 
heavy vehicles factory) as well as the newer Katowice Special Economic Area (KSSE, since 1996), 
including various branches of industry, many of them are related with the car manufacturing sector (Opel 
Manufacturing Poland being the leading entity in the area). 

The city administration estimates the total thermal demand as 1139.5 MW for space heating and 93.2 
MW for domestic hot water (2020). Within these figures, 448.8 MW space heating and 65.9 MW hot 
water demand is generated by the residential sector. A substantial part of the demand is covered by the 
local District Heating Plant (installed thermal power 360.5 MW); the contracted thermal power was 
320.7 MW, of which 186.2 MW for the residential sector. Accordingly, the demand coverage factor is 
26.0% for all sectors, and 36.2% for the residential sector. The remaining heating demand is covered by 
individual boilers supplied mostly with coal and natural gas, other fuels (oil, wood, biomass pellets), 
and electricity (heat pumps and direct electric heating). Detailed statistics for the city of Gliwice are not 
available. 

2.2 Industries selected for waste heat recovery 

Following a recommendation by the local DH plant and network operator, two industrial objects for 
waste heat recovery have been identified: 

1. Company #1 producing spark plugs for engines. Waste heat thermal power: 9.0 MW. 
2. Company #2 (planned, industrial automatics). The company is planning to install its own gas 

engine generator unit. The produced heat will not be used by the company and can be treated as 
waste heat. Waste heat thermal power: 0.9 MW (constant generation with 3 weeks service 
period). 

Both companies declared constant heat generation. Still, some modified profiles have been proposed in 
section 3.3 as possible realistic scenarios.  

3 Methods & data 

3.1 Remarks on input data quality 

Industrial data concerning various energy quantities (power production, demand), process parameters 
(temperature, pressure) can be available in an extremely wide range of quality, spatial and temporal 
resolution. The previously published data classification [8] into 3 quality classes, can be extended as 
follows: 

Class 1A: High-frequency data available in short, equal time steps, e.g. 8760 hours/year 

Class 1B: High-frequency data available in irregular or quasi-regular time steps, e.g. 

 04/12/2022 10:48:03  1198.72 kW 

 04/12/2022 10:52:13  1211.09 kW 
 04/12/2022 11:12:07  1007.38 kW 

Class 2: Low-frequency data available in longer times steps: 

 2a: once per day (daily sum or average) 
 2b: once per month (monthly sum or average) 

Class 3: Nominal data without any temporal distribution. 

Class 1 data allows one to precisely identify the profile of the given process along the time axis. In the 
sub-case 1A this profile is obtained directly, in the sub-case 1B it requires additional data processing. 
For both classes, it is possible to identify the maximum and average values of the given variable. Class 
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2 data provides a very raw estimation of the temporal profile and it fails to identify maximum values. 
Class 3, on the contrary, can sometimes provide some information on maximum values based on the 
nominal data, e.g. knowing the nominal power of a boiler and its technical specification it is possible to 
identify the maximum power. 

Data used for this work have been classified as Class 1B (heat demand) and Class 3 (waste thermal 
power). Details on data processing are given in the subsequent sections 3.3. 

3.2 Geographic position of industrial objects vs. plan of the residential area 

Close to the industry waste heat sources: WH#1 and WH#2, there is a residential area comprising 38 
multifamily apartment buildings. (Figure 1) 

 

Figure 1: Location of waste heat sources WH#1, WH#2 and the residential area. 

The waste heat emitter #1 (9 MW, existing) is located about 2.2 km from the residential area, while the 
smaller emitter #2 (0.9 MW, planned) is located in between. This provides an opportunity to build an 
integrated connection pipeline. 

The existing local district heating network inside the residential area is supplied from the Gliwice DH 
Plant by 2x DN200 main pipelines and is composed of around 3250 m distribution pipelines.  

3.3 Thermal load of adjacent heating nodes (measurement data, weather data) 

To evaluate the possibility of covering the local heat demand by the identified waste heat, it is first 
necessary to calculate the existing demand and its variation in time. This step requires the processing of 
measurement data available in the heating nodes of the residential buildings. 

Based on the type of this data, the residential buildings have been classified in two main groups: 

 A - separate measurement of heat demand for space heating (�̇� ) and domestic hot water 
(�̇� ) * 

 B - combined measurement of heat demand for space heating (�̇� ) and domestic hot water 
(�̇� ) 
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* Due to the low resolution of the meter recording heat demand for domestic hot water purposes, it was 
impossible to create hourly profiles of �̇� . The demand was estimated based on Eq.(1), [9]. 

�̇� =
1

3600
�̇� 𝑁𝑐 𝛥𝑡  (1) 

�̇�   average hourly demand for domestic hot water per person, 1.7 kg/h [10], 
𝑁 number of people using the same heat node (assumed 3∙number of apartments), 
𝑐  specific heat, 4.19 kg/(kJ K), 
𝛥𝑡  temperature difference of hot and cold water, 30 K. 

Next, the buildings were also classified into 4 categories depending on the quality of the  registered data: 

 TYPE 1: high resolution, complete data record during all year,  
 TYPE 2: high resolution, incomplete data record - no measurements at the beginning/ in the 

middle/in the end of the recorded period, 
 TYPE 3: low resolution of register data - unable to calculate hourly heat demand,   
 TYPE 4: complete lack of data. 

The division of buildings by measurement data type is presented in Figure 2. 

 

Figure 2: Classification of buildings based on the type/quality of registration data 

Raw measurement data was available in an extremely disorganized format, with data spread over 
multiple worksheets (738 files for 38 buildings) , which required collection and ordering by time using 
a dedicated VBA macro. Following the initial data processing step, the obtained format for the source 
measurement data type 1 is shown in Table 1. 

Table 1: Example of registration data format type A-1 

Data, hour Counter registration: Energy, GJ 
01.01.2021 00:00 529.93 
01.01.2021 00:02 529.94 
01.01.2021 00:03 529.94 
… … 
01.01.2021 23:11 530.29 
… … 
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The measurement data were registered in irregular intervals and included lots of gaps. Therefore, the 
data was regularized through another VBA macro, performing the following functions: 

1. Calculating the hourly-average demand if the resolution is higher than 1/hour. 
2. Completing the missing (blank) data based on values available for other objects: 
3. Incorrect data adjustment, e.x. negative heat gain, erroneous number, counter reset etc. 

The completion of data (point 2) was done differently for two cases: 

a. Building data type A-2 or B-2: missing data for some periods. In this case it is possible to copy 
data from reference buildings (type A-1 or B-1) correcting the profile by the factor determined 
from the period registered both for the studied and the reference building, Eq.(2): 
 

�̇� , = �̇�
,

∙
∑ �̇� ,: ̇ ,

∑ �̇�
,: ̇ ,

: ̇ ,

 

 

(2) 

             �̇� ,       registered demand for space heating for buildings type A-2, MW 

             �̇� ,      revised demand for space heating for buildings type A-2, MW 
             �̇�              demand for space heating for reference buildings, MW 

 

A similar operation has been performed for buildings type B-2. In this case the demand for 
domestic hot water has also been included. 

The reference buildings are indicated in the map (Figure 2). 

b. Building data type A-3, B-3, A-4 and B-4: the existing data is not provided or not sufficient. In 
this case, the data is directly copied from the reference building with the factor 1, since the 
reference building has the same number of apartments. 

The example of revised data is presented in Figure 3. 

 

Figure 3: Example of the data completion procedure. 

Once the registration data for all buildings have been completed, the total heat demand of the residential 
area has been calculated as a sum of all completed and corrected data for individual buildings, with a 
resolution of 8760 hours per year, Eq.(3): 

𝑄 = (�̇� , + �̇� , )𝛥𝜏 = 19 800 GJ (3) 

 
�̇�   heating demand for space heating, GW 
�̇�  heating demand for preparing domestic hot water, GW, 
𝑄  total heat demand for residential area, GJ, 
𝛥𝜏 time interval, 3600 s 
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3.4 Waste heat generation 

Based on the information provided by companies #1 and #2 the total waste heat thermal power equals 
9+0,9=9,9 MW at constant rate. Due to the poor quality of input data on waste heat generation, several 
possible scenarios were introduced to make the assumptions more realistic.  

These scenarios are presented in Figure 4. 

 

 

Figure 4: Chosen profiles of waste heat generation: a) constant work b) shift work c) constant work 
with 7 days maintenance d) simplified engine work e) simplified engine shift work  

f) simplified engine work with 7 days maintenance 

The scenarios have been built by introducing a time scaling function y(t), defined as follows: 

 
 Scenario a, Eq.(4): 

𝑦(𝑡) = 1 = 𝑐𝑜𝑛𝑠𝑡. (4) 

 
 Scenario b, Eq.(5): 

𝑦(𝑡) =
1 for time 6: 00 − 22: 00
0 elsewhere

 (5) 
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 Scenario c, Eq.(6): 

𝑦(𝑡) =
0 for 168 h per year
1 elsewhere

 (6) 

Following 3 scenarios were based on the genuine annual engine operation on the gas compressor station. 
The running period of the engine equal 1800 h was selected and re-scaled for the all year round, what 
was presented in the Figure 5. 

 

Figure 5: Genuine engine work converted to a simplified profile. 

 Scenario d, Eq.(7): 

𝑦(𝑡) =
�̇�

�̇� ,  

where �̇� ,  = 337 kW (7) 

 
 Scenario e, Eq.(8): 

𝑦(𝑡) =

�̇�

�̇� ,  

for time 6: 00 − 22: 00

0 elsewhere

 (8) 

 
 Scenario f, Eq.(9): 

𝑦(𝑡) =

0 for 168 h per year

�̇�

�̇� ,  

elsewhere
 (9) 

The following indicators have been defined for the purposes of assessing the efficiency of waste heat 
utilization: 

 Waste heat recovery factor 𝑓 , Eq.(10): 

𝑓 =
∑ �̇�

∑ �̇�
∙ 100% (10) 

 
 Demand coverage factor 𝑓 , Eq.(11): 

𝑓 =
∑ �̇�

∑ �̇�
∙ 100% (11) 

 
�̇�   waste heat generation depending on the production profile, MW 
�̇�   total heat demand for residential area , MW 
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�̇�   received waste heat depending on the waste heat production profile, defined by the 
technical possibility of heat exchange between the waste heat and the consumer demand, 
i.e. is directly defined by the lower of two values, Eq. (12), MW 

 

�̇� = min �̇� ; �̇�  (12) 

4 Results 

The generated profiles of waste heat thermal power and the calculated profile for the total heat demand 
of the residential area are presented in Figure 6. 

 

Figure 6: Comparison of the waste heat generation (red line) and the local area demand profiles  
(blue line) 

As it can be seen in Figure 6, in the basic scenario (a) the generated constant flux is always higher than 
the local area heat demand. It is also the case for the fluctuating operating mode (d). If the source of 
waste heat is subject to a daily shift schedule or to a seasonal maintenance, then the demand coverage 
is not complete and some back-up heat supply is required. 

Table 2 presents synthetic results of the waste heat recovery, balancing the waste heat available (using 
6 availability patterns) and the estimated local heat demand of the residential area. 
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Table 2: Synthetic results of the waste heat recovery and the demand coverage for the local case study 
in Gliwice, Poland. Maximum waste thermal power: 9.9 MW 

Type of heat source profile 
Waste heat recovery 
factor 𝑓  

Demand coverage 
factor 𝑓  

A: Constant work (9.9 MW) 6.34% 100% 

B: Shift work 6.48% 72% 

C: Constant work with 7 days maintenance 6.61% 98% 

D: Simplified engine work  7.95% 100% 

E: Simplified engine shift work 8.13% 72% 

F: Simplified engine work with 7 days 
maintenance 

8.30% 98% 

It can be seen that the majority of waste heat is still free for utilization and it can be supplied to other 
consumers, in particular to the main urban district heating pipeline. On the demand side, the coverage  
of the local demand is either complete (100%), or close to this factor. 

5 Conclusions 

Based on the presented results, it can be concluded that waste heat can play a significant role in covering 
local heat demands. In the studied case, two industrial entities generate much more heat that can be 
consumed in a local residential district. Although the generated waste heat is sufficient to entirely cover 
the local heat demand, it is still recommended to provide a back-up source of heat for possible periods 
of maintenance. 

The management of heat production and demand is complex, and in the studied case, the complexity is 
entirely related to the demand side. While the waste heat generation is constant (or declared constant), 
the demand suffers from strong seasonal and daily variations. 

Moreover, the quality of metering data is mostly insufficient. Only a few buildings are equipped with 
full, real-time registration of heat demand, which can help to design a control system for waste heat 
integration in the heating nodes. The remaining houses either have a low resolution of measurements 
(0.01 GJ is needed for real-time management), or they lack the registration of domestic hot water 
demand, or they have incomplete data with blank periods, or they do not have any local registration at 
all.  

Accordingly, the transition to the 4-5 generation of district heating systems must be related with an 
improved metering, which receives new function: not only long-time registration and billing, but also 
real-time data acquisition and system management 

The studied case represents the first step of work related to the waste heat integration into the local 
heating systems based on the energy balance. Further work is needed to design the required connection 
pipelines, to verify the technical availability of heat transfer accounting for temperature levels, and to 
consider optional profile equalization using a local heat storage unit. 
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Abstract 

In this research work, energy transport between a dense fluidized bed and submerged horizontal tube 
bundle is analyzed in a commercial external heat exchanger (EHE). In order to investigate the heat 
transfer behavior, the authors carried out seven performance tests in a fluidized bed heat exchanger 
chamber with a cross-section of 2.7m2.3m in depth and width and a height up to 1.3m. The authors 
have developed a mechanistic model for the prediction of average heat transfer coefficient which 
includes the effect of the geometric structure of tube bundle and the location of heat transfer surface on 
heat transfer rate. The computational results show that the average heat transfer coefficient is essentially 
affected by superficial gas velocity and suspension density rather than bed particle size. Empirical 
correlations are proposed for predicting heat transfer data since the existing data in the literature is not 
sufficient for industrial fluidized bed heat exchangers. On the basis of the operating conditions evaluated 
regarding an external heat exchanger, the optimal conditions where heat transfer occurs can be deduced. 
The mechanistic heat transfer model developed was validated by experimental data under the examined 
conditions. 

1 Introduction 

Fundamental knowledge of the heat flow from the fluidized bed to the bundle of submerged tubes is 
necessary and provides important information for optimum design and proper operation of fluidized bed 
heat exchangers (FBHEs) in a CFB boiler. It should be noted that the bed-to-wall heat transfer process 
is very complicated due to the complex nature of the fluidized bed (such as bed particle size, sphericity 
particle, the specific heat of particle, gas thermal properties, fluidization velocity, bubble dynamics, 
particle residence time at the heat transfer surface, heat exchanger geometry and also type of gas 
distributor) and the complexity of heat transfer mechanisms occurring in the FBHEs. Moreover, the 
mechanism of heat transfer from the fluidized bed to the tube surface depends upon the variations in 
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heat transfer tube design, such as diameter, pitch, shape, spacing, tube array position, orientation, and 
material type. Thus, there are various processes and technical details of fluidized bed heat exchangers 
which can allow efficient energy production and also economic gains in large-scale CFB units. 

There is an abundance of studies conducted toward the understanding of the heat transfer behavior in 
fluidized bed heat exchangers but they are limited to investigations on a laboratory scale, especially for 
the single horizontal tube or cylinder immersed in bubbling fluidized beds [1-3]. There is currently 
considerable interest in heat transfer characteristics under large-scale bubbling fluidized bed conditions. 
This is a result of the limited availability of experimental data for FBHEs in the published literature due 
to commercial reasons. However, the experimental data selected with heat transfer characteristics of 
large-scale CFB units are usually presented under different boiler loads only [4-6]. There is a lack of 
scientific work discussing the heat transfer between the horizontal tube bundle and the fluidized bed in 
detail. Until now there has also been a lack of operating data guidelines for commercial FBHEs in 
relation to the accomplishment of optimal heat transfer conditions for power generation in an 
environmentally acceptable fashion. Therefore, one of the principal challenges in scale-up or designing 
FBHE systems is a lack of adequate data on heat transfer rates to tube bank. 

The present study herein is intended to fill this gap and improve the mechanistic heat transfer model 
based on a packet renewal approach. The proposed heat transfer model takes into account the tube bundle 
structure characteristic coefficient apart from bubble dynamics (bubble fraction) and the solids mixing 
process (emulsion-wall contact time with horizontal smooth tube bundle). The accuracy in dimensioning 
the active heat transfer surfaces affects extra construction costs of power plants by a reason of heat 
exchanger oversizing. Therefore, the main goal of the article is to provide reliable data that can be used 
to validate the procedures and the empirical correlations used in the design of fluidized bed heat 
exchangers for large-scale CFB boilers. Hence, there is a need to accurately establish knowledge of the 
bed-to-tube heat transfer mechanisms for heat transfer enhancement at external heat exchanger operating 
conditions. 

2 Description of heat transfer model 

A mechanistic heat transfer model is used to describe the average bed-to-tube heat transfer coefficient 
and is based on the packet renewal theory proposed by Mickley and Fairbanks [7]. All heat transfer 
mechanisms responsible for heat flow to the tubular surface immersed in a fluidized bed are described 
below as follows. In the packet renewal model, bed particles called emulsion phase parcels are brought 
to the active heat transfer surface due to fluidizing gas dynamics. After remaining there for a short 
residence time, the emulsion phase parcels will be swept away by gas bubbles and moved back into the 
main body of the bed and at the same time interchanged with “fresh” particles (hot packets) from the 
body of the bed. For analytical purposes, the packet is considered homogeneous in this model. 

In fluidized bed systems, heat is transferred to the immersed tube bundle by packets of emulsion phase, 
by gas percolating between the bed particles and the tube surface, and also by means of gas bubbles, as 
is depicted in Figure 1. 

 

Figure 1: Different energy transport types between a dense fluidized bed  
and an immersed horizontal smooth tube. 

1198



The average heat transfer coefficient between the immersed tube bundle and the fluidized bed is defined 
as 

 

ℎ = 𝜉
𝑛

𝑛
ℎ +

𝑛

𝑛
ℎ  (1) 

 

The value of a tube bundle structure characteristic coefficient  is calculated using the following 
equation (2): 

 

𝜉 = 1 −
𝑑

𝑝
1 +

𝑑

𝑑 + 𝑝

.

 (2) 

 

Due to the fact that the horizontal smooth tubes at the top section are operated under splash zone 
conditions (nsplash= 4), the average heat transfer coefficient htop is obtained from the following empirical 
correlation [8-10]: 

 

𝑁𝑢 = 47.56𝑅𝑒 . 𝑃𝑟 .
𝑑

𝑑

.
𝑐

𝑐

.

 (3) 

 

Correlation (3) is valid for the tube bundle geometry investigated and can be used for wide range of 
experimental conditions: 0.97  Re  12.56, 93.46  dt/dp  157.73, 0.67  ce/cg  0.79 and Pr = 0.71.  

In the dense phase of the fluidized bed, the submerged horizontal tube bundle without fins (ndense = 20) 
remains in the emulsion phase, where the bubbles and the orientation of bed particles are the same as 
that in the packed bed. In this case, it is generally accepted that the average bed-to-tube heat transfer 
coefficient for the bottom tube section hbottom is expressed as a combination of three additive components: 
packet particle convection he, gas convection hg  and thermal radiation hr: 

 

ℎ = (1 − 𝛿 )ℎ + 𝛿 ℎ + ℎ  (4) 

 

All three individual heat transfer mechanisms have been discussed in [8] and not will be described here.  

3 Description of the fluidized bed heat exchanger 

In an industrial heat exchanger, heat transfer tubes are 51 mm in outside diameter and 7.1 mm in wall 
thickness. The heat transfer surface in the horizontal bundle is arranged in a staggered tube array with a 
relative horizontal pitch ph/dt of 1.35 and with a relative vertical pitch pv/dt of 2.19. The pitch-to-diameter 
ratio pv/dt for horizontal smooth tubes in a bundle is chosen to allow good mixing within the fluidized 
bed and also the upward flow of bubbles between adjacent smooth tubes [11]. Hence, also for optimal 
heat transfer conditions in the fluidized bed heat exchanger, the relative diagonal pitch pdiag/dt equals 
2.70. In this study, the permeability dp/pmin for considered tube bundle array varies between 0.003 and 
0.004. More details on the geometry characteristics of horizontal tube bundle used in the heat transfer 
modeling are summarized in Table 1. Selected construction data have not been presented due to 
commercial reasons. Nevertheless, the bottom row in an external heat exchanger is located about 500mm 
above the air distributor (grid) in order to prevent irregular fluidization. On the other hand, the distance 
between the top row of high temperature reheater tubes and the arrow nozzles equals 1.54m. 
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Table 1: Tube bundle layout in the heat exchanger considered 

Staggered tube arrangement Unit Value 
Tube outside diameter, dt mm 51 
Tube wall thickness, t mm 7.1 
Horizontal pitch, ph mm 69 
Vertical pitch, pv mm 112 
Diagonal pitch, pdiag mm 138 
Minimum pitch, pmin mm 61 
Number of rows, nr pcs 24 
Number of tubes in a vertical column, nv pcs 12 
Number of tubes in a horizontal row, nh pcs 32 
Number of parallel rows, npr pcs 6 

4 Results & discussions 

The following section presents predicted heat transfer data in the context of the design of fluidized bed 
heat exchangers. The procedure described in section 2 was used to estimate the average heat transfer 
coefficient for the reheater RH II (heat exchanger) considered. The computed results are depicted in 
Figures 2-6 for different values of dp. The following results discussion is related to Group B powders. 
The error bars shown in Figures 2-4 show the relative error in determining the values of the average heat 
transfer coefficient by the mechanistic heat transfer model developed. In fact, error bars give a better 
insight into the heat transfer data presented and any divergences that took place. In selected graphs, the 
trend lines are fittings of heat transfer data. The correlations for predicting heat transfer coefficient are 
developed and are based on heat transfer data presented in this section. In addition, the mechanistic heat 
transfer model developed is validated by experimental data in the operating regime of an industrial heat 
exchanger. 

Figure 2 shows the average heat transfer coefficient as a function of Sauter mean particle diameter for a 
fluidized bed modeled by a mechanistic model based on a packet-renewal approach. As can be seen, the 
bed-to-tube heat transfer coefficient increases slowly at the ratio dt/dp in the range of 207.3-219.8 and 
then proportionally decreases at the dt/dp ratio of 220.8-232.9. This trend of heat transfer coefficient 
variation was not consistent with the observations made in earlier work [9, 12]. 

  

Figure 2: Average bed-to-tube heat transfer coefficient as a function of mean particle diameter. 
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With reference to Figure 2, it can be concluded that for a given the ratio dt/dp the highest heat transfer 
rate is obtained when a commercial FBHE was operated with a bed particle size of 0.232mm (at dt/dp = 
219.8). Furthermore, the lowest value of average heat transfer coefficient (havg = 328 W/(mK)) is 
obtained when an industrial fluidized bed system was operated with the bed particle diameter equal to 
0.246mm (at dt/dp = 207.3). This seems to correlate with the quality of fluidization (that is to say 
emulsion contact time and gas bubble dynamics) indicated by the superficial gas velocity. This problem 
will be discussed in more detail in a further part of the paper (see Figure 4). Nevertheless, it is worth 
noting here that the properties of fluidizing gas have an essential impact on the heat transfer 
characteristics in a fluidized bed tubular heat exchanger. 

It can be seen from Fig. 2 that there is a large discrepancy in the values of the heat transfer coefficient 
for bed particles with a size of 0.246mm. The possible reason for this discrepancy is a result of particle 
type. The fluidized bed particles having the same emulsion heat capacity give similar heat transfer rates. 
For bed particles with sizes of 0.231mm to 0.233mm and with an emulsion heat capacity that equals 
approximately 0.962 kJ/(kgK), a low variation in the values of bed-to-tube heat transfer coefficient (havg 
= 18W/(mK)) is observed opposite to the bed particle diameter of 0.246mm (havg = 68W/(mK)). In 
addition, the predicted data show that the highest heat transfer rate is not observed when the fluidized 
bed heat exchanger is operated at a bed particle diameter of 0.219mm (ce = 0.949kJ/(kgK)). Thus, it can 
be concluded that using the finest particles is not the only way to increase the heat transfer coefficient. 

The predicted average bed-to-tube heat transfer coefficient of the six mean bed particle sizes as a 
function of normalized suspension density is shown in Figure 3 where it can be seen that the average 
heat transfer coefficient varied between 328 and 410 W/(m2K) for the conditions examined. The heat 
transfer rate gradually increases exponentially with increasing suspension density, as represented by the 
red curve in Figure 3. The variation of bed-to-tube heat transfer coefficient with normalized suspension 
density as a bed hydrodynamics parameter is caused by the several times higher thermal conductivity of 
the emulsion phase in contrast to thermal conductivity of the gas phase, for instance ke/kg =6.6 at 
dp=0.232mm and ke/kg =5.5 at dp=0.241mm.  

 

Figure 3: Average heat transfer coefficient versus normalized suspension density. 
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little effect on the average heat transfer coefficient, with the exception of the heat transfer rate of b/p 
< 0.341. It should be noted that the highest scatter in the values of heat transfer coefficient is recorded 
for the mean particle diameter equal to 0.246mm. This can be explained by the fact that the bed particles 
with about the same diameter have different particle densities, as also indicated by the authors in their 
previous work [8]. The predicted values of the average heat transfer coefficient are not uniquely 
dependent on the suspension density but are influenced by gas bubble activity and emulsion 
phase/packet motion in immediate proximity to the horizontal tube bundle. The highest heat transfer rate 
is due to increased particulate loading together and gas bubble-induced circulation. 

In general, it was observed that at the Sauter mean particle diameter of 0.232mm, the horizontal smooth 
tube bundle is exposed to a short contact time (te = 0.15s) with the emulsion phase and the high level of 
bubble fraction (i.e. B = 0.37) in a fluidized bed. Meanwhile, at the lowest suspension density conditions 
(i.e. b/p = 0.288 at dp=0.241mm), the reheater tube bundle was operated with a lower replacement rate 
of packet particles by gas bubbles. This argument can be confirmed by the aforementioned ratio of ke/kg 
and the higher voidage of the emulsion phase (e = 0.79 and hg/havg = 0.2) during a performance test with 
a bed particle size of 0.241mm. The share of the gas convection mode in heat transfer mechanisms for 
other mean bed particle diameters was negligible (hg/havg = 0.01). The contributions of individual heat 
transfer mechanisms between the fluidized bed and the reheater tube surface are discussed in a further 
part of the work. 

The influence of superficial gas velocity in terms of fluidization number N = Ug/Umf on the estimated 
average heat transfer coefficient at different Sauter mean bed particle diameters is given in Figure 4. 
Based on Figure 4, there is an increasing upward trend in the average heat transfer data with an increase 
in the superficial gas velocity, except for the values of the average heat transfer coefficient at mean bed 
particle sizes of 0.241mm and 0.219mm (8.1 < Ug/Umf < 8.5).  

 

Figure 4: Effect of superficial gas velocity on the average bed-to-tube heat transfer coefficient. 
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coefficient. Nevertheless, the values of the bed-to-tube heat transfer coefficient increase rather slowly 
at the mean bed particle sizes of 0.232mm and 0.233mm, whereas the superficial gas velocity varies 
between 0.21m/s and 0.23m/s, respectively. For these values of superficial gas velocity, optimal heat 
transfer conditions during all performance tests are observed. Furthermore, the influence of superficial 
velocity on heat transfer rate can be negligible when Ug/Umf is sufficiently high. 

The highest value of average heat transfer coefficient (havg max = 410.29 W/(m2K)) is recorded where the 
Sauter mean particle diameter equals 0.232mm. Additionally, the heat transfer coefficient is lower when 
the external heat exchanger is operated with a bed particle size of 0.246mm and the fluidization number 
lower than 6.8. As can be seen in Figure 4, with an increase of gas flow rate beyond the minimum 
fluidization conditions, the emulsion phase comes into contact with the horizontal smooth tube bundle. 
This is probably due to increased bed-to-tube surface contact dynamics that change significantly with 
gas flow rate and particle size inside an external heat exchanger. At the low fluidization number in a 
range of 4.8 to 6.3, the emulsion phase contact time with the horizontal smooth tube bundle varies 
between 0.17s and 0.19s. At the same time, for Ug/Umf > 8.1, the higher values of the average heat 
transfer coefficient are caused by a shorter emulsion contacting time (0.14s < te < 0.15s) contrary to the 
tests with a low level of superficial gas velocity. Thus, the heat transfer data indicated that the emulsion 
contact characteristics with reheater surface RH II play an essential role in the heat transfer rate. From 
the predicted heat transfer data there results an interplay between emulsion phase or packets and gas 
bubble activity. It is evident that a decrease of gas bubble size leads to an increase in bubble frequency 
and higher frequency of packet replacement in the vicinity of tubular surfaces. This in turn leads to the 
higher values of the average heat transfer coefficient. 

Figure 5 shows the relative contribution ratio of individual heat transfer mechanisms versus pressure 
drop. As shown in Figure 5, one dominant mechanism of heat transfer took place from fluidized bed 
particles to the tube reheater. The convection heat transfer from particle packet (emulsion phase) as a 
single predominant heat transfer mechanism was varied in the range from 0.87 to 0.91 for wide operating 
conditions of a fluidized bed heat exchanger.  

 

Figure 5: Variation of individual heat transfer mechanisms with increase in pressure drop. 
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then with further increase in pressure drop remained at a constant level. Also, a higher he/havg was caused 
by the high intensity of bed material movement in the vicinity of the tube bundle as a result of enough 
gas fluidization velocity and also very short particles residence time on the reheater tube surface RH II. 
The contribution of the gas convection mode in heat transfer mechanisms in the case of all mean bed 
particle diameters considered was negligible (0.01< hg/havg < 0.02). The contributions of hg/havg for all 
mean bed particle dimeters differed little from one another (i.e. hg/havg = ± 0.01). In all particle sizes, it 
was found that the predicted trend of the hg/havg values was independent of pressure drop. Particularly, 
the low contribution of gas convection to the average bed-to-horizontal tube heat transfer coefficient 
resulted from the high bed voidage (0.63     0.71) and the low fractional heat transfer surface area 
which is exposed to gas bubbles (0.12  fB  0.15). The contribution of radiation to the average heat 
transfer coefficient varied from 0.11 to 0.07 with pressure drop increase in a range of 12.62-14.45kPa. 
The values of the hr/havg ratio confirmed that thermal radiation is not an important heat transfer 
mechanism for operating bed temperature ranges of 918-1094K. As can be seen in Figure 6, the ratio of 
radiation to total heat transfer changes asymptotically at pressure drops in a range of 12.62-13.31kPa. 
The major reason for the low radiation contribution to total heat transfer was that the high solids 
concentration occurred in the fluidized bed heat exchanger during the tests performed. The radiative 
component will play a key role, although at high temperatures under dilute phase conditions. 

In order to validate the theoretical relationship of the average heat transfer coefficient (Eq. (1)) proposed 
in the present study, the findings coming from performance tests are employed to check the usefulness 
of the mechanistic heat transfer model. A comparative analysis was conducted between the predicted 
Nusselt number Nuavg and the experimental Nusselt number Nuexp and it is shown in Figure 6.  

 

Figure 6: Comparison of experimental data with predicted data. 
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𝑁𝑢 =
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 (5) 
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film’ around the heat transfer surface of reheater RH II which is of the order of magnitude of a bed 
particle diameter. For bed particles with sizes of 0.219 to 0.246mm, the effective conductivity of loosely 
packed bed particles is almost six times as high as the conductivity of the gas phase. In the present heat 
transfer study, the ratio of ke/kg varied from 5.00 to 6.11. As for the flow parameter, such as in gas bubble 
dynamics in the vicinity of the heat transfer surface, this is dependent on all possible operating and 
system parameters. It should also be noted that some of the physical parameters of the emulsion phase 
are not easily available for industrial fluidized bed heat exchangers. Therefore, the authors have made a 
great effort to ensure accurate reproduction of the thermal-flow conditions inside the Intrextm chamber 
with the reheater tube bundle immersed in a fluidized bed. Good agreement between the calculated 
Nusselt number and the experimental Nusselt number is obtained when the fluidized bed heat exchanger 
was operated at the bed particle with sizes in a range of 0.219 to 0.246mm. As shown in Figure 6, all 
Nusselt numbers calculated by the mechanistic model were predicted within -9% of the experimental 
Nusselt number values with a mean relative deviation of 5.86%. This agreement demonstrated the 
validity of the proposed heat transfer model in predicting the average bed-to-tube heat transfer 
coefficient in a large-scale FBHE. Hence, the mechanistic heat transfer model developed is also 
applicable here. 

5 Conclusions 

In this research work, the authors reported the heat transfer between the packet particles and the reheater 
tube surface RH II submerged in a dense fluidized bed. The values of the average heat transfer 
coefficient were estimated on the basis of the packet-renewal theory. The computational study provided 
detailed information on heat transfer characteristics, including data on individual heat transfer 
mechanisms for commercial fluidized bed heat exchangers. The above analysis has shown that the use 
of the finest particles is not the only way to increase the heat transfer coefficient. The heat transfer 
characteristics inside the FBHE are affected by solid concentration and also bed particle temperature 
inside the FBHE. Optimal heat transfer conditions are observed for fluidization numbers higher than 8.5 
whereas bed particle size varies between 0.231mm and 0233mm. The fluidization number has an 
essential role in heat transfer augmentation.  

There are very few results available in the literature with data that could facilitate favorable heat transfer 
mechanism characteristics in commercial fluidized bed heat exchangers. These computed heat transfer 
data suggest the essential significance of convection heat transfer from packet particles for the average 
heat transfer coefficient. The convection heat transfer was big enough to dominate in heat transfer 
mechanisms for the fluidized bed heat exchanger RH II. It should be noted that bubble motion and gas 
flow rate led to notable bed particle replacement adjacent to the immersed tubular surface in a dense 
fluidized bed. is probably due to increased bed-to-tube surface contact dynamics that change 
significantly with gas flow rate and particle size inside an external heat exchanger.The estimated share 
of gas convection heat transfer was pressure drop-independent. Meanwhile, the contribution of radiation 
to the average heat transfer coefficient was about 7-11% in the Intrextm chamber of dense suspension. 
According to the results from the analysis above, it can be concluded that the heat transfer rate to the 
reheater tube surface RH II depends on the details of the interstitial gas phase flow as affected by the 
mechanical and thermal presence of the bed particles. 

The mechanistic heat transfer model developed has been extensively validated against real FBHE 
measurements which have been carried out over a wide range of operating parameters which are 
summarized in Table 4. The computed results are in reasonable agreement. All predicted heat transfer 
data were within a 9% error band. This study proved the reliability and robustness of the mechanistic 
model of heat transfer in a dense fluidized bed. The complex trend found for the variation of heat transfer 
data with changes in bed particle size, gas velocity, and system pressure in commercial FBHE units is 
mentioned in relation to the necessity for mechanistic modeling of the heat transfer process. It is, 
therefore, concluded that investigations of heat transfer in large particle fluidized beds are urgently 
needed in view of their important bearing on energy generation from coal. 
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Nomenclature 

𝑐  emulsion heat capacity, kJ/(kgK), 
𝑐  gas heat capacity, kJ/(kgK), 
𝑐  steam heat capacity, kJ/(kgK), 
𝑑  Sauter mean particle diameter, mm, 
𝑑  tube diameter, mm, 
𝑓  fractional heat transfer surface area exposed to bubbles, -, 
ℎ  average heat transfer coefficient, W/(m2K), 
ℎ  heat transfer coefficient for bottom tube bundle, W/(m2K), 
ℎ  emulsion convective heat transfer coefficient, W/(m2K), 
ℎ  gas convective heat transfer coefficient, W/(m2K), 
ℎ  radiative heat transfer coefficient, W/(m2K), 
ℎ  heat transfer coefficient for top tube bundle, W/(m2K), 
𝑁 fluidization number, -, 
𝑁𝑢  predicted Nusselt number, -, 
𝑁𝑢  experimental Nusselt number, -, 
𝑁𝑢  Nusselt number for top tube bundle, -, 
𝑛 number of tubes, pcs,  
𝑛  number of rows of tubes, pcs, 
𝑃𝑟 Prandtl number, -,  
𝑝  horizontal pitch of tubes, m, 
𝑝  vertical pitch of tubes, m, 
𝑅𝑒 Reynolds number, -,  
𝑡  emulsion contacting time, s, 
𝑈  superficial gas velocity, m/s, 
𝑈  minimum fluidization velocity, m/s, 
 
Greek letters 
𝛿  bubble fraction, -, 
𝛿  tube wall thickness, mm, 
Δ𝑝 pressure drop, kPa, 
𝜀 bed voidage, -, 
𝜌 density, kg/m3, 
 tube bundle structure characteristic coefficient, -, 
 
Subscripts 
𝑎𝑣𝑔

 
average value,  

𝑏
 

bed,  
𝑏𝑜𝑡𝑡𝑜𝑚

 
bottom section,  

𝑑𝑒𝑛𝑠𝑒
 

dense section,  
𝑒

 
emulsion phase,  

𝑔
 

gas phase,  
ℎ

 
horizontal direction,  

𝑖𝑛
 

at the inlet,  
𝑚𝑖𝑛

 
minimum value,  

𝑜𝑢𝑡
 

at the outlet,  
𝑝

 
particle,  

𝑠𝑝𝑙𝑎𝑠ℎ
 

splash zone,  
𝑡
 

tube,  
𝑡𝑜𝑝

 
top section,  

𝑣
 

vertical direction,  
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Abstract 

Numerical techniques applied to fluid-carrying solid particles or droplets are discussed. Both Reynolds 
Averaged Navier Stokes and Large Eddy Simulations techniques are applied to model the flow of the 
fluid. The presence of the disperse phase is accounted for by resorting to the Euler-Euler multifluid 
approach, Euler Lagrange particle tracking method, and Dense Discrete Phase Method. In the latter, the 
particles are traced in the Lagrangian coordinate system, while the interaction with other particles is 
accounted for using the Kinetic Theory of Granular Flow. Cyclones used to separate the dust from gases 
leaving the blast furnace, wet scrubber applied to dedust the gas leaving the cyclone, pulverized coal 
boiler, and circulated fluidized bed boiler are modeled, and the results compared with measurements 
taken on the objects. Additionally, the flow of blood treated as a multiphase medium – plasma carrying 
red and white blood cells, and platelets in blood vessels - is investigated, using the same numerical 
techniques. In each case, the results obtained compare well with the experimental data. The limitations 
of the discussed methods are pointed out.  

1 Introduction 

Computational Fluid Dynamics has become a well-established engineering tool for designing and 
optimizing thermofluid processes of all kinds. Historically, the method was used to simulate one-phase 
fluid flow. The growing computing resources were then followed by the development of more 
sophisticated models covering the multiphase flows. The current paper deals with phenomena where 
solid particles are immersed in a homogeneous fluid and is a review of recently solved practical 
problems by the authors of this paper [1]. Multiphase flows occur in many branches of industry as 
pulverized coal and fluidized bed boilers, cyclone separators, scrubbers, etc. The same models are also 
valid in the case of modeling blood flow where the red, white cells, and platelets are immersed in plasma.  

The repertoire of methods to deal with this kind of phenomena in the context of CFD is quite wide. Each 
of these methods has a specific field of applications, advantages, and limitations. The paper reports on 
the experience gained by the team of authors of this work when applied to real-world processes.  
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2 Fluid–particle interactions  

Depending on the packing of the particles, the flows fall into three categories:  

 Dilute, when the interactions between the particles can be neglected (kinetic regime). 

 Dense, when the interaction of the particle is of importance 

 Packed, when the friction between them controls the process 

The coupling between the movement of the fluid and the particles may have four stages  

 One way is when the fluid movement influences the trajectories of the particles, but the presence 
of the particles does not change the velocity field of the fluid. 

 Two way – when additionally, the movement of the particles influences the velocity field of the 
fluid. 

 Three-way – as above, but the wake of one particle influences the trajectories of the neighbors. 

 Four-way – as above, but additionally the particles collisions are accounted for.  

3 Governing equations  

Fluid flow is described by the set of extended Navier-Stokes equations formulated in the Eulerian 
coordinate frame [2] 

mass conservation                                     + 𝛻 ⋅ �̅� 𝒖 = 𝑆  (1) 

momentum conservation               
𝒖

+ 𝛻 ⋅ �̅� 𝒖 𝒖 = −𝛻𝑝 + 𝛻 ⋅ 𝜏 + �̅� 𝒈 + 𝑆  (2) 

energy conservation                         + 𝛻 ⋅ �̅� 𝒖 ℎ = −𝛻 ⋅ 𝛤 𝛻ℎ + 𝛻 ⋅ 𝒒 + 𝑆  (3) 

scalar conservation                       + 𝛻 ⋅ �̅� 𝒖 𝜙 = −𝛻 ⋅ 𝛤 𝛻𝜙 +𝑆  (4) 

where �̅� , 𝒖 , 𝑝, ℎ , 𝜙 , 𝜏 , 𝒒 , 𝛤 , 𝛤  stand for density, velocity, pressure, enthalpy, appropriate scalar, 
viscous stress tensor, heat flux, coefficients of diffusion of enthalpy and scalar, respectively while 
𝑆 , 𝑆 , 𝑆 , 𝑆  are source terms. Tilde denotes the Favre averaging that must be introduced in the case of 
combustion. The set is supplemented by closure equations to account for turbulence and a set of 
boundary conditions. 

Particle force balance takes in the Lagrangian coordinate frame the following form [3]. 

𝑑𝒖

𝑑𝑡
= 𝐹 𝒖𝒇 − 𝒖𝒑 +

𝒈(𝜌 − 𝜌)

𝜌
+ 𝑭 + 𝑭𝒇𝒓𝒊𝒄 + 𝑭  (5) 

Where 𝒖 , 𝜌 , 𝑡 stands for particle velocity, particle density and time and 𝐹 (Re) drag coefficient, 𝑭  
is the force due to collisions with other particles, 𝑭𝒇𝒓𝒊𝒄is the friction force and 𝑭  denote other forces 
(thermophoretic, Saffman, electrostatic, etc.) 

Particle energy balance, also expressed in the Lagrangian coordinates reads [3] 

𝑚 𝑐
𝑑𝑇

𝑑𝑡
+ 𝑐 𝑇

𝑑𝑚

𝑑𝑡
= 𝑆 ℎ 𝑇 − 𝑇 + 𝑆 𝜀 𝜎  − 𝑇 + 𝑄  (6) 

Where 𝑚 , 𝑐 , 𝑇 , 𝑇 , 𝑆 , ℎ, 𝜎, 𝜀 , 𝑆 , 𝛷, 𝑄  stand for particle mass, specific heat and temperature, the 
temperature of fluid, heat transfer coefficient, Stefan-Boltzmann constant, emissivity, particle surface, 
radiative temperature, and heat source due to chemical reaction or phase change, respectively. 
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4 Euler Lagrange method  

4.1 Cyclone [4]  

Cyclone separators are devices that use centrifugal force to separate particles from the carrier gas. In 
most cases, the particle load is small enough, to assume that the mixture can be treated as dilute. Only 
in seldom cases, such as the cyclones used to separate the ash particles from recycled flue gases in 
fluidized bed boilers, the dense model should be used.  

The case discussed in this paper shows the cyclone used to separate dust from gases leaving the blast 
furnace. This is a pilot-scale installation used to validate the CFD model. The rig is shown in Figure 1.  

In this example, the gas flow equations have been first solved in Eulerian frame Eqs. (1-4) using 
Reynolds Averaged Navier Stokes and the particles were then tracked in Lagrangian system Eqs. (5,6). 
As the particle load was low, the one-way coupling was applied. Figure 2 shows the velocity profile for 
two selected inlet velocities (left) and particle trajectories and residence time. (right). Figure 3 gives the 
comparison of the experimental and simulated values of the dedusting efficiency defined as a ratio of 
the mass flow rate of the captured particles to the total mass flow rate of particles entering the cyclone.  

The coarse fraction separated by the cyclone contains a significant amount of iron and some carbon and 
is returned to the process. The smaller fractions contain zinc, which is undesired in the process but can 
be used to retrieve the metal in zinc in other metallurgical processes.   

 

 

 

Figure 1: Installation (left) and geometry of the cyclone (right) 

 

 
  

Figure 2: Gas velocity profiles (left) and particle residence time (right) 

ID4 8 m/s ID4 10 m/s 
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Figure 3: Comparison of simulated and experimental de-dusting efficiencies for various 
fractions(left) and total efficiency for various inlet velocities (right) 

4.2 Spray scrubber [4] 

Cyclone separators can efficiently separate medium-weight particles. Small particles (5-10𝜇𝑚), due to 
low inertia and Brownian motion are difficult to handle. The blast furnace dust removal installation that 
was investigated used a wet scrubber to remove the small, containing zinc, fractions. The dust in a 
scrubber is captured by droplets of water sprayed by a system of nozzles into the gas. In this case, both 
the fates of the droplets and the particles should be traced. In both cases, the Lagrangian coordinate 
system has been used. As the load coming from the droplets was relatively large, they were traced using 
two-way coupling. The dust load was much smaller, so a one-way coupling has been used. The process 
of collecting dust by droplets was modeled by a submodel. The capture efficiency is proportional to the 
number of droplets 𝑁  and particles 𝑁  in a control volume 𝛥𝑉, the droplet diameter 𝑑 , the difference 
between the velocity of the droplet 𝑢  and the particle 𝑢  and the empirical capture efficiency 𝜂  [5]  

𝑛 =
𝜋

4
𝜂 𝑑 𝑢  − 𝑢

𝑁 𝑁

𝛥𝑉
𝛥𝑡 (7) 

𝜂 =
𝜓

𝜓 + 1

. .

 with 𝜓 =
𝜌 𝑑 |𝑢 − 𝑢 |

18𝜇𝑑
 

(8) 

When the droplets, their evaporation is taken into account. Figure 4 shows the geometry of the scrubber, 
and the obtained droplets distribution colored by their residence time and the particle mass distribution.  

 

 
  

Figure 4: Geometry of the scrubber (left), distribution of the 1mm droplets colored by the residence 
time (center) and particles fraction 0.0064-0.0124 distribution (right) 
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Figure 5 shows the gas pathlines, temperature distribution, and water vapor mass fraction.  

   

           Figure 5: Gas pathlines (left), temperature contours (center) water vapor mass fraction (right) 

Figure 6 shows the cumulated dedusting efficiency of droplets 0.1mm diameter for selected dust 
particles and the total dedusting efficiency of the scrubber for selected 4 series of 
experiments/simulations.  

  

Figure 6: Cumulated dedusting efficiency of droplets 0.1mm in diameter for selected dust particles 
(left) and comparison of simulated and measured total dedusting efficiency of the scrubber for 

selected 4 series. 

5 Euler Euler multifluid method [6] 

In this approach, the fluid and solid phase are treated as interpenetrated fluids. The fluid corresponding 
to the solid phase has some equivalent properties evaluated based on the Kinetic Theory of Granular 
Flow (KTGF), being a generalization of the kinetic theory of molecular theory of gases. The 
fundamental notion of KTGF is the granular temperature, 𝛩 defined as the mean kinetic energy of 
velocity fluctuations.  

𝚯 =
𝟏

𝟑
𝑪𝒙

𝟐 + 𝑪𝒚
𝟐+𝑪𝒚

𝟐   (9) 

Where 𝐶 , 𝐶 , 𝐶  denote the Cartesian components of velocity fluctuation. This quantity enters another 
conservation law.  

𝜕 𝜀 𝜌 𝛩

𝜕𝑡
+ 𝛻 ⋅ 𝜀 𝜌 𝛩𝒖 = 𝛻 ⋅ (𝑘 𝛻𝛩) + 𝛻𝑝 + (−𝑝 𝑰 + 𝜏 ): 𝛻𝒖 − 𝛾  (10) 

Where 𝜀 , 𝜌 , 𝒖 , 𝑘 , 𝜏 , 𝛾  denotes the volume fraction, the density of the solid fraction, 𝒖  is the fluid 
velocity, 𝑘  granular temperature conductivity, 𝑝 , 𝜏  granular pressure and granular stress tensor and 
𝛾  is the collisional energy dissipation. Solution of Eq. (10) requires additional closures of 
parameters 𝑘 , 𝑝 , 𝜏 , 𝛾 . These functions are derived from theoretical-empirical considerations.  

Once the granular temperature is evaluated, the set of conservation laws for both the fluid and the solid 
phases can be solved iteratively.  
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conservation of mass fluid + 𝛻 ⋅ 𝜀 𝜌 𝒖 = 0 ;  solid   + 𝛻 ⋅ (𝜀 𝜌 𝒖𝒔) = 0 (11) 

momentum fluid  
𝒖

+ 𝛻 ⋅ 𝜀 𝜌 𝒖 = −𝜀 𝛻𝑝 + 𝛻 ⋅ 𝜀 𝜏 + 𝜀 𝜌 𝒈 + 𝐾  (𝒖 − 𝒖 ) (12) 

momentum particles 
𝒖𝒑

+ 𝛻 ⋅ 𝜀 𝜌 𝒖 = −𝜀 𝛻𝑝 + 𝛻𝑝 + 𝛻 ⋅ 𝜀 𝜏 + 𝜀 𝜌 𝒈 +

𝐾 (𝒖 − 𝒖 )  
(13) 

where subscript f denotes fluid while p particulate matter. 𝐾 = 𝐾  interface momentum exchange 
factor. The viscous stress tensors are defined as  

 

𝜏 = 𝜀 𝜇 𝛻𝒖 + 𝛻𝒖 + 𝜀 𝜆 − 𝜇 𝛻 ⋅ 𝒖 𝑰 ; 

𝜏 = 𝜀 𝜇 𝛻𝒖 + 𝛻𝒖 + 𝜀 𝜆 −
2

3
𝜇 𝛻 ⋅ 𝒖 𝑰 

(14) 

Where 𝜇 , 𝜆 , 𝜇 , 𝜆  are viscous shear and bulk viscosities of the fluid, and granular shear and bulk 
viscosities of the particulate phase. The latter and 𝐾  require additional closure equations, derived using 
some semi-analytical techniques.  

When the solid phase contains particles of very different diameters, the phase is split into n 
homogeneous phases of different diameters. The problem becomes then an 𝑛 + 1 phase one. The single 
interface momentum exchange factors terms should be then substituted by a sum over all phases. Such 
multiphase problems require much more computational resources.  

5.1 Blood flow in large arteries [7] 

Blood is a mixture of platelets, red and white cells immersed in plasma which can be treated by the 
Euler-Euler technique. Usually, the concentration of platelets is low enough to neglect them in the 
considerations. Figure 7 shows the distribution of red blood cells in three cross-sections of the left 
subclavian artery. It can be seen that the distribution is not homogeneous with a lower concentration 
close to the wall, which is also a known fact 0 experimentally. 

 

 

Figure 7: Distribution of red blood cells. Blood flow in a subclavian artery at systole. 

5.2 Extended Euler-Euler with population balance [8] 

As already mentioned, to capture the dependence on diameter distribution, the number of solid phases 
should be increased. This leads to very intensive computations. To circumvent this difficulty, the 
population balance method can be attached to the Euler-Euler method. The idea is to introduce a vector 
of characteristic (internal) parameters 𝝃 (e.g., diameter, particle mass, enthalpy, velocity, etc.) Let 
𝑛(𝝃; 𝒙, 𝑡) stand for the number of particles (population) having parameters 𝝃. The total number of 
particles contained in the volume V at a time instant t can be obtained by integrating the population over 
the volume and the variation of the internal parameters.  
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𝑛 (𝑡) = 𝑛(𝝃; 𝒙, 𝑡)
𝝃

𝑑𝝃𝑑𝑉 
(15) 

The changes in the population in time are then described by a differential equation  

𝜕𝑛(𝝃; 𝒙, 𝑡)
𝜕𝑡

+ 𝛻𝑥 ∙ 𝒖𝑝𝑛 𝝃; 𝒙, 𝑡 + 𝛻𝝃 ∙ 𝑮 𝑛(𝝃; 𝒙, 𝑡) +𝛻𝒖𝑠 ∙ 𝑨 𝑛(𝝃; 𝒙, 𝑡) = 𝑆(𝝃; 𝒙, 𝑡) (16) 

Where 𝑑𝒙
𝑑𝑡

= 𝒖𝑝;  
𝝃

= 𝑮; 
𝑑𝒖𝑝

𝑑𝑡
= 𝑨 and the subscript attached to the 𝛻 operator defines the variables of 

differentiation and S is the source function describing phenomena like agglomeration, attrition, and 
breaking of the particles. In the next step, the number of particles present in a unit volume can be 
approximated using a combination of Dirac deltas (Direct Quadrature Method of Moments - DQMOM).  

𝑛(𝝃, 𝒙, 𝑡) = 𝜔 (𝒙, 𝑡) 𝛿[𝜉𝒊 − 𝜉 (𝒙, 𝑡)]  (17) 

The weights 𝜔  and abscissas of the quadrature are obtained by solving a set of two differential 
equations.   

𝜕𝜔

𝜕𝑡
+ 𝛻 ∙ 𝒖 𝜔 = 𝑆 ,  ;     

𝜕𝜁 ,

𝜕𝑡
+ 𝛻 ∙ 𝒖 𝜁 , = 𝑆 , ,    (18) 

where 𝜁 , = 𝜔 𝜉 ,  and 𝑆 , 𝑆  obtained by a solution of a set of 2N algebraic equations of moments. 
 
Example: Pulverized coal boiler [9] 

Hard coal (LHV 21.83 MJ/kg) PCB boiler, of power 342 MWth, generating 430t/h steam of parameters 
532oC, 12.7 MPa works with air excess ratio 1.28. The aim was to reduce this value to 1.12 by modifying 
the way air is injected into the combustion chamber. In this case, the Large Eddy Simulation formulation 
has been applied with Smagorinski Lilly subgrid-scale scale closure. To account for the large variation 
of the particle diameters, the DQMOM method was used. The combustion has been modeled accounting 
for swelling, shrinkage, and porosity of the particles, heating, evaporation, devolatilization, char 
combustion, and radiation. A three-reaction char combustion scheme has been applied. The 
devolatilization has been modeled using the Chemical Percolation model. The heat radiation equations 
were solved using Discrete Ordinates using 8 angles/octant. The gas emissivity values were taken from 
Hottel-Sarofim diagrams. The calculations were carried out in a transient state. OpenSource code 
ARCHES, originally developed at Utah University has been used in the simulations. The model also 
predicted the deposition of ash. 

Figure 8 shows the geometry of the boiler with additional air in the modified design as well as the 
location of the temperature probes. Figure 9 shows the comparison of measured and simulated 
temperatures at selected locations. 

 

Figure 8: Original (left) and modified (center) construction of the PCB, and the location of 
temperature probes (right) 
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Figure 9: Comparison of measured and simulated temperatures 

6 Hybrid Euler Lagrange  

The Euler-Lagrange technique neglects the interactions between particles; thus, it should not be used 
for fluid particle mixtures with particles flow laden above 10% volume fraction. For such dense flows, 
the Euler-Euler formulation is recommended, but it soon becomes numerically intensive when the 
number of diameter fractions that should be analyzed increases. Besides, the formulation requires global 
models of phase interactions, based on additional assumptions and empirical laws. For example, it is 
natural to formulate the energy balance for a particle, while the description of the interaction between 
the granular phase and the fluid is not intuitive. Hybrid Euler-Lagrange, known as Dense Discrete Phase 
Model (DDPM) [10,11] offers an efficient way of handling highly particle-laden flows. The approach 
has many common features with the Multiphase Particle in Cell method implemented in the open-source 
software package MFiX PIC of the National Energy Technology Laboratory. DDPM is implemented in 
ANSYS FLUENT and has the following features. 

• uses the Eulerian scheme for modeling gas flow and particle interactions and the Lagrangian 
model for tracking particles. 

• particles mutual interactions are simulated on the Eulerian grid, using Kinetic Theory of 
Granular Flow 

• The particle size distribution is tracked directly 
• combustion, evaporation, heating, etc. models formulated at the level of a single particle 
• DDPM is not fully conservative, and solid mass fraction can be locally over-predicted. 

The principle of DDPM is very similar to Euler Lagrange, i.e., it solves the equation of motion of the 
fluid phase in the Euler frame and the fate of the particle is traced in the Lagrangian coordinates frame. 
The difference lies in the presence of the collision term in the equation of motion of the particle (5) 
neglected in the standard Euler Lagrange technique applied to small particle loads. DDPM accounts for 
the interparticle collision by resorting to the Kinetic Theory of Granular Flow. The idea is to solve the 
equation of granular temperature Eq. (10) in the Eulerian frame and the resulting granular stress tensor 
𝜎 = 𝜏 − 𝑝 𝑰 (c.f., Eq. 14). The collision term in the equation of motion of the particle becomes then  

𝑑𝒖

𝑑𝑡
= 𝐹 (𝒖 − 𝒖𝒔) +

𝒈(𝜌 − 𝜌)

𝜌
+ 𝑭 +

1

𝜌
𝛻 ∙ 𝜎  (19) 

This can be solved by simple integration in time. The scheme of DDPM is shown in Fig. 10 
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Figure 10: Scheme of Dense Discrete Phase Method 

 
Example 1: Fluidized bed boiler [12] 

Circulating Fluidized Bed Boilers (CFBs) have, when compared to standard pulverized coal units, 
several advantages 

 Fuel flexibility, CFB units can be fired not only by coal but also by refused-derived fuels (RDF) 
and biomass 

 Cheap fuel processing. The required granulation might be much lower than in PCBs 

 Flameless low-temperature combustion 

 Good fuel burnout 

 Uniform temperature and heat flux 

 Cheap pollutant removal 

 No slagging 

The main difficulty that arises during the operation of CFB units is the erosion of their walls. 

DDPM has been applied to simulate several existing CFB units, and the results were validated against 
the experimental data acquired at these objects. The first unit was the Łagisza Poland supercritical boiler 
– 966MWth 460Mwe, 361 kg/s 27.5MPa, 560/580oC). At its startup, this was the largest supercritical 
CFB unit worldwide. Figure 11 shows the geometry of the unit and Figure 12 the scaled distribution of 
the suspension density  

 

 

Figure 11: Geometry of the unit (left) simplified geometry used in simulations  

 

Height: 48 m 
Width: 27 m 

Depth: 10.6 m 
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Figure 12: Scaled suspension density. Left simulated after 200s. Middle averaged over 60s. Right: 
comparison of measurements with simulation results obtained by DDPM and Euler Euler methods 

using numerical grids of various densities.  

 

Figure 13 shows the comparison of the simulated results with and without modeling of sulfur capture 

 

 

Figure 13: Simulated sulfur dioxide mass fraction in the boiler. Left: calcination reactions 
switched off. Right: calcination reactions active 

 
Example 2: Fluidized bed boiler – coupling with a reduced order model [13] 

The 3D simulation of a full-scale fluidized bed boiler requires significant computer resources, thus it 
cannot be used to control and diagnose the operation of the unit. Simplified 1D models exist, where 
based on the measurements on an existing unit, the predictions concerning the operation parameters of 
the boiler may be obtained practically immediately. However, such models are not suitable for the 
designing phase of the power plant design phase. To this end, the 3D simulation results may substitute 
the measurements, which opens the way to carry out optimization and parametric studies.  

Lappeenranta University of Technology, Finland, has developed a simple 1D model based on energy 
balances of a small number of zones into which the boiler is subdivided. The cooperation with the team 
of Prof. Hyppänen and Myöhänen resulted in a technique where the SUT and LUT models are coupled. 
The data flow in this coupling is shown in Figure 14. 
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Figure 14: Data flow between Lappeenranta and Gliwice codes  

The codes have been applied to simulate the Turów Bogatynia unit (520MWth, 230Mwe,185kg/s, 
13.1MPa, 540oC). The obtained temperature and oxygen concentration profiles are shown in Figures15 
and 16.  

 

Figure 15: Simulated temperature distribution Turów boiler  

 

 

Figure 16: Simulated oxygen concentration Turów boiler  

The comparison of the simulated and measured temperatures is shown in Figure 17. The concept of 
coupling reduced order with full-scale ones and measurement results is now implemented in a project, 
where this approach is used to generate data for a Machine Learning algorithm, which will be used for 
prediction and prescription purposes in an existing power plant. 
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Figure 17: Comparison of measured and simulated temperatures  

7 Conclusions 

CFD augmented by the Euler Lagrange option is a reliable simulation tool for dilute multiphase fluid 
particles and gas-liquid systems. Euler Lagrange technique is recommended approach working both 
with RANS and LES. Using this approach, the evaporation, chemical reactions, heating, and cooling 
can readily be incorporated at the level of a single particle.  

Dense systems can be simulated using the Euler-Euler technique with discrete phases modeled as 
interpenetrating fluids whose properties are modeled by the Kinetic Theory of Granular Flow. For a 
large diameter span, this approach is numerically intensive, as each diameter interval corresponds to an 
additional fluid.  

The computational time can be reduced upon resorting to the Population Balance methods like the Direct 
Quadrature Method of Moments method (DQMOM). DDPM and MF PIC use the Euler method both to 
find the fluid flow pattern and to evaluate the collisions' contribution to the forces acting on particles. 
The latter are then traced using the Lagrangian technique to track the particles. The method produces 
reliable results.  
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Abstract 

The majority of small district heating systems (DHS) in Poland are supplied with coal and do not have 
a status of efficient ones according to Energy Efficiency Directive. They should transform into efficient 
ones by taking an appropriate measures by the end of 2035. At the same time, a significant reduction of 
CO2 emissions is expected in this sector. One of the possible solution for such systems is to apply unites 
fueled with fuels alternative to coal such as biomass. Cost benefits analysis of implementation a biomass 
ORC (Organic Rankine Cycle) cogeneration unit in municipal district heating system of 22 MW thermal 
capacity is the subject of the paper. The research included building configuration scenarios of a heat 
source regarding ORC size and operation modes. Different economic inputs such as electricity, fuel and 
European Union Allowance (EUA) for CO2 prices as well as financial support mechanisms were 
considered. Economic indexes (Net Present Value, Internal Rate of Return and payback times) have 
been derived for both Polish and German conditions. 

1 Introduction 

Decline in energy demand by improving energy efficiency of the processes, raising the share of 
renewable energy in the energy mix and cutting down carbon dioxide (CO2) emissions are found to be 
the basis of all energy and climate strategies of the European Union (EU) and worldwide [1–3]. 
However, actions resulted from such strategies are not only to be taken on a global scale but are 
particularly important to be addressed towards local energy systems [4]. The existing and upcoming 
strategies for the period 2020-2050 have already resulted in the current changes in the world energy 
sector [5]. Low efficient, fossil fuel based energy systems, including district heating systems (DHS), 
still continue to dominate in the structure of the electricity and heat production systems in many 
countries of the world, including countries in Europe [6]. 

The major part of small district heating systems in Poland are supplied with coal and remain inefficient 
both in a thermodynamic sense and in terms of legal requirements included in Energy Efficiency 
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Directive [7]. Having in mind that district heating, alongside power to heat, are key-technologies for 
sustainable energy supply [8], transition district heating systems into efficient systems is particularly 
important and is in line with general strategies to increase the efficiency of energy processes. Polish DH 
systems having 41% share in national heat market are supplied with hard coal that remains for decades 
a dominant resource in the sector [9]. One of the promising solutions for improving coal DH systems is 
to substitute old coal boilers with high-efficient cogeneration (CHP) fuelled with gaseous fuels as well 
as to apply renewable sources (RES) for heat (and electricity) generation or to supply DH systems with 
waste heat [6]. In particular, biomass is a very promising type of RES to wider potential applications in 
heat and electricity production [10]. Recently, biomass has attracted much attention in the energy sector, 
no matter problematic transportation and storage as well as the issue of commercial availability of 
reliable biomass conversion technologies [11]. One of increasingly important biomass solutions for 
small and medium size district heating sector is Organic Rankine Cycle (ORC) technology offering 
feasible transition into efficient systems. ORC, in general, may be used for conversion of available waste 
heat [12] or with a dedicated heat source. In the latter case, the place where the heat is gained for the 
ORC plant is usually a boiler fired with solid biomass [13]. As stated in [14] the biomass-fired ORC 
modules are usually being added to existing fossil-fuel fired DH plants within backfitting projects 
focused on using locally available feedstock, making profits out of electricity generation and CO2 
emission reduction. Under a certain technological and economic circumstances, such projects can also 
result in transition of a given convention heating plants into efficient systems. The critical issue of such 
cases if is optimal sizing of the biomass-fired ORC unit and its integration with the existing facility, 
mainly heat only boiler. Cost benefits analysis of implementation a biomass ORC cogeneration unit in 
municipal small size inefficient DHS is the subject of the paper. The research included building 
configuration scenarios of a heat source regarding ORC size and operation modes. Since ORC 
applications in Poland are still very rare compared to other European countries such as Germany, 
presented analysis comprise of a comparison of cases in Poland in relation to German conditions. A 
special care has been taken to existing and projected support mechanisms in both examined countries as 
a key factor that can determine the profitability of a project. 

2 System description 

The investigation concerns repowering the existing coal-based district heating plant with a solid biomass 
ORC cogeneration module. The plant is a heat source for a high temperature municipal DH system with 
the maximum demand for heat around 22 MW. The hot water of nominal pressure 1.6 MPa and nominal 
(maximum) supply temperature 135 ºC is a heat carrier in the heat delivery network. The real time heat 
demand and ambient temperature data from the whole year period collected by SCADA system of the 
plant is presented in the Figure 1 next to the load duration curve. 
 

 

Figure 1: Heat demand of analyzed DH system: a) real time data of heat demand and ambient 
temperature, b) heat load duration curve 
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As it is presented in the Figure 1, the plant remains under operation during the whole year time supplying 
city network with heat in order to provide central heating of residential buildings (in the heating season) 
and domestic hot water (in the season and off-season periods). The difference between maximum 
demand in the winter time that is 22 MW and rather constant demand during off-season (baseload equals 
1.7 MW) is significant and typical for municipal DH system operated throughout the year. 

The plant is generating heat on the basis of three water-tube coal-fired stoker boilers with mechanical 
grate of main technical parameters have been presented in Table 1. The schematic diagram of the facility 
extended by the analyzed biomass ORC module is shown in Figure 2. 

Table 1: Main technical parameters of existing stoker boilers 

Unit Type 
Nominal/minimal 
thermal capacity 

Design 
thermal 
efficiency 

CSB1 
WR10 - stoker boiler, with forced 
circulation water-tube construction, 
modernized with membrane walls 

10/3 MW 82% 

CSB2 
WR10 - stoker boiler, with forced 
circulation water-tube construction 

7/2.1 MW 80% 

CSB3 
WLM2.5 – stoker boiler of LaMont 
type, with forced circulation water-
tube construction 

4,5/1.35 MW 83% 

 

 

Figure 2: Schematic diagram of DH plant after retrofitting with biomass ORC module 

Stoker boilers operated in existing plant in the current configuration are fed up with a fine coal of a 
lower heating value (LHV) between 21 and 22.5 MJ/kg. The simplified operation profiles of the boilers 
are presented in Figure 3. Majority of the demand is covered by the biggest unit labelled as CSB1. In 
the summer period, when the heat demand barely exceeds 1.7 MW the only working boiler is CSB3. In 
the period when heating demand begins to grow, the third (medium) unit is used (CSB2). According to 
the figure 3, all three boiler are operated in the same time supplying maximal demand peaks for less 
then 200 hours per year. 

 

Figure 3: Current configuration of the plant at given heat demand load duration curve 

1225



For the needs of the analysis, it was assumed that retrofitting of the existing plant is made by installing 
biomass ORC module generating heat for the need of DH network and electricity sent to the grid. The 
ORC module is plugged into the existing plant by connecting its heat generating part (condenser) into 
return network pipe, where the temperatures varies between 80 oC (winter) and 60 oC (summer). 

The ORC module consists of thermal oil boiler supplied with woody biomass, organic fluid evaporator 
with preheater unit and condenser. It is also equipped with heat regeneration module, water economizer 
and inlet air preheater supplied with exhaust gases from the biomass boiler (Figure 4). The module can 
operate with different loads (minimum load is 30% of nominal output). Due to the network water cooler 
it can go with constant power mode when the heat demand of the DH network is lower then nominal 
thermal output of the module. 

 

Figure 4: Simplified process diagram of biomass-fired ORC module – case study 

The ORC module uses medium-to-high-temperature thermal oil to preheat and vaporize a organic 
working agent in the evaporator. The organic fluid vapor rotates the turbine, which is directly coupled 
to the electric generator, resulting in electric power. The exhaust vapor flows through the regenerator, 
where it heats the organic liquid and is then condensed in the condenser and cooled by the cooling circuit 
of a district heating water. The organic working fluid is then pumped into the regenerator and evaporator, 
thus completing the closed-cycle operation. 

3 Methods and input data 

The analysis assumption was to retrofit existing inefficient DH system with three different sizes of 
biomass-fired ORC module: 375, 750 and 1500 kW of rated electrical power output. 
On the basis of assumed technical configurations of the plant and in accordance with design parameters 
of applied units as well as with given load duration curve, hour by hour simulation of plant annual 
operation has been conducted for each of the case. In the result, the annual heat and electricity production 
of the ORC module can be derived with use of the following formulas: 
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𝑄 , = �̇� , 𝑑𝜏 (1) 

 

𝑁 , = 𝑁 , 𝑑𝜏 (2) 

 
where the proximate values of �̇� ,  and 𝑁 ,  for particular hour of ORC unit operation have been 
provided by the simulation procedure conducted for the i-th case of unit size. 

The operation mode of the ORC unit was set as constant electrical power. It was assumed that the excess 
heat will be dispersed to the environment. Minimum load of the ORC unit was established as 30%. The 
output of the coal-fired boilers was the resultant from the current heat demand and the calculated ORC 
thermal output. 

Within the calculation procedure the annual demand for the biomass of a given calorific value (LHV = 
10 MJ/kg average weighted) was derived on the basis of nominal efficiency of the ORC modules. Instead 
of detailed modelling of the thermodynamic cycle the nominal electrical efficiency of the particular size 
of the ORC unit has been determined by the approach presented in [14] from the equation (3) (nominal 
electrical efficiency curve is presented in Figure 5a): 

 

𝜂 , = 0.0122 ln𝑁 , + 0.1847 (3) 

 
The nominal electrical ORC efficiency was then corrected in line with load characteristics of units. The 
annual avoided carbon dioxide emissions were calculated on the basis of derived amount of coal 
chemical input energy saved due to the operation of the biomass ORC module and emission factor 𝑤 = 
94.95 kg/GJ: 

𝑀 = 𝑤 ⋅ 𝐸 ,  (4) 

 
The total quantity of saved chemical energy input to coal boilers SCB was derived with use of formula 
(5): 

𝐸 , = 𝑄 , 𝜂 ,⁄  (5) 

 
The thermodynamic evaluation conducted in accordance with presented method was the basis for further 
economic analysis. The goal of the calculation procedure was to find the best configuration of the DH 
plant (optimal ORC size within analyzed cases) regarding the economic feasibility. The performed 
economic evaluation based on discounted method, with Net Present Value (NPV) as the result of the 
calculations: 

𝑁𝑃𝑉(𝜏 = 𝑁) = −𝐶𝐴𝑃𝐸𝑋 +
𝐶𝐹

(1 + 𝑑)
 (6) 

 
where lifetime od the project N was assumed as 15 years, and the annual cash flow CF for a particular 
year   was calculated on the basis of: 

𝐶𝐹 = 𝐶 + 𝑆  (7) 

 
where 𝐶  are the annual costs of operation, including biomass costs and maintenance costs (O&M),  𝑆  
is the annual sale income generated by EUA buying costs avoidance, cutting down operational costs of 
coal-fired boilers (coal price and O&M costs) and the annual incomes from electricity sold to the 
national grid (including particular support schemes for electricity generated from renewable energy 
resources both in Poland and Germany cases). 

1227



Apart from the NPV index the Internal Rate of Return (IRR) index was also derived within the analysis 
by the iteration formula: 

𝑁𝑁𝑃𝑉| = 0 (8) 

 
Total capital expenditures (CAPEX) for biomass-fired ORC cogeneration units have been calculated 
with us of the equation: 

𝐶𝐴𝑃𝐸𝑋 = 𝑁 , ⋅ 5584.4 𝑁 ,
.

 (9) 

 
The specific expenditures costs curve found in [14] is depicted in Figure 5b. 

Support schemes for electricity from renewable sources (RES) as well as schemes for high-efficient 
cogeneration processes are essential for feasibility of projects dedicated to electricity generation with 
use of these technologies. Such sources are supported by different mechanism available in Poland and 
Germany. In most of the cases CHP support schemes cannot be used jointly with RES support 
mechanisms. 

 

 

Figure 5: Curves of nominal electrical efficiency (a) and specific investment cost (b) of biomass 
oriented ORC cogeneration units 

According to Renewable Energy Sources Act (EEG 2017) [15], in Germany electricity from renewable 
sources is mainly supported through a market premium scheme and auction system (sliding feed-in 
premium). For most installations, the award and the level of the market premium is determined through 
a tendering scheme. However, small power plants up to 100 kW are still supported by a feed-in tariff. 
The criteria for eligibility and the tariff levels are set out in the EEG 2017. 

In Poland, in case of existing facility, plant operators generating electricity using renewable energy 
sources receive 1 Green Certificate (certificate of origin) per 1 MWh of generated electricity. The quota 
system applies to installations accomplished before 1 July 2016 as well as for new plants of nominal 
rated electrical power no higher then 1 MW. Their operators can choose between the quota system and 
migrating to the tender system implemented in Polish Renewable Energy Sources Act [16]. 

The level of payments for electricity from renewable energy sources is to be determined by auctions and 
the price caps are specified in both German and Polish RES acts and ordinances. In German case, for 
new solid biomass plants (with capacity exceeding 100 kW), as stated in EEG 2017, the price cap is 
calculated with regard to the value of the winning bids of the year 2017 and is € ct 14.73 per kWh. In 
Poland, the so-called reference price for tenders is specified in Ordinance of the Minister of Energy on 
the reference price of electricity from renewable energy sources in 2019 and the periods for generators 
that won the auctions in 2019 (Journal of Laws of 2019, item 1001). For biomass converted into 
electricity via combustion processes in the plant bigger than 1 MW of installed electrical power, the 
price is 435 PL per MWh (€ ct. 10.11 per kWh). 
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For the need of the carried out analysis the following fuel and energy prices were assumed as applicable 
in 2020: hard coal (fine) price in Poland and Germany pc = 3.42 €/GJ, woody biomass price in Poland 
pbPL = 4.42 €/GJ, woody biomass price in Germany pbGER = 3.02 €/GJ, electricity sale price in Poland 
pelPL = 51.16 €/MWh, electricity price for bidder that won auctions in Poland pelaPL = 93.02 €/MWh, 
electricity price for bidder that won auctions in Germany pelaGER = 102.00 €/MWh. The price of green 
certificates of origin in Poland was established as pRES = 34.88 €/MWh. The price of buying the EUA of 
CO2 emissions was set in both cases to 24.99 €/Mg. In Polish and German cases investment subsidy is 
adopted at 30%. 

In order to check to sensitivity of the ORC project feasibility for changing economic circumstances, the 
prices path projection up to 2035 was generated and used within the calculations, according to data 
presented in Figure 6. 

 

  

Figure 6: Prices paths projection for fuel, electricity and subsidies in Poland and Germany 

4 Results and discussion 

On the basis of presented method and given input data the thermodynamic simulations were made for 
three cases of different sizes of ORC modules (Figure 7). 

The annual mass and energy balance have been performed and the results were used for financial 
calculation (cost benefits analysis) within 15 years of project economic lifetime. The hour-by-hour 
simulations for three different configurations of the plant (Figure 7) were the basis for economic 
calculations conducted for German and Polish financial conditions. In each case, it was assumed that 
the mode of operation is a constant power one and the ORC module works at the base of heat load 
duration curve. As it can be seen in Figure 7, in each of the size scenario, there is operation period where 
CHP module works with constant heat output. It takes place when the nominal heat output is less than 
total heat demand of the DH. Apart from these periods, the surplus of the heat is dissipated to the air by 
the network water cooler. 

The configuration of the plant and size of the units results with the amount of electricity and heat 
production, fuel consumption and other operational parameters. The main ones, used as input data to 
economic analysis can be found in Table 2.  
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Figure 7: Results of the simulation of the annual operation of DH plant units conducted for the 
assumed ORC module size scenarios: a) 375 kWel, b) 750 kWel, c) 1500 kWel 

Table 2: Basis annual operational input data for each of the DHS configuration case 

ORC thermal and electric power output 
kWth 1 500 3 000 6 000 

kWel 375 750 1 500 

Operating time: h 8 323 8 323 5 808 
ORC heat production (coal production avoided) GJ 43 947 74 212 113 026 
Electricity production MWh 3 060 5 036 7 760 

Biomass consumption 
Mg 8 811 14 505 22 350 
GJ 88 115 145 046 223 497 

CO2 savings Mg 4 909 8 290 12 626 
Biomass-based heat share in total heat production % 23,3% 39,4% 59,9% 
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Results of conducted calculations show that the bigger ORC unit applied in the DH plant the higher CO2 
savings despite the shortest operation time in case of 1 500 kWel size module. Share of renewable heat 
generated from biomass is growing with increasing ORC size. However, the 50% threshold is only 
exceeded in the case of the highest installed capacity of the examined cases. Therefore, it follows from 
the carried out calculations that the transformation of an inefficient coal based DH system into an 
efficient one within the meaning of legal requirements requires the use of sufficiently large ORC 
systems. 

On the basis of the data generated from the simulation of the operation of individual cases of DH systems 
and financial input to the analysis, a cost-effectiveness analysis was carried out using the discount 
method. NPV and IRR of the project under different assumptions on financing have been depicted in 
Figure 8 and 9.  

 

 

Figure 8: Net Present Value curves for analyzed sizes of biomass ORC units: Polish (PL) vs. German 
(GER) conditions 

 

Figure 9: Economic indexes derived for analyzed sizes of biomass ORC units: Polish (PL) vs. German 
(GER) conditions, a) NPV(15), b) IRR 

For a given set of prices, costs and support mechanisms, the German cases, both with constant prices 
(as in 2020 year) and variable prices from forecasted 15 years paths, are much more feasible then Polish 
ones.  
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It is worth noting that under current economic conditions Polish and German cases have better indicators 
then in the scenarios with variable price pathways. It is mainly due to the fact of the assumption of major 
and continuous biomass prices increase. In the same time, the increase in the price of EUA slows down 
after 2035 and auctioned energy prices are assumed to be fixed (prices are valid for 15 years after 
winning the auctions in 2020). 

5 Conclusions 

The problem of optimal sizing of biomass-fired ORC cogeneration system for repowering of fossil fuel-
fired district heating plant has been presented in the paper. 

On the basis of presented method and given input data the cost benefit analysis was made for three cases 
of different sizes of ORC modules for Polish and German circumstance. 

On the basis of the research carried out for presented scenarios it can be clearly stated that application 
of ORC units fired with biomass in small DH plants in order to increase energy efficiency is not 
profitable in Polish economy. In the same time, such solutions can be profitable and economically 
justified in Germany where efficiency of the project is increasing with growing size of the implemented 
ORC module. Profitability of Polish cases is very low even with 30% of investment subsidy. It is mainly 
due to relatively high biomass prices compared to German energy market and, at once, lower incomes 
from electricity sales, even with new applied support schemes. 
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Abstract 

The paper presents some critical remarks on a commercial pre-feasibility study for various concepts of 
hydrogen generation from dewatered sewage sludge. Three commercial offers (two from the European 
and one from the U.S. market) have been analysed in terms of chemical reactions and energy balance of 
the process. The analysis was done for a typical municipal wastewater treatment plant sized Population 
Equivalent (PE) = 160,000. It has been shown that one of the offers (despite being provided by a 
representative of a major European process engineering company) is incorrect regarding both the 
possible production resulting from chemical reactions and from the point of view of energy balance. 
Another commercial offer is thermodynamically correct however it excludes the unavoidable and crucial 
energy demand for drying of the sludge before processing. Based on these observations corrected values 
of hydrogen yield and energy consumption have been determined and process efficiencies have been 
calculated. It has been found that Technology#1 represents an impossible application due to major 
inconsistencies in the energy balance. The obtained efficiency for Technology#2 and Technology #3 
equals 31.4% and 41.2%, respectively. Since the market for sludge-to-hydrogen conversion technologies 
is not well developed, and the information provided from the market is not fully reliable, it is 
recommended to gradually build the final solution starting from hydrothermal carbonization of sewage 
sludge, which can be used as the first step towards hydrogen production but is also useful as an 
independent solution. 
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1 Introduction 

Sewage sludge is a by-product of wastewater treatment from wastewater treatment plants (WWTP).  It 
has a solid form, and it contains mainly organic matter and water (around 95% of water content before 
dewatering). After onsite processing it must be disposed or it can be managed as a product feasible for 
further usage, either for agricultural purposes (soil fertilisation) or for energy applications (fuel 
production or thermal management in energy generation technologies). Due to the increasing restrictions 
concerning the sludge storage and its use in agriculture on the one hand, and the sharply increasing 
global generation of sludge on the other, sludge is now recognized as a valuable resource for energy 
recovery [1]. Sludge management is also essential from the economic point of view, since its treatment 
can represent a half of the WWTP operating cost [2, 3]. According to [4], the increase in sewage sludge 
production has recently become a major environmental and economic issue due to the growing costs of 
pre-treatment, transportation and disposal. Bearing in mind that 80–90% of contaminants from the 
wastewater are accumulated in the sewage sludge [5], proper treatment of the sludge should be given 
particular importance [6] and other methods of its management need to be found and applied. 

Sewage sludge produced in wastewater treatment plants is usually mechanically dewatered to about 20% 
of dry matter content which allows to reduce its volume and to increase the efficiency of energy recovery 
[7]. Most of the WWTPs larger then 10,000 – 15,000 PE are equipped with digester chambers producing 
biogas. Other common means of processing sludge for energy purposes is the production of solid 
alternative fuels, gasification for a high-quality syngas or direct combustion after drying. 

On the other hand, there is a growing interest in the development of hydrogen technologies. There are 
several possible and ready to implement technologies that can be used for processing sewage sludge to 
prepare it for further hydrogen generation processes such as supercritical water gasification [8, 9] or 
hydrothermal carbonisation [10]. 

Hydrogen is seen as a tool for renewable energy storage, as well as a future energy carrier, partially or 
entirely replacing oil-based transportation fuels and natural gas. Since the spectrum of hydrogen 
production technologies is very wide, it is interesting to verify the possibility of hydrogen generation 
from the problematic, yet renewable by category, sewage sludge. 

Hydrogen generation technologies may be classified by: 

a) Source and process (‘colour classification’): black/brown H2 from coal [11], grey H2 from 
natural gas [12], blue H2 from coal or gas with CO2 sequestration [13], green H2 from renewable 
energy [14], pink H2 from nuclear energy etc [15]. 

b) Legal regulations, which may also define technologies receiving economic incentives. For 
example, the Polish Hydrogen Strategy [10] classifies hydrogen by the emission of CO2 
equivalent per kilogram of product: 

a. Conventional hydrogen, above 5.8 kg CO2 eq/kg H2 

b. Low-emission hydrogen, between 1.0 and 5.8 kg CO2 eq/kg H2 

c. Renewable hydrogen, below 1.0 kg CO2 eq/kg H2
 (this category is foreseen for 

economic support) 

c) Physical source: 

a. Hydrogen derived from the feedstock: e.g. hydrogen separated from coke plant gas; 

b. Hydrogen derived from water (H2O) by electrolysis, thermolysis etc.; 

c. Hydrogen derived from both feedstock and water: steam methane reforming, coal 
gasification, waste gasification including the sewage sludge. 

According to the Polish Hydrogen Strategy [16], hydrogen generated from bio-coal, biogas or wastes is 
assigned a net-zero CO2 emission and is therefore classified as renewable (green) hydrogen, which 
ensures support in future economic developments. In Europe, many hydrogen valleys are being 
developed, combining various sources of renewable hydrogen with various options of its utilisation for 
transport, industry or injection into existing natural gas networks [17]. Moreover, hydrogen may be used 
for the production of various synthetic fuels [18]. 

1236



2 System and process description 

The possibility of hydrogen production from dewatered sewage sludge was analysed for a typical 
municipal wastewater treatment plant of 160,000 Population Equivalent (PE). In the studied plant, 
sewage sludge management is carried out in the following technological stages: 

1) Anaerobic digestion of the sludge in four closed digestion chambers, 

2) Utilization of the produced biogas in cogeneration units based on internal-combustion engines 
– heat and electricity production, 

3) Mechanical dewatering of the digested sludge (presses and centrifuges) and its ‘hygienisation’; 

4) Dewatered sludge is handed over to third parties for land use for the cultivation of non-food and 
feed crops. It is also sent for recovery of organic substances. 

A simplified flow chart of the processes and technology in the analysed treatment plant are presented in 
Figure 1. Chosen specific parameters of the plant are presented in Table 1. 

 

Figure 1: Simplified flow chart of sewage sludge management in analysed WWTP 

Table 1: Chosen technological parameters of the analysed WWTP 

Parameter Unit Value 

Input of raw waste water million m3/a 11.5 

Biogas production million m3/a 1.35 

Dewatered sewage sludge thousand Mg/a 12.5 

Dry mass in dewatered sludge % 20÷25 

Organic matter in dry mass % 60 

Heat production from generated biogas MWh/a 7,100 

Electricity production from generated biogas MWh/a 900 

 

The analysed technological cases of applying hydrogen technology into existing WWTP result from 
three commercial offers (two from the European and one from the U.S. market). The proposed 
technologies were based on the assumption that the given amount of dewatered sludge is available at a 
constant level during the whole year. The capacity of the hydrogen generation installations depends on 
the quantity of sewage and on its properties, including chemical composition and solid mass content. It 
was assumed that the proposed hydrogen installations would be integrated with the existing WWTP 
facility at the last stage of the current sludge management route, where the dewatered and hygienised 
sludge is available for further processing. 

A simplified graphical description of Technologies #1, #2 and #3 is presented in Figures 2-4. 
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Figure 2: Simplified layout of hydrogen production based on Technology#1 

 

Figure 3: Simplified layout of hydrogen production based on Technology#2 

 

Figure 4: Simplified layout of hydrogen production based on Technology#3 

Technology #1, according to the information provided by the manufacturer, is composed of three 
intrinsic stages:  

1) Hydrothermal carbonisation of the dewatered sewage sludge, allowing an enhanced dewatering 
and proceeding to step 2; 

2) Gasification of the dewatered hydrochar and generation of syngas; 

3) Separation of hydrogen from the syngas by means of either a membrane process or a pressure-
swing absorption process. 
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The process requires a substantial input of electricity (1 MW constant power) and is expected to yield 
650 Mg hydrogen per year, basing on the offer of the technology provider. It also allows for the 
separation of phosphorus, and it emits some quantity of ashes and effluents. The process is claimed to 
be thermally independent.   

Technology #2 is composed of the two latter stages, i.e. the gasification and hydrogen separation. The 
declared production of hydrogen is 146 Mg/year. Electricity consumption equals 92 kW and is much 
lower than for Technology#1, and the process also requires the supply of oxygen. Unfortunately, the 
technology provider requires the feedstock (sludge) to be dried to the level of 15% humidity, which 
creates and additional demand for heat and electricity, apparently absent while directly analysing the 
offer. This extra demand has been determined based on the available external data, as explained in 
Section 3.2.    

Technology #3 is based on the process of plasma gasification and then converting the process gases into 
syngas. Next, hydrogen is separated from the syngas as in the previous cases. The process also yields 
some vitrous material (‘vitrificate’) as an additional by-product of the plasma gasification. This 
‘vitrificate’ is an inorganic material with properties similar to those of natural basalt, and it is formed by 
solidification of the processed sludge at very high process temperature. The advantage of this technology 
is the absence of ashes; however, it yields the lowest hydrogen output among the studied cases, 
amounting merely to 80 Mg/year. 

Due to large differences between the proposed systems, especially in terms of the declared hydrogen 
production, some analytical work has been done to evaluate the credibility of the proposed systems, as 
outlined in the following section. 

3 Methods and input data 

In the first step, ultimate analysis of a sewage sludge sample has been performed (based on an external, 
commercial laboratory) to determine the elemental composition of the sludge. Results of the ultimate 
analysis are given in Table 2, and they have also been delivered to commercial technology suppliers. 

Table 2: Ultimate analysis of a sewage sludge sample 

Parameter Condition Value Unit 
Absolute humidity operating 75.3 % 
Ash dry 53.94 % 
HHV dry 10 770 kJ/kg 
 operating 2 660 kJ/kg 
LHV dry 9970 kJ/kg 
 operating 620 kJ/kg 
Carbon (C) dry 25.42 % 
Hydrogen (H) dry 3.69 % 
Nitrogen (N) dry 4.13 % 
Sulphur (S) dry 1.29 % 
Chlorine (Cl) dry 0.069 % 
Fluorine (F) dry 0.024 % 
Oxygen (O) dry 11.5 % 
Phosphorus (P) dry 2.27 % 

 

It is interesting to observe that direct hydrogen content in the dry sewage sludge is very low, which 
means that the term ‘hydrogen production from sewage sludge’ refers to a complex process involving 
external water supply. 

Technology suppliers do not provide any detailed justification of the claimed hydrogen production, and 
discrepancies between the offered values (650 t/y vs. 80 t/y) are large. To verify the correctness of the 
proposed systems, the following thermodynamic tools have been applied: 

1) Molar balances of chemical reactions 
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2) Energy balance at system boundaries, supplemented by literature-based evaluation of external 
energy required for sludge drying. 

3.1 Chemical reactions 

The hydrogen generation process is based on several key chemical reactions and processes: 

(1) Devolatilization of hydrogen containing compounds directly present in the sewage sludge  

(2) The water gas reaction C + H2O ↔ CO + H2 

(3) The water-gas-shift reaction CO + H2O ↔ CO2 + H2 

(4) Direct carbon conversion C + 2H2O ↔ CO2 + 2 H2 

(5) High temperature water hydrolysis H2O ↔ H2 + ½ O2 

Reaction (4) represents a sum of reactions (2) and (3), hence it can be eliminated from balance analysis: 
for the hydrogen production it is not meaningful whether carbon undergoes conversion in a single stage 
or in two stages; in both cases two molecules of hydrogen H2 are generated. It should be stressed that 
all the above reactions are endothermic and thus require energy that needs to be provided from other 
sources. This can be done through exothermic reactions or external heating. To calculate the possible 
hydrogen production from reaction (5), equilibrium computations were performed based on the 
minimization of the Gibbs free energy. To find the equilibrium of the H2O-H2-O2 system at various 
temperatures and pressures, Cantera software was used. Many other reactions occur during gasification 
process [19], however for the purpose of this study only the main hydrogen-producing reactions were 
analysed.  

3.2 Energy analysis 

Energy analysis was based on a blackbox, system-boundary approach and it has been done for the 
operating period of one year. Following items in the energy balance have been identified: 

(1) Chemical energy of the sewage sludge in its operating state (as it enters the system). This value 
has been assumed based on the lower heating value determined by the external, certified 
laboratory analysis (Table 2). The total chemical energy input is: 

𝐸 ,  = 𝑚 ⋅ LHVsludge    (1) 

The mass of the dewatered sludge  𝑚  equals 12 500 kg per year (Table 1). 

(2) Electric energy input has been directly taken from the technological information provided by 
technology suppliers, individually per each technology; 

(3) Chemical energy of hydrogen has been calculated as a product of its declared quantity per 
annum and its lower heating value (equal 120 000 kJ/kg): 

𝐸 ,  = 𝑚 ⋅ LHVH2    (2) 

The quantity of hydrogen 𝑚  was assumed based on the declaration of technology providers, 
with some corrections as explained in Section 3.3. 

(4) In one of the studied cases (Technology#2), external heat demand for additional sludge drying 
was included, since the manufacturer requires the input sewage sludge humidity to be no higher 
than 15%. The required demand for external heating was estimated from literature data. The 
specific heat demand for drying processes depends on the applied technology and ranges from 
0.5 to 1.2 kWh/kg of evaporated water [20]. For the case under consideration, the heat demand 
was assumed at the level of 1.0 kWh of heat per kg of evaporated water. Another important 
factor influencing the energy balance is unitary demand of electricity for supplying drives, fans 
and associated equipment. For the studied Technology#2 it was estimated as 0.085 kWh/kg 
according to [20] which is in line with the available market offers for sewage sludge drying 
systems. 

 
The energy efficiency of hydrogen generation process was calculated as a ratio of product (hydrogen) 
energy to all input energy fluxes (sewage sludge, electricity and external heat, if required): 
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𝜂 = = , 

,  ∑ ,
 
 

    (3) 

The electricity input comprises the intrinsic consumption (as declared) and, in the case of Technology#2, 
also the external electricity consumption for drying purposes. 

3.3 Data correction for Technology#1 

While comparing the technologies offered by different companies, it was observed that there was a large 
discrepancy between the declared hydrogen production. In the case of Technology#1, the production 
was surprisingly high. For this reason, the declared production was verified using the described basic 
methods of chemical balances and energy balances. Both verifications yielded a negative result, meaning 
that the declared quantity of production could not be achieved. Accordingly, two hypothetical values of 
production were introduced, and three scenarios of production have been compared: 

(1) Technology#1: (Original data) This refers to the original value of hydrogen production declared 
and signed by the manufacturer; 

(2) Technology#1*: (Chemistry-corrected data) This refers to the highest possible hydrogen yield 
resulting from chemical reactions and water dissociation; 

(3) Technology#1**: (Energy-corrected data) This refers to the hydrogen yield resulting from a 
theoretic 100% energy efficiency. This value (see Results) is lower than the chemistry-corrected 
data.  

It should be stressed that the actual production from Technology#1 would be even lower than the energy-
corrected data. Still, Technology#1 was not excluded from the analysis since it is offered by a 
consortium of major European enterprises active in this area.  

4 Results 

In the first step, chemistry-based correction for hydrogen production from Technology#1 was 
performed. The declared production was 650 Mg/year, i.e., 1781 kg/day. Based on the available 
ultimate analysis of sewage sludge, including hydrogen and carbon content, and based on the know flux 
of the sludge, the following product quantities have been calculated: 

 

1. Maximum daily generation of hydrogen bound within the sewage sludge: 364 kg 

 

2. Maximum daily generation from the water gas reaction: 419 kg 

3. Maximum daily generation from the water gas shif reaction: 419 kg 

4. Maximum daily hydrogen generation from water dissociation: 26 kg 

In total, maximum daily hydrogen generation: 1228 kg 

     

The actual hydrogen production is always lower than the calculated maximum values, since the 
gasification process never leads to 100% product generation in the reactions. Moreover, part of the 
carbon is oxidised to CO2 due to the presence of oxygen from both the feedstock and the oxidizer, 
disabling the hydrogen production. The generation of hydrogen from the dissociation (which is anyway 
very low), will be even lower since the process temperature would not reach 1400C as assumed in the 
computational model, and the process pressure would be higher than 1 bar, which negatively affects the 
dissociation of water.  

The 2nd correction was done based on the energy balance. The balance has been set in Table 3 for all 
technologies, and the 1st and 2nd correction to Technology#1 was included as well. 
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Table 3: Energy balances based on the manufacturer data.  
The (!) symbol denotes non-physical results 

Parameter  Unit  Value  

Technology#1 – original company data  

Dewatered sludge mass to the process  Mg/a  14,600  

Dewatered sludge chemical energy   MWh/a  2,514  
Electricity consumption  MWh/a  8,760  
Hydrogen yield  Mg/a  650  
Hydrogen chemical energy  MWh/a  21,667  
Calculated output-to-input energy ratio %  192.2 (!) 

 Technology#1* – chemistry-corrected data      

Dewatered sludge mass to the process  Mg/a  14,600  
Dewatered sludge chemical energy   MWh/a  2,514  
Electricity consumption  MWh/a  8,760  
Hydrogen yield  Mg/a  448 
Hydrogen chemical energy  MWh/a  14,993  
Calculated output-to-input energy ratio %  132.5 (!) 

 Technology#1** – energy-corrected data      

Dewatered sludge mass to the process  Mg/a  14,600  
Dewatered sludge chemical energy   MWh/a  2,514  
Electricity consumption  MWh/a  8,760  
Hydrogen yield  Mg/a  338  
Hydrogen chemical energy  MWh/a  11,274  
Calculated output-to-input energy ratio  
(theoretic - maximum possible) 

%  100.0 (!) 

 Technology#2     

Dewatered sludge mass to the process  Mg/a  14,600  
Dewatered sludge chemical energy   MWh/a  2,514  
Electricity consumption  MWh/a  744  
Dried sludge mass to the process Mg/a 3,358 
Evaporated water Mg/a 11,242 
Specific heat for drying kWh/kgH2O 1 
Specific electricity for drying 
Heat for drying (external) 

kWh/kgH2O 
MWh/a 

0.085 
11,242 

Electricity for drying (external) MWh/a 956 
Hydrogen yield  Mg/a  146  
Hydrogen chemical energy  MWh/a  4,850 
System efficiency  %  31.4 
 Technology#3     

Dewatered sludge mass to the process  Mg/a  13,140  
Dewatered sludge chemical energy   MWh/a  2,263  
Electricity consumption  MWh/a  4,205  
Hydrogen yield  Mg/a  80  
Hydrogen chemical energy  MWh/a  2,667 
System efficiency  %  41.2 
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For Technology#1, the term ‘energy efficiency’ has been replaced by ‘calculated output-to-input energy 
ratio’ to underline that the calculated value is non-physical and it is only used to demonstrate that the 
declared hydrogen production is not possible to achieve. As it can be seen in Table 3, the energy-
corrected hydrogen production is (at the theoretic maximum efficiency of 100%) only 338 Mg/year, that 
is 926 kg/day. The actual production must me substantially lower (or the energy consumption must be 
higher than declared). 

To visualize the energy balance for the studied cases, it is interesting to present them as energy flow 
diagrams. The diagrams compare the three technologies, for Technology#1 only the (theoretic) energy-
corrected scenario was included. 

 
    Technology#1** (Energy corrected)     Technology#3 

 
Technology#2 

Figure 5: Energy balance for the studied technologies. 

As it can be seen, production of hydrogen requires a substantial amount of additional energy supply, 
apart from the feedstock (dewatered sludge), either in the form of electricity (Technologies #1 and 3) or 
mainly heat (Technology #2). The diagram shown for Technology #1 is theoretical, the actual efficiency 
is not known, and the efficiency calculated from the declared data exceeds the physical limit of 100%. 

5 Conclusions 

While there is an increasing interest both in waste sludge utilization and in hydrogen generation, the 
performed market review (under partially confidential conditions) demonstrates a high uncertainty of 
information available in the market. Only a limited number of suppliers were able to offer the entire 
sewage-sludge-to-hydrogen technological chain, and the three commercial offers received are highly 
divergent. Therefore, for less market-ready technologies, it is essential to check the information provided 
by the manufacturer by means of thermodynamic tools, as demonstrated in this study.  

Assuming that two out of the three studied technologies are technically credible, one can state that the 
obtained energy efficiency of 30-40% is satisfactory, keeping in mind that the input feedstock is a 
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problematic waste of a negative market value. From the energy point of view, the selection of technology 
should minimize the use of external high-quality carriers such as electricity and it should promote the 
use of other waste streams such as waste heat. 

The ongoing development of hydrothermal carbonization and gasification technologies may bring some 
updates to the market, and it can make the portfolio of available solutions wider and more reliable. 

Nomenclature 

𝐸  energy (yearly quantity), kJ or kWh 
LHV lower heating value, kJ/kg 
𝑚  mass (quantity), kg 
𝑄 

 
heat (yearly quantity), kJ or kWh  

𝜂 efficiency, % 

 

Equations are set for a consistent unit system. Conversion of units are not included in equations. 
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Abstract 

Hydrogen production by electrolysis has gained considerable interest as a sustainable fuel source for 
transportation and a renewable energy carrier. The attractiveness of hydrogen production by this 
process is influenced by the emission-free chemical cycle and reaction characteristics of the 
technology, making the hydrogen production process environmentally sustainable. However, hydrogen 
prices are strongly dependent on electricity prices. Water electrolysis using a polymer membrane 
electrolyzer (PEM) is one of the most efficient ways to produce green hydrogen. Within the article, the 
focus was on analyzing several aspects of the electrolysis system powered by renewable energy: the 
availability of solar and wind resources in Poland and the annual energy demand. Available data from 
the Geographic Information System (GIS) on existing solar and wind resources across the country, 
among others, were collected and combined with capacity factors and capacities of photovoltaics, 
wind turbines, and an electrolyzer to determine the amount of hydrogen that can be produced from 
renewable sources. Part of the data for the analysis was taken from actual data of an existing test bed 
integrating a PEM electrolyzer and PV panel. These analyses helped define the challenges and 
opportunities regarding hydrogen's contribution to Poland's future energy economy. 

1 Introduction 

One of the major challenges of the 21st century is managing to keep up with the growth in global 
energy demand due to increasing populations and rising living standards. The increasing demand for 
energy is placing an increasing strain on the use of fossil fuels, which make up a significant percentage 
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of the products used to generate energy [1]. Economic development also poses challenges to the use of 
fossil fuels related to increased greenhouse gas (GHG) emissions and resource depletion. Their limited 
nature and heterogeneous distribution, fossil fuels are not expected to be able to keep up with the 
increase in energy demand, which has led to the search for alternative and cleaner energy technologies 
[2]. Switching to a non-fossil fuel energy source can significantly reduce CO2 emissions and their 
negative impact on global warming. Such an alternative is the use of renewable energy sources, which 
have several advantages. They are not depleting, their use does not burden the environment - to such a 
significant extent - as fossil fuels, they allow decentralized energy production, they allow efficient 
development of areas with limited access to the electricity grid. In addition, energy production using 
them is becoming cheaper every year, due to technological advances [3]. It is predicted that the total 
technical energy potential of renewable energy sources could be as much as 100 times greater than 
current global energy demand [4]. Countries striving for a greener energy economy have imposed 
individual goals that they must meet to increase the share of energy from renewable sources.  In 
Poland, a gradual transition from a coal-based economy to one based on green and renewable 
technologies is already evident, ensuring diversification of energy sources and energy security. Solar 
and wind energy sources have been characterized by dynamic development in recent years. During the 
current century, the production of solar energy in Europe has been reported to have increased from 
about 130 MW to 110 GW of installed capacity [5]. Depending on the source, solar technologies, 
namely solar photovoltaics (PV) and concentrated solar power, are responsible for about 95% of 
renewable energy sources potential, and wind power for 2% [4]. The main problem with the operation 
of renewable energy sources is their stochastic nature of operation. As the installed capacity of 
photovoltaic (PV) and wind sources continues to grow, cost-effective renewable energy storage 
technologies will be crucial to mitigating intermittent solar resources and maintaining the stability of 
the electric grid. 

In this regard, hydrogen may be the game changer in the global energy sectors. Hydrogen is a flexible 
energy storage medium that can be used for both short and long-term storage applications. According 
to the literature, it is estimated that hydrogen will play a key role in the sustainable transformation of 
energy systems, being an important factor in achieving decarbonisation of various sectors, such as 
industry and transportation. Currently, about 55% of hydrogen produced worldwide is used for 
ammonia synthesis, 25% in refineries and about 10% for methanol production [6]. The application of 
hydrogen in the energy sector is currently carried out on a small scale, mainly in small installations 
using fuel cells. A similar trend can be observed in the automotive and aviation sectors despite very 
intensive research on hydrogen powered vehicles. Despite hydrogen's currently untapped energy 
potential, due in part to technological immaturity and the cost of producing and storing hydrogen, it is 
believed that in the future hydrogen is likely to be used as a fuel in almost all applications where fossil 
fuels are currently used [6]. The literature reports that hydrogen could meet 18% of final energy 
demand, reduce CO2 emissions by 6 Gt per year [7]. At the moment, the attention of the energy 
environment is mainly focused on environment-friendly energy strategies, which can replace the 
current production of energy based on fossil fuels. To produce hydrogen with zero or low 
environmental impact, final products such as CO2 and other pollutants need to be processed (i.e. 
separated or sequestered) when hydrogen is extracted from fossil fuels. In addition to significant 
economic and environmental benefits, hydrogen energy systems are expected to operate with higher 
efficiency in the future, due to the rapid development of hydrogen technologies  [8].  H2 is expected to 
play a key role in shifting the global energy system toward a sustainable energy system by 2050 [9].  

Hydrogen is widely recognized also as an effective energy source to reduce greenhouse gas and air 
pollution in the road transport sector [10]. There are a number of methods to produce hydrogen, 
among which one promising option to support decarbonisation is to use solar and wind energy to 
supply clean electricity to a hydrogen-generating electrolyzer. Water electrolysis is a common method 
of producing hydrogen by splitting water, which is achieved by passing an electric current through 
water. The anode, cathode, power supply and electrolyte are the main components of a basic water 
electrolysis device. Direct current (DC) is used, and electrons flow from the negative terminal of the 
DC source to the cathode, where electrons are consumed by hydrogen ions (protons), producing 
hydrogen [12]. When powered by renewable energy, hydrogen produced from water electrolysis could 
be produced with a zero CO2 footprint. [13]. Hydrogen production from renewable energy and water 
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has been previously studied in the literature by various authors. The paper [11] analyzed the 
profitability of energy storage investments in Poland, which directly prompts attention to the 
possibility of storing renewable energy in hydrogen. Although there are several varieties of 
electrolysis technology, the analyses presented here focus on proton exchange membrane (PEM) 
electrolyzers due to their ability to operate intermittently, which is undoubtedly a key feature, when 
connecting electrolyzers with renewable energy. A PEM water electrolysis cell stack can operate at 
lower voltage, higher current density and higher temperature and pressure, allowing for increased 
efficiency (80-90%) [14]. Commercial proton exchange membrane (PEM)-based electrolysis has 
reached a scale of several hundred kg/day, providing a suitable pathway to industrial-scale hydrogen 
production with tremendous opportunity for continuous cost reduction by taking advantage of system 
scaling and production provisions and advances in PEM fuel cell materials, manufacturing and 
analytical tools [15]. 

2 Renewable energy resource assessment 

The growth of renewable energy generation in Poland is becoming more and more noticeable every 
year (in 2020 it was 36.6% higher than in 2016), as a result of which the share of energy from 
renewable sources in total primary energy in 2016-2020 has steadily increased [16]. In order to assess 
Poland's renewable resources, data was collected from the Geographic Information System (GIS), the 
Energy Regulatory Office (ERO), and the Central Statistical Office (CSO) on the actual solar and 
wind energy resources across the country. In this analysis, photovoltaics and wind turbines were used 
in combination with low-temperature electrolysis, as such an arrangement is the limit of the highest 
energy demand for converting solar energy into hydrogen. The power and efficiency factors of the 
photovoltaic, wind turbine and electrolyzer were also taken into account to determine the amount of 
hydrogen that can be produced from renewable sources. Some of the data, such as the efficiency of the 
electrolyzer was taken from the own research on a real stand integrating a PEM electrolyzer with a PV 
panel, located in Gliwice, Poland.   

2.1 PV resource analysis 

Polish meteorological conditions are characterized by a very uneven distribution of solar radiation 
over the annual cycle.  About 80% of the total annual sum of radiation falls in the six months of the 
spring-summer season, from April to September [17]. Despite the moderate level of irradiation, the 
photovoltaic market in Poland is developing very dynamically. Between 2008 and 2014, the area of 
solar collectors installed each year increased by an average of 12%, with a total increase of 101% [18]. 
The production of electricity in solar-powered installations naturally depends on the geographic 
location of the installations in question. For photovoltaic installations, latitude will play the most 
significant role in energy production, due to the location of the sun. If renewable energy sources show 
potential, then technologies that use electricity, such as PV-electrolysis technology for hydrogen 
through low-temperature electrolysis is technology will also show potential because they need less 
electricity to split water into hydrogen and oxygen. 

Photovoltaic energy data was calculated based on average annual solar energy data based on GIS, 
ERO and CSO data by province of Poland. For the purposes of the analysis, it was assumed that solar 
energy was converted into electricity by means of a non-tracking flat PV collector inclined at latitude. 
In addition, we have also assumed that solar energy can be converted into electricity at an average 
system efficiency of  20% [19]. The potential for electricity production from photovoltaic panels in 
Poland is not significantly different from that of our neighbors at a similar latitude and is about 1000-
1100kWh/kWp*[20]. 

2.2 Wind resource analysis 

Wind is one of the most popular renewable energy sources, as evidenced by the rapid growth of 
installed wind turbine capacity in many countries. To calculate wind energy resources, long-term 
meteorological measurements are needed. The intensive development of this type of energy in Poland 
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took place in the 21st century. In the case of Poland, the installed capacity in 2019 was more than 8 
times higher than 10 years earlier [21]. Archival data determining the potential and installed capacity 
of wind power were taken from the GIS database, the National Electricity System (NES) and the 
Central Statistical Office. In [22] it was found that the use of archival results of meteorological model 
analysis, especially those operating at high spatial resolution, allows the assessment of energy 
resources analogous to the results of measurements at meteorological stations used for this purpose. 
The calculations also used a wind power factor, which is defined as the amount of energy actually 
produced by a wind turbine divided by the amount of energy the turbine would produce if it operated 
100% of the time.  

2.3 RES resource analysis results 

The analysis of wind and solar potential with a breakdown by voivodship allowed to indicate the 
potential of  Poland and distinguish the most attractive regions of the country in terms of renewable 
energy resources. Figure 1 shows the installed power values of solar and wind sources by each 
province. The largest energy potential, in terms of solar resources, is shown by the Wielkopolska 
province, where, according to GIS data, direct normal irradiation is 2.65-2.85kWh/m2. Although there 
are provinces characterized by a slightly higher overall potential per m2 of surface area the 
Mazowieckie province, which is the largest province in Poland, shows the greatest potential for the 
installation of photovoltaic technologies. In terms of attractiveness in wind resources, the greatest 
potential is characterized by the coastal provinces of Pomerania and West Pomerania, many times 
exceeding the amount of installed capacity of the other provinces. An additional advantage is the 
possibility to install wind turbines, i.e. onshore, when land use conditions block the possibility of 
onshore wind power development. These provinces lie in Poland's eminently favorable, ‘V’ wind 
zone.  

Figure 1: Installed power in solar and wind for each Voivodeship 31.12.2021 [23] 

 Poland plans to develop RES also in the heating sector by expanding the potential of the domestic 
production and equipment installation sector by investing, among others, in the thermal modernization 
of buildings, heat pumps and solar collectors. oland's energy transition plans have also been analyzed, 
and the country's renewable energy development opportunities have been assessed from this angle. 
There are 4 main scenarios for the reconstruction of the country's generation base, differing in the 
diversity of technologies and the share of renewable energy production: 

Coal scenario - is based mainly on coal units. It assumes the construction of new coal and lignite 
mines. The share of RES in 2050 is 17%. 
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Diversified scenario with nuclear power - introduces a diversified mix of energy technologies 
including nuclear power plants (NPP)  instead of lignite power plants. The share of RES in 2050 is 
38%. 

Diversified scenario without nuclear power - is similar to the previous one, but replaces NPP energy 
production with increased production from natural gas and RES, whose share in 2050 is 50%. 

Renewable scenario - assumes the phasing out of coal power. It increases the share of energy 
production from RES to 73%. Gas cogeneration units complete the balance of production [24]. 

Each scenario assumes energy demand growth of 1.4% per year. In 2050, net energy production will 
be about 220 TWh. The renewable scenario was used as the reference scenario, indicating the most 
optimistic path of RES develop in Poland. The renewable scenario also provides the lowest price level 
in the medium and long term. 

The table shows the installed capacities in each RES category in 2030 and 2050, which were assumed 
in the renewable scenario, which was developed by a team of experts [24]. The data shown suggest a 
dynamic development of wind power in the northern part of the country, on offshore installations.  

Table 1: RES scenario - assumed installed capacities (GWe). 

Renewable energy source 2030 2050 
PV 5 24 
Wind (offshore) 14 25 
Wind (onshore) 3 9 
Wind (total) 17 34 

Based on available data [23], a chart (Figure 2) was created that shows the projected installed capacity 
in 2030 and 2050, which was assumed in the renewable scenario.  

 

Figure 2: Installed power based on renewable scenario [23] 

3 Hydrogen from PEM electrolysis  

The Polish Hydrogen Strategy defines specific goals for building a hydrogen economy, laying the 
foundation for activities related to its development and maintaining the competitiveness of the Polish 
economy. Poland currently ranks 3rd among European hydrogen producers, however, the share of 
hydrogen production through water electrolysis is negligible. Renewable energy sources using wind 
and solar energy have difficulties in maintaining repeatable parameters of the energy supplied 
throughout the day. The dimensioning of a hybrid renewable energy system is complicated compared 
to a single-source system due to the characteristics of renewable energy resources, the stochastic load 
requirement and the large number of variables and parameters that must be considered when designing 
hybrid energy systems . Once the potential power generation from wind and solar was determined, the 
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potential for hydrogen production could be calculated. The potential energy production from 
photovoltaics and wind was combined with the energy demand of the electrolyzer system to calculate 
the amount of hydrogen that could be produced from renewable sources in Poland.  

3.1 Energy requirements for electrolysis and its potential 

Currently, the most basic industrial process for producing near-pure hydrogen is water electrolysis, 
and its importance is expected to grow in the future. Water electrolysis is based on the movement of 
electrons supported by an external circuit. The efficiency of an electrolyzer is calculated on the basis 
of the ideal and actual energy required for the reaction [25]. In this study, we assumed that the 
electrolyzer needs 59.35 kWh to produce a kilogram of hydrogen. The system consumed 59.35 
kWh/kg with an efficiency of 69.87%. According to the literature, typical energy requirements for 
electrolysis systems range from 53 to 70 kWh/kg, with larger systems having higher efficiencies. In 
addition, we have also assumed that solar energy can be converted into electricity at an average system 
efficiency of 20%, and wind energy with the efficiency 30%. The theoretical maximum efficiency of 
wind conversion by the turbine, related to Betz's law, is 59.3 %. The total efficiency of power plants 
used in commercial power generation generally doesn’t exceed the value of 30% [27]. It consists of 
both wind energy conversion efficiency and the efficiency of the generator and other systems. The 
results confirmed that there are abundant solar and wind resources to produce an amount of hydrogen 
that can largely meet Poland's energy needs. 

The key parameters used in the analysis are shown in Table 2 . 

Table 2: Key parameters used in hydrogen production analysis[20] 

Parameter Assumption 
Primary raw material Water, electricity 
Electricity consumed Renewable Energy  
Conversion technology PEM electrolysis 
Hydrogen purity (%) 99.99999 
Electricity consumption 
of the process (kWh/kg) 

59.35  

Electrolysis efficiency 69.87%  

The renewable scenario assumes intensive development of renewable energy sources in Poland. Based 
on the available data of the Energy Regulatory Office for 2020, the time of use of installed power for 
solar and wind technologies was determined (1), and then the potential value of energy generation for 
the renewable scenario was determined.  

𝑇 =
E

𝑁
 (1) 

 
𝑇  time of use of installed power, h 
E   value of annual electricity production, MWh 
𝑁  installed power, MW 
 

The installed power utilization rate was then determined, which, based on the data for 2020 for solar 
sources, was 8.57%, and 20.53% per year for wind sources. Figure 3 shows the estimated hydrogen 
production for solar and wind sources, assuming that all of the production feeds the PEM electrolyzer 
system and is used to produce hydrogen through electrolysis. The values are presented for 2020 data 
and for 2050 assuming a renewable energy scenario (73% of the share of total energy generation is 
RES). It is also assumed that all energy production is allocated to hydrogen production by electrolysis 
to indicate the production potential. 
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Figure 3: Estimated production of hydrogen 

4 Summary 

The weather-dependent nature of renewable energy production necessitates the implementation of 
energy storage systems on the market. One solution in which great potential is seen is hydrogen 
energy storage. Hydrogen can be produced in renewable and non-renewable ways. Due to general 
trends and reductions in greenhouse gas emissions, any technology based on renewable sources will 
have greater legitimacy for implementation on the road to sustainability. 

One solution in which great potential is seen is hydrogen energy storage. The work on the analysis of 
renewable electrolysis has focused on various aspects of the electrolysis system: the availability of 
solar and wind resources and the technical analysis of solar, wind and electrolyzer systems. 
Transmission losses were excluded from the work.  Each analysis helped define the challenges and 
opportunities for hydrogen produced from renewable electricity to participate in the future hydrogen 
economy. With the current capacity utilization rates, meteorological conditions and technological 
considerations, the greatest potential and a significant share of hydrogen production from RES in 
Poland is seen in wind power. While the wind hydrogen plant shows high potential, the low efficiency 
of the solar hydrogen plant currently acts as a barrier to the widespread development of commercial 
solar hydrogen production. For further development of both technologies, technology needs to be 
developed to increase process efficiency and reduce costs. With the development of hydrogen 
production technology, the range of applications in industry, transportation and power generation is 
also increasing. 
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Abstract 

This paper aims to present the scope and motivations of the project CO2-Enhanced Geothermal Systems 
for Climate Neutral Energy Supply along with the hitherto results obtained within the successive Work 
Packages. Within the EnerGizerS project, the international consortium of scientists has conducted 
research aimed at detailed identification of potential geological structures for the location of CO2-EGS 
systems in Poland and Norway, combining the requirements for both Enhanced Geothermal Systems 
(EGS) and Carbon Capture and Storage (CCS) technologies. The main challenge is to analyze the 
efficiency of EGS using supercritical carbon dioxide as a working fluid instead of commonly used water. 
Such a solution has attracted much interest worldwide due to the additional benefit of CO2 geological 
storage in the process of energy conversion. Furthermore, CO2-EGS technology can become a new 
sustainable source of energy, which could be essential to meet international ambitions for the mitigation 
of anthropogenic climate changes. 
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1 Introduction 

Within the EnerGizerS project, the international consortium of scientists has conducted research aimed 
at detailed identification of potential geological structures for the location of CO2-EGS systems in 
Poland and Norway, combining the requirements for both EGS and CCS (Carbon Capture and Storage) 
technologies. The main goals of the project is development of Enhanced Geothermal Systems (EGS) 
technology using supercritical carbon dioxide as the working fluid, strengthening the cooperation 
between Polish and Norwegian partners and exchanging experience in the use of geothermal energy as 
well as reduction of carbon dioxide emissions into the atmosphere and mitigation of anthropogenic 
climate change while meeting energy demand. 

The concept of Enhanced Geothermal Systems (EGS), which includes the earlier concept of HDR (Hot 
Dry Rock), originated at the Los Alamos National Laboratory (LANL) in the USA. It was set out in a 
patent filed in 1974 that describes the formation of an entirely natural tank designed to obtain geothermal 
energy (Olosolo et al., 2016; Brown, 2000). This type of system involves extracting energy from rock 
by artificially increasing the hydraulic capacity of a geothermal reservoir, then introducing an energy-
carrying working fluid into the reservoir and feeding it to a power plant to generate electricity. These 
systems make it possible to harness geothermal energy when the hydrogeothermal conditions of a 
particular location prevent a sufficiently high well yield, making the potential locations for EGS much 
more numerous than for classical hydrogeothermal systems.  

The paper presents the preliminary results of work carried out on the identification of key parameters 
for the effective utilisation of CO2-EGS systems and the selection of suitable sites as well as the 
characterisation of the geothermal reservoir on the basis of the results of comprehensive laboratory rock 
tests. An important element of the work is the experimental determination of the properties and 
behaviour of CO2-EGS working fluids. The results obtained have been used for the mathematical 
modelling of the geological deposit for CO2-EGS exploitation and the mathematical modelling of CO2-
based surface systems for heat and power production. The work will be completed with a techno-
economic and environmental assessment of the CO2-EGS located in Poland and Norway. 

2 Selection of variables and factors important in case of CO2-EGS system 
location 

Selection of variables and parameters important in case of location for the CO2-EGS system selection 
should consider various scopes of activity. A detailed description of the work done at the stage (Pająk 
et al., 2021). Based on the cooperation of a group of 20 experts (12 Polish and 8 Norwegian) in geology, 
reservoir engineering, energy and process engineering, environmental impact assessments, legal aspects, 
and safety and risk assessment, the list of important parameters was suggested. Experts had the 
opportunity to change the final list of parameters and extend it to the final approval. The next stage of 
the work was focused on the description of the interrelationship between indicated variables. The list of 
important variables was then processed based on the cross-impact method. Relations between variables 
create a matrix of influences (MOI). Based on the individual point of view of each expert, the mean 
MOI was created. Mean MOI was processed using the free structural analyses IT tool MICMAC 
(MicMac, 2021). The target of this work stage was to indicate groups of factors presented and described 
on Figure 1. 
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Figure 1: Definition of the location of important factors in the dependence-influence surface, based on 
the method description (based on Pająk et al., 2021 - improved) 

Based on the research conducted and described in (Pająk et al., 2021), the most essential variables for 
the development of CO2-EGS systems technology can be selected, in particular the variables that are 
important when selecting locations for this type of system. These variables include: 

 Formal constraints related to the local nature protection areas—this variable is essential in the 
case of an onshore system, 

 Availability of CO2 sources, 

 Level of geological recognition, 

 The distance of the CO2-EGS from a thermal energy user and electricity grid, 

 Existing wells and other infrastructure, 

 Depth of the EGS system, 

 Water depth if offshore, this variable is only important when offshore systems are involved, 

 Physical parameters of reservoir rocks, 

 Reservoir temperature. 

The group of parameters called “Determiners, motors and brakes” includes the basic difference between 
technology on- and offshore. The onshore is going to be used in Poland, where both heat and electricity 
can be utilised simultaneously. Heat demand supply seems more profitable wherever possible since the 
process is characterized by higher efficiency than electricity production. Strong variation within heating 
power demand suggests combining heat and power production. It allows utilizing the energy potential 
fully. In the case of Norway, heat utilisation is limited. Electricity is going to be produced and utilised 
locally on a mining platform or transferred to a grid. 

After a number of analyzes, the following locations were selected: 

 in Poland: the Gorzów Block area and the Mogilno-Łódź Trough (Krośniewice-Kutno area) 

 in Norway: Åre Formation in the Norwegian Sea, Skagerrak Formation and Ula Formation 
(North Sea). 
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3 Characteristics of the geothermal reservoir based on the results of 
comprehensive laboratory tests of rocks 

Based on the comprehensive geological analysis, the Lower Permian profile in the Ośno-IG2 well was 
selected for testing, including sedimentary rocks and effusive rocks. A total of 42 core samples were 
collected from the Ośno-IG2 borehole from the depth interval 3212 - 3659 m for comprehensive 
petrophysical, thermal and mechanical tests. Additionally, 10 core samples from Mesozoic reservoir 
formations (Skagerrak, Ula, Are) from the North Sea region provided by NTNU were also used for 
further laboratory work. The collected core samples were then processed in order to cut out the relevant 
parts of the core for thermal and petrophysical (NMR) tests. For the MICP and XRD tests, crushed 
samples were selected.  

In order to characterise the petrogeothermal reservoirs in Poland and Norway, detailed laboratory studies 
were carried out on drill cores from selected locations. The set of comprehensive studies included: 

 Petrophysical tests - pore space saturation measurements by Nuclear Magnetic Resonance 
(NMR) method, pore space investigations using the mercury porosimetry (MICP) method  

 Mechanical tests- Elastic moduli: Young, bulk and shear modulus were calculated taking into 
consideration P-, S-wave velocity and density for each geomechanical test stage 

 Thermal analysis - thermal conductivity measurements using the FOX50 set  

 Mineralogical composition analysis using the XRD method 

 

Figure 2: Location of the CO2-EGS potential sites in Poland and Norway with example of core 
samples 

The detailed methodology of the study is shown in the paper Sowiżdżał et al., 2022. 

The results of porosimetry tests includes the basic petrophysical parameters of the pore space: skeletal 
density, bulk density, mean pore diameter, median pore diameter, total pore area, and effective porosity, 
threshold pressure, permeability, as well as the total volume of mercury that has penetrated the pores. 

The results of porosimetry tests indicate that in Gorzów Block (Poland) the studied samples is dominated 
by nanopores (< 0.1 μm) and usually reveal unimodal and homogenous character in the presence of 
narrow microfractures. The sandstone samples additionally reveal significant pore systems in the range 
of micro- and mesopores and the frequently heterogenic character of pore space. The effusive rock 
samples show that the widest range of effective porosity varies from 2.14% to 12.45% with an average 
value of 7.92%, however, the permeability values calculated for them are the lowest and vary in range 
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from 0.023 mD to 0.094 mD and amounts averagely 0.055 mD. Similar ranges of porosity and 
permeability are observed in the conglomerate samples. The effective porosity of the sandstone samples 
is the lowest, varies from 3.47% to 9.14% and amounts on average 5.56%, which is affected by the 
median values of the pore diameter (volume), with an average of 0.297 μm, and the lowest average value 
of the total pore area, which is 5.828 m2/g. For samples taken from shallower part pore space is 
dominated by the micro- and mesopores and has relatively homogenous structure. 

For samples from the selected sites in Norway samples from the deeper part are rather heterogenic with 
inconsistent and multimodal character of the pore space. The Skagerrak formation samples reveal 
unimodal and heterogenic pore space character. The Ula formation samples are characterized by 
multimodal, heterogenic pore space structure with occurrence of fractures up to up to a few nanometers 
in width. The parameter of effective porosity and permeability varies in the wide range:  1.94 – 21.52 
% and 0.053 – 67.467 mD, respectively, which is a consequence of heterogenic and inconsistent 
character of the pore space structure.  

Thermal conductivity measurements were made using the FOX50 set. The highest average values were 
obtained for sandstone samples (1.87 W/mK in 20 oC, 1.87 W/mK in 50 oC, 1.82 W/mK in 100 oC and 
1.79 in 150 oC). The greatest variability (standard deviation around 0.4 W/mK) of the measured value 
was also observed for these samples. The lowest values were obtained for the conglomerate samples 
(average value for water saturated sample equal 1.7 W/mK and for dry sample 1.4 W/mK), however, it 
should be remembered that only two samples were available in this group.  The effusive rock samples 
were characterized by lower value differentiation and relatively high lambda values (average 1.77 – 1.81 
W/mK for dry samples, 2.0 W/mK for fully saturated and 2.1 W/mK for the mixture of water and CO2). 

Analysis of the mineral composition using the XRD method of rock samples shows that the dominant 
minerals of the sandstones in the grain skeleton are quartz (average 38.6%), plagioclase (average 11%) 
and  potassium (average - 8.7%). The dominant minerals in conglomerates are quartz (average 29.1%), 
plagioclase (average 28.4%), potassium feldspar (average 10%).The dominant minerals of volcanic 
rocks are: quartz (average 19.8%) and plagioclase (average 23.1%). The dominant minerals in Norway 
samples are: quartz (average 51%), plagioclase (average 10.3%), potassium feldspar (average 9.8%), 
mica (6.9%), chlorite (average 4.8%), kaolinite (average 4.4%), illite (average 14.7%). 

Research on elastic and mechanical parameters was performed using the ULT-100 P&S Ultrasonic 
Velocity System equipment, manufactured by GCTS, USA to test the elastic parameters. Elastic moduli: 
Young, bulk and shear modulus were calculated taking into consideration P-, S-wave velocity and 
density for each geomechanical test stage. Several compression pressures were applied for each sample. 
All samples revealed correct behavior between the P- and S-wave velocities as well as with the elastic 
moduli: Young, bulk and shear modulus. The highest values of elastic parameters were observed for 
extrusive rocks, while the most varied values were observed for Norwegian samples. 

The highest porosity values are found in effusive rocks, while the highest permeability values are found 
in sandstones. All three types of rock are classified mostly as petrothermal EGS. Only one measurement 
for sandstone would indicate that the rock has petrophysical parameters suitable for a hydrothermal 
EGS. Clearly different results for a single sample may be due to a number of different factors, including 
the quality of the test sample, and therefore should not be considered as relevant to the overall analysis. 
Comparing these results with the parameters of the rocks from reservoir rocks from the Groß 
Schönebeck region, it can be seen that the sandstones have parameters suitable for EGS petrothermal as 
well as EGS hydrothermal (especially in Groß Schönebeck region) while in all cases conglomerates and 
volcanites fulfill the criteria for EGS petrothermal. 

The results indicate that the studied rocks have suitable parameters as a potential geothermal reservoir 
for CO2-EGS. These parameters are similar to those of reservoir rocks for the EGS installation in Groß 
Schönebeck as well as all types of rocks are classified primarily as petrothermal EGS. 
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4 Experimental determination of properties and behaviour of CO2-EGS 
working fluids 

Experimental determination of properties and behaviour of CO2-EGS working fluid is ongoing task. 
Proper preparation to measurements is crucial. It is worth to notice that  CO2-rich fluids depends on the 
pressure and temperature. Initial, theoretical analysis of expected phase behaviour of CO2+water mixture 
was conducted using EOS-CG model (Gernert et al., 2016). The most rapid changes in phase equilibrium 
of CO2+water mixture are observed below 20MPa at all relevant temperatures. That make the density 
of measurement points should be higher on low than high pressures.  

The setup to be used to measure the phase equilibrium is the ECCSEL High Pressure and Complex 
Phase Equilibrium facility (HPC-PE). A schematic diagram of facility is provided in Figure 3. An 
analytical isothermal technique to measure phase equilibrium is used. A phase equilibrium measurement 
consists of measurements of temperature, pressure and composition of a saturated phase, e.g. a liquid at 
bubble point or vapor at dew point. When VLE is reached, samples are taken to sample cylinder and 
then injected into gas chromatograph for analysis. For accurate measurements system need to be 
calibrated. 

 

Figure 3: Schematic diagram of the hpc-pe facility 

Temperature calibration relies on creation the deviation function of temperature at three different fixed 
points according to International Temperature Scale of 1990 (ITS-90). These points are:  

 freezing point of tin (231.928°C),  

 freezing point of indium (156.5985°C), 

 triple point of water (0.01°C).  

Fixed point cells are submersed in calibration bath filled with silicon oil. Stirrer inside provides proper 
distribution of temperature in every part of the bath. For TPW cell dewar with ice is used instead of 
calibration bath. Two types of sensors were calibrated: SPRT and PRT (supplied by Fluke Calibration), 
which substituted SPRT had broken during calibration.  

Pressure calibration is realized in order to correct the drift between lab and factory conditions. Six 
pressure sensors supplied by Keller are used with a range of 10, 30, 100, 200, 500 and 1000 bar. Pressure 
is set by syringe pump. The pressure difference is compared with the deadweight tester using accurate 
weights with certified and known wetted area. The deadweight tester used in lab is made for pressures 
up to 20 MPa. For higher pressures the extrapolated linear/polynominal functions were made, for each 
sensors respectively.  

Gas chromatograph is used to measure the composition of mixtures. Because of water existence in 
mixtures, two types of columns were purchased (Merck Watercol 1910 and Merck Supel-Q PLOT). 
Calibration of GC is done by injecting reference mixtures with known composition via the sampling 
cylinder. Gas mixtures were prepared using gravimetric setup in ECCSEL CO2Mix facility (CO2MIX 
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- VLE (NO2.3) SINTEF ER) according to ISO standards (ISO 6142-1:2015 Gas Analysis) with CO2 
mole fractions equal to 0.02, 0.07, 0.7 and 0.995. Composition of the mixtures must be uniform in all 
volumes of the calibration and sampling system. For this case, specially designed rolling-heating system 
is used. To avoid potential condensation of water, all lines and parts of the facility where gas is flowing 
need to be heated.  

First data points were generated as a dew points measurements at temperature of 297.4 K and pressures 
from 8.9 bar to 8.46 bar of a CO2+water mixture. CO2 was injected from gas bottle supplied by AGA 
(CAS#124-38-9), water was purified using Merck Milipore Direct-Q 3 Water Purification System. After 
components’ injection to VLE cell and reaching VLE, samples were taken to GC for analysis.  

5 Conceptual model of the CO2-EGS reservoir in the Gorzów Block, 
Western Poland 

Among the few candidate locations for hosting the first CO2-EGS reservoir in Poland, Permian and 
Lower Carboniferous volcanic formation in the Gorzów Block (western Poland) seems to be one of the 
most promising. It stems from, among others: temperature of the formation exceeding 140°C, very low 
natural permeability and low porosity, low shale content, susceptibility to hydraulic fracturing and 
similarities with Groß Schönebeck EGS site in Germany as both belong to the same geological setting 
(on a regional scale) [10]. 

The regional model of the western part of the Gorzów Block covers an area of approx. 7245 km2, while 
the local model is only 64 km2 [11]. Over the area of the regional model, 120 boreholes with depth of at 
least 3000 m were drilled with the aim to penetrate Upper Permian hydrocarbon-bearing formations 
(Figure 4). Of these, only 17 boreholes are 3500 m deep or more. Only 5 of them are drilled down to 
Carboniferous, of which Ośno IG-2 (4950 m) is the deepest. Therefore, Lower Permian (Autunian) and 
Carboniferous formations are generally poorly recognized by drilling. However, it is important to 
mention that Ośno IG-2 well is one of the few boreholes in this area that have temperature profile 
measured. 

 

Figure 4: Location of regional and local parametric models against the background of the geological 
map at the depth of 4000 m b.s.l. Marked wells are at least 3000 m deep, but almost none exceed 

4000 m. 

1263



Lower Permian formation, namely Volcanic Autunian meets most, in not all conditions for creating 
artificial EGS reservoir. The top of the Volcanic Autunian in the Ośno IG-2 well is located at a depth of 
around 3330 m b.g.l. The structural model developed by AGH team [11] predicts that near the Ośno 
IG-2 borehole, the rock formation consists mainly of volcanic rocks and breccias with clay interbeds up 
to 20 m in thickness. Thickness of the Volcanic Autunian rocks is in the range from approx. 750-800 m 
in the north-eastern part to approx. 1350 m in the western part of the local model (ca. 1200 m in the 
Ośno IG-2 well). Mean permeability of the Volcanic Autunian as a whole is around 0.1 mD. However, 
the interval chosen as the most promising for hydraulic fracturing  in the vicinity of the Ośno IG-2 well 
(from 4100 m b.g.l to 4300 m b.g.l.) has much lower permeability, with a mean value of 0.003 mD 
(3∙10-18 m2). Together with relatively low mean porosity (ca. 6%) and low mean shale content of around 
12% it makes Volcanic Autunian rocks the most appropriate for locating EGS reservoir in this region. 

Volcanic Autunian is covered on top by thin layers of Upper Autunian volcanic breccias and Upper 
Rotliegend sediments. Above, there are Zechstein deposits with a thickness of over 1000 m – mainly 
rocksalt (halite), grey anhydrite and potassium-magenssium salts. Due to the large thickness and lack of 
tectonic discontinuities, Zechstein sediments are considered as sealing rocks that should prevent CO2 
migration upwards. 

Lower Carboniferous rocks located right below the Volcanic Autunian are also very thick 
(approximately 1000 m) and equally impermeable – mean permeability in the parametric model was 
estimated at 0.003 mD (3∙10-18 m2) [11]. 

Analysis of geophysical well logs, especially Ośno IG-2 well allowed to indicate the interval at depths 
from 4100 m b.g.l. to 4300 m b.g..l. as a target interval for fracturing operations. The temperature 
recorded in the Ośno IG-2 well at these depths is approx. 140 – 145 °C. Conceptual model assumes that 
both production and injection well used for CO2 circulation will be directional, with a length of deviated 
section of approx. 600 m. The deviated sections of both well will be roughly parallel to each other. 
Planned for later phase of the EnerGizerS project are several CO2-EGS exploitation schemes at different 
distances between directional sections of both wells depending on the results from fracturing models. A 
simple sketch representing the conceptual model is shown on Figure 5. 

 

Figure 5: A BB’ cross section of the conceptual model (marked on Figure 4). 
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6 Process modelling of subsurface energy systems in CO2-EGS 

Process modelling of subsurface energy systems in CO2-EGS is ongoing task. Norwegian and Polish 
scenarios with corresponding demand and geothermal conditions have been defined from previously 
reported activities. From this data, several cases and objective functions (KPIs) were defined, to be 
modelled and optimised. Applying the identified geothermal conditions to a 1D model of well and 
reservoir, and exploring the effect of topside operation and conditions gave very interesting results. 
Firstly, this model was used to predict the approximate state of the circulated reservoir fluid at both 
injection and production points, as well as the very important interactions and trade-offs between various 
operating conditions (e.g. injection pressure, injection temperature, mass flow) and design parameters 
(e.g. well diameter). At this point, simple topside system thermodynamic modelling discovered that the 
defined geothermal conditions for the Norwegian scenario indeed was promising enough to support both 
direct expansion of the reservoir fluid, and more advanced topside configurations with combinations of 
direct expansion, heat export, and indirect ORC. 

Participating institutions all developed models of the topside systems, using different approaches and 
platforms. An explicit goal of the research activities within the process modelling area is to compare the 
merits of these different approaches. Such a comparison was developed using a common reference case 
and topside system configuration as basis. The combined coupled topside and underground system was 
setup within an in-house system modelling framework to better capture the interaction between the 
behaviour of the two parts. The heat flow in the underground geothermal formations were modelled 
based on simplified principles. Using all topside models, parameter studies were carried out to explore 
and build knowledge on the relation between different aspects. System optimization were performed 
and used as basis for comparing performance of difference topside cycle configurations. 

The results obtained indicated that the use of combined direct sCO2 with ORC allows the power plant 
efficiency to be optimized by recovering part of heat released from the sCO2 cycle to produce additional 
electricity but with greater design complexities. On the other hand binary cycle would allow for high 
power outputs but the use of sCO2 as working fluid would limit geothermal heat recovery. This favours 
the use of working fluids that would provide higher heat recovery than sCO2 (e.g. water). From the plots 
in Figure 6 it can be observed that in the binary model the power is directly proportional to the flow of 
sCO2: increasing the flow yield higher power since the supercritical cycle is detached from the power 
cycle (hot source). What should be stressed in these units is a beneficial impact on the wellhead pressure 
difference which cause a thermosiphon effect and subsequently leads to no requirement of additional 
CO2 compressor before the injection well.  

 

Figure 6: The comparison of sCO2 and ORC in case of net power with variable mass flow rates and 
injection temperatures between 35-55°C. 
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Further work included evaluation of reservoir degradation over time, influenced by topside operation 
strategy. This work indicates that maximizing power extraction is likely not the best strategy for long 
term performance. Instead, optimizing for exergy efficiency or similar could be beneficial. 

7 Summary 

Development of Enhanced Geothermal Systems (EGS) technology that uses supercritical carbon dioxide 
as the working fluid (CO2-EGS) is the main goal of the EnerGizerS project. 

Based on the work of a group of 20 experts using the cross-impact methodology and free software 
MICMAC interrelationship between parameters indicated is elaborated. Formal constraints, availability 
of CO2 sources, level of geological recognition, the distance to a thermal energy user and electricity 
grid, existing wells and other infrastructure, depth of the EGS system, water depth in case of offshore, 
physical parameters and temperature of reservoir rocks are indicated as the most important parameters. 
On- or offshore utilization indicates the basic difference between possible utilize systems. 

After a number of analyses perspective locations in Poland and Norway were selected. In Poland the 
Gorzów Block area and the Mogilno-Łódź Trough (Krośniewice-Kutno area) have been identified for 
further research work. In Norway Åre Formation in the Norwegian Sea, Skagerrak Formation and Ula 
Formation (North Sea) were indicated. In order to characterise the petrogeothermal reservoirs in Poland 
and Norway, detailed laboratory studies were carried out on drill cores from selected locations. 

Experimental determination of properties and behaviour of CO2-EGS working fluid consist of 
preparation, calibration and proper measurements of the system as well as theoretical analysis using 
EOS-CG model was conducted. Temperature and pressure sensors were calibrated. Gas mixtures were 
prepared using gravimetrical setup and they were used to calibrate gas chromatograph. First data points 
were generated as the dew points measurements.  
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Bąkała Maciej, 783
Banasiak Krzysztof, 897, 909
Banasik Aleksandra, 1185, 1235
Bandinelli Romeo, 401
Baranowski Marcin, 251, 299, 323
Bartela Łukasz, 821
Barton Michael, 15
Białecki Ryszard, 1209
Bieniek Artur, 197
Bilous Inna, 797, 807
Biniek- Poskart Anna, 961
Biriukov Dmytro, 807
Blaszczuk Artur, 1197
Bramer Eddy, 299, 323
Brem Gerrit, 299, 323
Brouwer Jack, 667
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Szczęśniak Arkadiusz, 37, 1067
Szczygieł Ireneusz, 551
Szega Marcin, 567, 993
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