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ABSTRACT 

Production of carbon-free fuels as alternatives for fossil fuels is a promising approach for 

controlling climate change and global warming. Hydrogen is considered as the key energy 

carrier of the future when it is produced from clean and renewable energy sources (so-

called green hydrogen). Non-fossil material sources for green hydrogen production are 

renewables such as biomass and water. Water splitting is one of promising pathways for 

hydrogen production when enough energy is provided for the process from a clean energy 

source. More than 200 thermochemical cycles are named and proposed for hydrogen 

production. Some of them including chlorine family of cycles and sulfur family cycles are 

investigated in the last decade while some are recommended for further investigation by 

Argonne national laboratory (ANL) and other research institutes. In this PhD study, three 

of the potential cycles including iron-chlorine (Fe-Cl), vanadium-chlorine (V-Cl), and 

hybrid sulfur (HyS) cycles are thermodynamically assessed, and their energy and exergy 

efficiencies are obtained and compared. Also, an integrated system for hydrogen and power 

production running by biomass energy is proposed, analyzed and optimized to obtain the 

optimum operating condition. The novel biomass gasification based integrated system for 

hydrogen and power production is comprised of a V-Cl thermochemical cycle, a biomass 

gasification unit and a Brayton cycle for hydrogen and power generation. The proposed 

system is able to produce a 23.42 kg/h of hydrogen and a total of 885 kW power at the base 

case condition Furthermore, a Multi-objective optimization study via an evolutionary 

algorithms is carried out as an intelligent approach for determination of the optimum 

condition for higher exergy efficiency, lower cost and lower environmental impact of the 

integrated system. As a result, overall exergy efficiency, total cost and environmental 

impact are obtained as 60.45%, 6.36 $/GJ, and 14.46 g.CO2/kWh, respectively, where 

pressure ratio (for Brayton cycle) is 5.87, gasification temperature is 715 °C and biomass 

mass flow rate is 0.8 kg/s. Also, energy and exergy efficiency of V-Cl cycle in the base 

case condition are obtained as 42.1% and 74.5%, respectively.                                                       

Keywords: Hydrogen production; Efficiency; Optimization; Sustainability; 

Thermochemical cycles.  
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Chapter 1: Introduction 

The goal of this thesis is to assess alternative thermochemical cycles for possible 

integration with renewable sources. The concept of thermochemical cycles for hydrogen 

production is a half-century journey and many research are being done worldwide for large-

scale production of hydrogen from via this technology. This technology is among many 

others for achieving a cost competitive green hydrogen production for the future 

transportation infrastructure and for the fight of human against climate change and global 

warming.  

1.1 Energy and Environmental Challenges  

World’s population and consequently, the energy demand is being increased while the 

conventional energy sources are being depleted. On the other hand, the increasing alarm of 

global warming and an increase in the earth’s temperature imply on the necessity of a 

sustainable and long-term solution for sustainable development of energy. Nowadays, as 

shown in Figure 1.1, 81% of the world’s primary energy is supplied from fossil fuels [1]. 

Among this, 32% belongs to oil which is still the largest primary fuel for transportation.  

 

Figure 1.1 World’s primary energy production by source (Data from [1]) 
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According to 2015 energy technology prospective report of International energy agency 

(IEA), in order to limit the global temperature increase to 2 °C, CO2 emission related to 

energy and industrial processes should be decreased by approximately 60% [2]. Recently, 

in the sixth assessment report of intergovernmental panel on climate change (IPCC), it is 

indicated that human-caused greenhouse gas (GHG) emissions are responsible for around 

1.1°C of increase in world’s average temperature since 1850-1900, and global temperature 

in average is expected to reach or exceed 1.5°C of warming [3]. Government of Canada set 

an ambitious GHG reduction target in the late 2017 to cut GHG emission by 45% by 2030, 

and by 100% by 2050, relative to 2005 levels [4].  

According to 2021 report of IEA [1], fossil fuels are still the main source of energy for 

compensating the growing energy consumption with accumulative percentage of 81% 

while renewables contribution is only 2%. Although Decarburization of the power sector, 

which is responsible for almost 25% of world’s greenhouse gas emissions, is an important 

step in the way of meeting the targets established by the Paris Agreement for keeping global 

mean temperature increase below 2°C (2DS scenario), in a longer term scenario, 

production of electricity or other kinds of carbon-free energy carriers such as hydrogen and 

ammonia from renewable energy sources  promises a sustainable and secure approach 

towards sustainable development in the context of energy [5]. However, greenization of 

electricity generation requires further development and enhancement in renewable power 

generation via wind, solar and other types of renewable sources as well as establishment 

of sustainable infrastructure to avoid the losses corresponding to the intermittent nature of 

such sources. Nevertheless, renewable electricity production is growing around the world. 

As shown in Figure 1.2, the share of renewables in electricity generation worldwide is 

grown from 2% to approximately 10%. It is clear that coal continues to be the most used 

fuel for power generation. However, its share decreases as the renewable alternatives, 

natural gas and nuclear power are expected to advance during the projection area. 

Alternative carbon-free fuels such as hydrogen and ammonia play an important role in this 

approach. Sustainable energy production is based on clean, non-polluting resources. Main 

energy sources for sustainable and clean energy production are nuclear energy and 

renewable sources which are mainly solar, hydro, ocean thermal, tidal, wind, biomass and 
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geothermal. These sources can be used for clean energy production as well as alternative 

fuels. However, in the procedure of conversion of these sources into energy carriers, it is 

important to consider the cost, efficiency and environmental impact of all the processes 

involved. 

 

Figure 1.2 Breakdown of world’s electricity generation by source (data from [6]) 

Hence, life cycle assessment is necessary to be performed in order to select the best source 

and corresponding conversion technology.  

1.2 Hydrogen as an Alternative Fuel 

Green hydrogen is regarded as a key energy carrier and fuel of the future. It can be 

efficiently converted into the electricity or produced from. It can be produced from 

renewable sources, and most importantly, it is environmentally friendly at all processes 

utilizing hydrogen [7]. Therefore, hydrogen production from renewable sources and also 

from waste energy of nuclear power plants is a clean and the sustainable option for 

combating fossil fuel dependence in the long-term scenario. Hydrogen is regarded as the 

alternative energy carrier of the future due to the higher energy density, less environmental 
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problems and its abundant presence in different forms in the universe. Hydrogen economy 

is a concept which is not imaginary anymore. Carbon age with fossil fuels is in transition 

to hydrogen and electron age in the post COVID-19 pandemic era. As shown in Figure 1.1, 

hydrogen appears to be a significant asset integrating hydrogen consuming industries such 

as ammonia and ethanol production plants, transportation, residential, agriculture with 

some important sectors such as electricity grid, gas grid, and energy storage [8]. Hydrogen 

has an integrative role between these sectors while improves the performance of electricity 

grid by storing the electricity by the conversion of water into hydrogen and oxygen when 

there is a high supply of electricity from renewables and consume it when there is a high 

demand and there is no or less renewable electricity production. If needed, the produced 

hydrogen can also be converted to natural gas through CO2 methanation process which 

absorbs carbon dioxide [9]. This, enhances the reliability of green grids and allows them 

for more penetration [10].  

 

Figure 1.3 Importance of hydrogen as an integrating component in energy portfolio.  

Moreover, hydrogen in color coded with respect to the source of hydrogen production and 

the technology it is produced by. As shown, hydrogen from renewables is so-called green 

hydrogen. Hydrogen from water-splitting by using nuclear reactor’s heat is called purple 
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hydrogen. Finally, hydrogen from fossil fuels is called grey hydrogen where there is no 

carbon capture and storage (CCS) and is called blue when CCS is employed.   

Hydrogen is used in the chemical industries such as fertilizer production as a constituent 

of ammonia, in the petrochemical industry where it is used for hydrogenation and 

upgrading of the heavy oil and hydrocarbons. Furthermore, by 2025, some industrial 

sectors of Canada are expected to demand hydrogen mostly on oil upgrading and ammonia 

synthesis. However, hydrogen economy faces some challenges as scarcity of hydrogen as 

its pure form in the atmosphere, complexity of production and purification, and highly cost 

of storage. Hydrogen council has investigated hydrogen’s long-term potential for energy 

supply and different pathways of its deployment. A recent study by the Hydrogen Council 

[9] presents a comprehensive assessment of hydrogen’s long-term potential and a roadmap 

for its deployment. The study envisages that 18% of the global energy demand (78 EJ) can 

be supplied by hydrogen in 2050. In 2019, current demand for pure hydrogen is 70 million 

tons (Mt). Another 45 Mt of demand is related to the gas mixture products such as syngas 

where hydrogen is a part of a mixture (not in a pure form). Figure 1.4 exhibits the current 

statistics for hydrogen production worldwide. As shown, an overwhelming majority of 

produced hydrogen comes from the conversion of fossil fuels while only less than 1% of 

hydrogen is produced from renewable sources [10].  

 

Figure 1.4 Worldwide Hydrogen production by source (Data from [10]) 
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Noting that 85% of hydrogen is produced in dedicated hydrogen production facilities where 

hydrogen is the primary product and the 15% rest is produced in the processes where 

hydrogen is a by-product. Only 0.3% of by-product hydrogen is coming from renewable 

sources.  

1.3 Hydrogen Production Methods 

Nowadays, 48% of hydrogen is produced from fossil fuel reserves while the so-called green 

methods for hydrogen production are being developed. As seen in Figure 1.5, hydrogen 

containing resources are biomass, water, fossil hydrocarbons and hydrogen sulfide. 

Biomass and water are considered as renewable resources while fossil hydrocarbons and 

hydrogen sulfide (which is mostly found in fossil fuel reservoirs) are in the fossil resource 

group.  Fossil hydrocarbons are not considered as the ultimate candidates for the 

sustainable hydrogen production due to the high environmental emission and non-

renewability 

 

Figure 1.5 Material sources for hydrogen production 

However, during the transition time to the hydrogen economy, the novel technologies for 

hydrogen production from fossil resources including CO2 capture are being developed for 

less pollution and higher efficiencies. Methane, which constitute the major portion of 

natural gas, is the main source of hydrogen production worldwide due to the lower cost of 

production and higher energy efficiency in the hydrogen production process. Hydrogen 
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sulfide can also be found in sour natural gas and some other places such as geothermal sites 

and seas (dissolved in water).  

In the recent years, research on the clean and sustainable hydrogen production is mostly 

focused on the renewable materials such as biomass and water. Biomass conversion 

technologies are being developed through different methods. However, as biomass has 

some conflict with food supply, the studies on biomass conversion mostly investigate the 

bio-waste such as agricultural wastes and sewage sludge. Water as the most abundant 

source of hydrogen, consists of hydrogen and oxygen which needs to be split for hydrogen 

production. In terms of primary energy, sources of energy for hydrogen production can be 

classified in two major groups of green energy sources and fossil energy sources. Also, as 

seen in Figure 1.6, all these energy sources can be categorized in five main forms of energy 

including thermal, mechanical, electrical, biochemical, and photonic energy. Green energy 

comprises of renewables, nuclear and waste heat of the processes. Among renewables, 

there are different forms of solar, geothermal, biomass, wind, hydro, ocean and tidal 

energies. 

 

 

 

Figure 1.6 Hydrogen production through different energy sources  

Among renewables, there are different forms of solar, geothermal, biomass, wind, hydro, 

ocean and tidal energies.  The process driving energy forms can also implemented together 
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(i.e., electrochemical, photoelectrochemical, etc.). For thermal energy, temperature is in a 

high importance and technologies are being developed for low-temperature thermal energy 

driven hydrogen production. As seen, all of the primary energy sources can be converted 

into electricity to provide electrical energy for hydrogen production. Life cycle assessment 

is necessary for evaluating the routes of hydrogen production and select the best possible 

option. As discussed before, although the fossil-based hydrogen production methods are 

necessary to be investigated and improved, the major hydrogen production research 

worldwide is being done on green methods for clean hydrogen production from biomass 

and water using nuclear, solar, wind or wasted energies. Hydrogen production methods can 

be categorized by the maturity of the technology and their importance for a long-term and 

sustainable hydrogen production as well. Steam methane reforming (SMR) which 

contributes to the majority of world’s hydrogen production, has high global warming 

potential However, this method among with coal gasification are the current industrially 

established processes for hydrogen production due to the lower cost (less than 2$/kg H2) 

among other methods [11].  

 

Figure 1.7 Energy and exergy efficiencies of different hydrogen production methods. 

A comparison between different hydrogen production technologies is presented in Figure 

1.7 with respect to energy and exergy efficiency of processes. As shown, the efficiency of 

solar technologies is relatively low in comparison with SMR and biomass gasification. 
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Hence, investment in tolerable materials and development of catalysis are necessary for 

efficiency improvement. Integration of energy sources for multigeneration in hydrogen 

production systems is also another promising approach for improving efficiencies and 

lowering cost and environmental impacts. 

 

Figure 1.8 Technology readiness level with respect to cost and GWP of grey, blue, 
purple, and green hydrogen production methods.  

 

Moreover, green, blue, purple, and grey hydrogen production technologies are compared 

with each other in Figure 1.8 with respect to their global warming potential (GWP), Cost 

and technology readiness level (TRL) based on the recently published LCA reports and 

estimated central values reported by [12-16]. Grey hydrogen from SMR technology 

contributes to majority of worldwide hydrogen production with cost of produced hydrogen 

of below 2$/kg and is considered as near-term production technology with TRL of 9 and 

established industrial process. Moreover, pathways for production of blue hydrogen from 
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SMR with CCS, green hydrogen through biomass gasification, and purple hydrogen via 

nuclear-bases thermochemical water splitting cycles are considered as mid-term hydrogen 

production technologies with lower GWP (less than 4 kg.CO2/kg.H2) and production cost 

of between 2$/kg.H2 and 4$/kg.H2. Finally, wind and solar powered electrochemical 

hydrogen production through electrolysis, biomass fermentation, and 

photoelectrochemical water splitting are long-term technologies for hydrogen production 

with production cost of more than 4$/kg.H2. Since it is important to produce hydrogen with 

minimum GWP and environmental impact, the emerging low emission technologies such 

as wind-based electrolysis, photonic water splitting, along with nuclear and solar based 

thermochemical water splitting cycles are promising technologies which can be the 

ultimate near zero emission technologies for hydrogen production in the long term. (Figure 

1.9 illustrates the pathway towards green and sustainable hydrogen categorizing near-term, 

mid-term and long-term methods of hydrogen production.  

 

Figure 1.9 Pathway toward green and sustainable hydrogen production 
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Technologies for hydrogen production are listed in Table 1.1 and categorized by the type 

of material source of hydrogen, driving energy of the process and the estimated hydrogen 

production capacity whether it is small scale (more than 50 t/day), medium scale (more 

than 100 t/day) and large scale (more than 500 t/day). Nuclear-based thermochemical cycle 

can be a promising option for low emission and efficient hydrogen production where 

thermal energy of nuclear reactors is available. On the other hand, solar pathways are not 

cost-effective yet due to the difficult heat transfer from the sunlight to the hydrogen source. 

However, due to the very low environmental impact and reliability of the energy source, 

solar pathways are regarded as long-term pathways for hydrogen production. As a matter 

of fact, production of hydrogen from renewable sources faces many challenges the high 

temperature of biomass decomposition and water splitting and costly materials for the 

processes [18]. Since providing enough thermal energy itself has high GWP, It is important 

to integrate the hydrogen production units to the systems where energy or is wasted. 

1.3.1 Hydrogen from biomass  

Biomass-based hydrogen production is performed by two main routes of biological 

conversion and thermochemical conversion. Biological conversion of biomass to hydrogen 

takes place by microorganisms as a decomposing agent in certain conditions. 

 

Figure 1.11 Biomass-based hydrogen production methods. 

As seen in Figure 1.11, thermochemical routes of biomass-based hydrogen production are 

pyrolysis, partial oxidation and supercritical water gasification (SCWG). Besides, 
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hydrogen production through biological conversion of biomass is categorized into three 

main methods of fermentation, photosynthesis, and biological water-gas shift. Although 

this pathway require low amount of energy, there are some shortcomings such as high 

resident times of substrate and sensitive operational conditions which must be remained 

constant during the process.  Thermochemical conversion of biomass is a conversion of 

biomass by thermal energy where biomass structure is cracked into more simple structures 

such as syngas which consists of hydrogen and can be purified for hydrogen production 

[17]. 

Thermochemical methods, supercritical water gasification (SCWG) has the advantage of 

lower required temperature and the capability to convert wet biomasses such as wastewater 

[18]. This process takes place in the presence of water in its supercritical condition (T > 

374 ᵒC, P > 22.1 MPa) where both biomass and water contribute in hydrogen production 

[19]. The conversion of biomass to H2 is highly dependent on catalysts and the advances 

in catalysis technology has a significant impact on hydrogen production technologies [20]. 

Recently, Zhang et al. [21] made a breakthrough in biomass to hydrogen technologies by 

proposing a novel two-step hydrolysis-oxidation. In this method, hydrolysis takes place at 

160 ᵒC and oxidation occurs at 85 ᵒC in the presence of molecularly defined iridium 

catalyst. H2 yield was observed as high as 95% with very low amount of CO and CH4 as 

by-products. The other challenge of biomass to H2 technologies is the feedstock selection 

where algal biomass and genetically modified organisms are figured out to be a promising 

solution as third and fourth generation of feedstock. Figure 1.8 shows the evolution of 

biomass feed stocks for biofuel and hydrogen production. First generation of feedstock is 

the edible type of feedstock with high interference with food cycle such as starch, sugar 

and vegetable oil. Second generation of feedstock consists of bio-waste, such as 

agricultural waste and municipal solid waste (MSW) with less interference with food cycle.  

Third generation as algal biomass and sludge has no competition with human food cycle, 

needs much less arable land and water for growth, and can be artificially grown with very 

low amount of water [22, 23]. Algal biomass commodities are promising with respect to 

food, water and land nexus.  Finally, the fourth generation of feedstock is genetically 

modified algae and microorganisms with minimum interference with food and water 
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[24,25]. Nevertheless, it is important to study the applicability and cost-effectiveness of the 

produced hydrogen from biomass for energy applications such as fuel cells and hydrogen 

and power co-generation plants. Biomass is a promising energy source for energy systems 

including hydrogen production processes due to the steady generation of heat in its 

gasification. It also can be used for direct generation of hydrogen in microbial fuel cells 

and generation of biogas in which the hydrogen portion can be purified for application.    

 

 

Figure 1.11 Biomass feedstocks for hydrogen production 

In a recent study, Archer and Steinberger-Wilckens [26] assessed the different pathways 

of biomass-based hydrogen production for fuel cell application. They concluded that 

anaerobic digestion and metabolic processes are the best candidates due to the low 

feedstock and fuel gas demand and high fuel cell output. In the case of hydrogen and power 

cogeneration, since SCWG produces high-pressure syngas, integration of a high-

temperature renewable energy sources such as concentrated solar energy with SCWG is 

recommended for efficient and environmentally benign cogeneration. This technology is 

being developed in pilot scale by the State Key Laboratory of Multiphase Flow in Power 
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Engineering in China [27]. Due to relatively high investment and capital cost, this 

technology is not suitable for distributed hydrogen production while it is promising for 

centralized large-scale hydrogen production.  

1.3.2 Hydrogen from water  

Water, is the most abundant resource for hydrogen production which consists of hydrogen 

and oxygen. Hence, the water molecule can be split into hydrogen and oxygen if enough 

energy is provided. Water splitting process can be performed through different 

technologies. Water splitting for hydrogen production can be performed based on any of 

these sources and also some hybrid types (combined two or many energy sources. Water 

splitting hydrogen production methods can be categorized into five major types based on 

the energy used for water splitting and a hybrid form where two or more types of energy 

are employed in a system for hydrogen production. Hydrogen from water by electricity 

based (electrolysis), mechanical based (from ultra sound through sonochemical method), 

photonic based (photolysis or photo electrochemical water splitting), thermal energy based 

(thermochemical cycles and thermolysis) [26]. Noting that biochemical water splitting is 

possible with the assistance of photonic energy in the presence of microorganisms in a 

hybrid process where hydrogen is produced from water by photonic energy and 

biochemical energy [27].   

Electrolysis is one of the simplest ways to produce hydrogen from water. It can simply be 

summarized as conversion of electric power to chemical energy in the form of hydrogen 

and oxygen as a by-product with two reactions in each of these electrode, anode and 

cathode [34]. There is a separator between anode and cathode electrodes which ensure 

products to remain isolated. The low-temperature electrolysis (LTE) occurs in 

temperatures of 70-90 o C while the high temperature electrolysis (HTE) takes place in 700-

1000 ᵒC with less electricity consumption [28]. The advantage of HTE is that near zero 

GHG emission can be achieved if an external clean heat source is employed.  However, the 

high temperature electrolysis is not yet industrially established. Reduction in cost and 

increase in efficiency need to be done to meet the defined cost targets (2.30 $/kg for 

electrolysis) [29]. In a recently published study by National Renewable Energy Laboratory 

(NREL), it is mentioned that in many locations in the United States the electrolytic 
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hydrogen production is now cost competitive with gasoline [15]. Proton exchange 

membrane (PEM) electrolyzers produce hydrogen through electrochemical water splitting 

in small to medium scale. PEMs typically include layers of Platinum, iridium, and 

ruthenium electrode catalysts and a Nafion membrane [30]. Water is introduced and is split 

into protons and hydrogen; protons travel through a membrane where they are recombined 

into hydrogen. PEM electrolysers can be used for conversion of excessive electricity from 

renewable sources. PEM electrolyzers are more efficient than alkaline electrolysers (56-

73% based on LHV of hydrogen with an 80-95% conversion) but more costly with less 

capacity due to the membrane requirements. 

 

Figure 1.12 Water splitting methods for hydrogen production 

For the case of solid oxide electrolyzers (SOEs), working temperature usually goes above 

500 °C where steam passes through the system. The higher working temperature, however, 

causes a decrease in the required electric power for the process which is much lower than 

the case of low-temperature electrolysis. Nevertheless, a slight increase in the overall 

energy need occurs within the system. Hence, SOEs are regarded as high efficiency and 

more economically competitive devices when a cheap source of thermal energy is 

available. The process of hydrogen production with this technology can be regarded as 

clean when the source of thermal and electrical energy is renewable and with low carbon 

footprint. Degradation, as a result of a less stable environment in higher working 

temperatures, can be the main issue with this technology.  
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The photochemical and photoelectrochemical water splitting are solar-based technologies 

for hydrogen production from water using photons of sunlight in the presence of suitable 

catalysts. Photoelectrochemical Catalysts based on titanium oxides (TiO2), cadmium 

sulfides (CdS) and zinc oxide/sulfides (ZnO/ZnS) are reported to have better performance 

during photocatalytic water splitting for hydrogen production. This method is reported to 

have the minimum global warming potential (GWP) among hydrogen production methods 

while the exergy efficiency and the cost are not comparatively favorable [31]. The reported 

efficiencies for PECWS are around 10% while the maximum efficiency of 18% can be 

obtained in certain conditions. In a recent breakthrough, NREL reported a new record of 

16% solar to H2 efficiency However, due to the high cost of production and limited 

durability of material, it is under development and is considered as a long-term scenario 

for hydrogen production [32].  

Finally, sonochemical water splitting in which driving energy is mechanical in the form of 

ultrasound, occurs when high frequency waves of sound pass through water which vibrates 

water consequently (water sonolysis) and make cavitation bulbs. The typical ultrasonic 

wave in a certain range of frequency accumulates a lot of energy in the form of pressure 

inside the cavitation bulbs. The energy accumulates this way can split the molecule of water 

in specific conditions and produce hydrogen. However, sonochemical hydrogen production 

method is not mature enough and at the early stages of research and development. Further 

information can be found in [33, 34]. 

1.4 Thermochemical Cycles for Water Splitting 

 

Thermochemical water splitting cycle (TWSCs), are repetitive series of reactions for 

hydrogen production. TWSCs are not very catalyst dependent and the only consumed 

substance in the cycle is water, which is the source of hydrogen and all other materials can 

be recycled.  There are some advantages of TWSCs listed as follows: 

 Membrane is not required for O2-H2 separation  

 Temperature range of 600-1200 K (in most cases) 

 No input electricity in pure TWSCs, and low electricity input in hybrid TWSCs. 



 

18 

 

Thermochemical cycles are proposed as a repeating set of reactions in which water is split 

using thermal energy at the temperatures below 1500 K and usually in more than two steps 

[35]. Temperatures required for the direct one-step water splitting is higher than 2000 °C 

so that a very high temperature heat source is required and current materials of construction 

are not resistant enough for this process [36, 37]. Therefore, TWSCs with two or more 

steps are being examined and developed in the last 50 years. General Atomics (GA) 

identified more than 200 cycles while there are few of them which are further investigated 

in the last two decades [38]. As shown in Figure 1.13, thermochemical cycles can be 

categorized into pure and hybrid types and also differentiate by the number of steps. In 

pure TWSCs, heat and water are the inputs and oxygen and hydrogen are the outputs. In 

the hybrid form, in addition to thermal energy, another form of energy (e.g., electricity) 

driving the cycle for water splitting and hydrogen production. In TWSCs all of the other 

materials are recycled within the cycle.  

 

Figure 1.13 Categorization of thermochemical cycles. 

The thermochemical cycles are driven either by thermal energy (Figure 1.14a) which are 

called pure thermochemical cycles, or by thermal and another form of energy (e.g. 

electrical, photonic) which are called hybrid thermochemical cycles (Figure 1.14b). In 

hybrid TWSCs, water and heat (thermal energy) along with other types of energy such as 

electricity or photonic energy are inputs with hydrogen and oxygen as outputs [39]. 
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Figure 1.14 Pure (a) and hybrid (b) thermochemical cycles. 

1.4.1 Two-step thermochemical cycles  

In two-step thermochemical cycles, as shown in Figure 1.15, a low valance metal oxide is 

produced via reduction of a higher valance metal oxide or a metal oxide with a low valence 

is reduced to metal itself in which oxygen is also produced [40]. The heat source here, 

should provide a temperature of 1200-2500 °C which can be achieved through concentrated 

solar irradiance by using solar collectors [41]. To date, the relatively low efficiency of two-

step thermochemical cycles compared to electrolysis, and the implementation of materials 

working under very high temperatures are the major draw-backs of this type of 

thermochemical cycles [42, 43]. Two-step cycles are basically comprised of an 

endothermic step which is reduction of a metal oxide and an exothermic step which is 

oxidation of the reduced metal oxide in presence of water for hydrogen production. Some 

distinct features of two-step thermochemical cycles can be summarized as follows: 

 Products including H2 and O2 are produced in separate processes and separation 

step is not needed.  
 

 Maximum temperature is lower than direct thermolysis of water. However, the 

maximum temperature is highly dependent on the employed redox material. 
 

 Ability to run with solar energy directly where materials and technical challenges 

are overcome.  
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Figure1.15 Schematic diagram for a two-step metal oxide thermochemical cycle. 

1.4.2 Three step thermochemical cycles  

Three-step processes can be constructed from two-step processes in which the highest 

temperature reaction is replaced by a two-step reaction process. The effect of this change 

will be a reduction of the maximum temperature requirement for the cycle. For a three step 

thermochemical cycle, the set of reactions repeating in the three-step cycle can be written 

as follows [44]:   

�2�+�→ 0.5�2 (�� 0.5�2) + ��2 (�� ��)           (1.4)                                                           

��2 (�� ��) + �→ 0.5�2 (�� 0.5 �2) + ��                          (1.5) 

��→�+�                            (1.6) 

Sulfur-Iodine (S-I) cycle which is known as general atomics cycle and the most well-

known cycle in this category [45]. Some three-step metal oxide cycles are also being 

developed [46, 47]. Uranium thermochemical cycle is another well-known three-step cycle 

for hydrogen production.  
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1.4.3 Multi-step thermochemical cycle 

Multi steps TWSCs vary from 3 to 6 steps depending on the chemistry of the substances 

and kinetics of the reactions. Usually, the higher number of steps, the lower maximum 

temperatures. However, the minimum temperature for three step cycles are about 800 °C. 

A four-step TWSCs basically consists of four reactions which are one low temperature, 

one moderate temperature and two high temperature reactions, as follows [39]: 

 Hydrolysis reaction: H2O + ∑ R → ∑ P;                                                              (1.7)                                      

 Hydrogen evolution reactions: HX + ∑ R → H2 + ∑P;                                        (1.8)        

 Oxygen evolution reactions: XO + ∑ R → 0.5O2 + ∑ P;                                                (1.9) 

 Reactions of regeneration of intermediate reactants: ∑ P → ∑ R;                            (1.10) 

where R and P refer to reactants and products, respectively, HX is a hydrogen-containing 

compound, and XO is an oxygen-containing compounds. Many of multi-step cycles pose 

practical problems such as non-complete reactions which causes side reactions and 

products, separation of solid products and some other issues due to more reaction steps in 

the cycle.   

1.4.4 Hybrid thermochemical cycle 

Hybrid thermochemical water splitting cycles use both heat and work with one reaction 

driven by electricity. Electrochemical reaction is selected in such a way that work 

consumption of this step is lower than that of water electrolysis step. The advantage of 

hybrid processes is that two step processes require much lower temperatures and can be 

driven by nuclear waste heat or moderate temperature heat resources [26]. Usually no pure 

cycle is possible with the lower maximum temperature than 1000 K.  The energy efficiency 

of 48-50% can be obtained from hybrid processes, however corrosion problems in 

electrolysis is still a severe problem for commercialization of such processes. Hybrid sulfur 

cycle (known as Westinghouse cycle), two step Mark-11 and three step Mg-Cl cycle, and 

hybrid options of Cu-Cl cycle can be examples for hybrid processes. Hybrid 

thermochemical water splitting cycles can be divided as thermo-electrochemical, thermo-

photo-electrochemical, and thermo-radiochemical cycles. Thermo-electrochemical cycles 

utilize electricity at one of the steps throughout the cycle. Hybrid types of thermochemical 
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cycles are developed for taking advantage of both thermal energy and another form of 

energy (usually electric energy). For the heat source, as working temperatures of 

thermochemical cycles goes above 500 °C and in some cases beyond 1000 °C, nuclear 

reactors and advanced solar thermal collectors are being developed and used. . Different 

versions of nuclear reactors such as supercritical water cooled reactor (SCWR), Small 

modular reactor and the high temperature gas reactor (HTGR) can be used as a source of 

thermal energy. 

 

Figure 1.16 Five step hybrid Cu-Cl cycle as a multi-step hybrid thermochemical cycle 
(Modified from [48]) 

 

Recently, generation IV nuclear reactors are developed by AECL. Cu-Cl hybrid cycle’s 

working temperature matches the temperature of this type of nuclear reactor and its 
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integration is examined by the Argonne national laboratory and various alternative 

configurations are identified. Proof-of-principle experiments that demonstrate the viability 

and efficiency of the processes is performed and assessment of the cycle efficiency and 

productivity has been promising [49]. Cu-Cl cycle has 3, 4 and 5 step options.4 step cycle 

is a pure thermochemical cycle, however a hybrid option is also developed and recently 

under research in ANL.  5 step Cu-Cl cycle (which is shown in Figure 1.16), is the most 

efficient one with main reaction steps as follows; HCl production, oxygen production, 

copper production, drying, and hydrogen production [49]. 

1.5 Energy Sources for Thermochemical Cycles  

Energy requirement of hydrogen production can be provided by fossil fuels, renewable, 

and nuclear waste heat. However, for green hydrogen production, renewable and nuclear 

energy resources are considered. Since a high-grade temperature heat source is required 

for hydrogen production through water splitting, solar and nuclear energy are considered 

as the most promising resources. Depending on the availability, the reaction temperatures 

of each step in the cycle, and also techno-economic viability, either solar or nuclear energy 

resource can be integrated to the thermochemical cycle for hydrogen production.  Here, we 

take a look at solar energy technologies which can be integrated with TCWS cycles.   

1.5.1 Solar energy 

Solar energy as the most abundant renewable energy resource is not available all the time 

and has an intermittent nature. Providing high temperature for energy intensive processes 

can be accomplished through concentrating the solar radiation via reflectors and 

concentrators. There are different solar technologies for providing energy in different 

grades. Heliostat solar tower has an important advantage of reaching a large generation 

capacities in a single unit that concentrates the reflections from thousands of mirrors [50, 

51]. The temperature of the heat transfer fluid can reach up to 1000 °C. The double 

concentration system consists of a heliostat field, the reflective tower, and a ground 

receiver equipped with a secondary concentrator. German aerospace center in has 

developed an innovative solar reactor for H2 production from water splitting, made of 

specific ceramic walls in a form of hexagonal (honeycomb) monoliths for better absorption 
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and storage of solar radiation. The monolith channels are covered by redox materials for 

water-splitting [52]. Technology readiness level for solar thermochemical water splitting 

cycles is not satisfactory yet. Borreti [53] reported TRL of 2-4 since the pilot scale 

operations around the world are not yet achieved sustainable hydrogen production for a 

long running time. However, due to the simple process of two-step thermochemical cycles 

which promises hydrogen production without complex separation processes and losses, 

solar reactors for development of this technology are being developed. High resistance of 

materials and less corrosion are among main targets in development of solar technology 

for thermochemical cycles.  

1.5.2 Nuclear energy  

Nuclear power contributes to approximately 16% of global power generation [1]. In the 

current time, 31 countries worldwide benefit nuclear reactors for electricity production 

with a total installed capacity of approximately 400 GW, while the total capacity has 

increased by 23 GW since 2011 [54]. Some developing countries are planning to put their 

nuclear reactors in line in this decade while developed countries are investing in 

enhancement of operation, integration and further improvement of nuclear power 

generating stations. Besides some distinct features of nuclear power plants such as 

extremely low carbon footprint, reliability of power generation and its potential for 

integration, there are some issues regarding nuclear reactors such as hazardous waste of 

nuclear stations which needs to be stored or converted and imposes environmental risk, 

duration of construction, and high fixed cost.  These problems involves the storage of 

nuclear wastes that cause strong public opposition. Despite the fact that some countries 

have developed their own nuclear waste management system and store it into deep 

geological repository, it is yet difficult to find out proper location avoiding environmental 

impacts and to get the public acceptance [55]. Nuclear reactors are capable for coupling 

with hydrogen production units such as thermochemical water splitting cycles. Different 

types of nuclear reactor are operating in different temperature ranges. Selection of an 

appropriate hydrogen production technology based on the maximum temperature and 

technical assessments is an important step in integration of nuclear reactors for hydrogen 

production [56]. 
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Figure 1.17 Nuclear reactors integration potential with different hydrogen production 
technologies. (Modified from [56]) 
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Figure 1.17 indicates different types of nuclear reactors and some hydrogen production 

technologies with respect to their operating temperatures range. As seen, most of 

thermochemical cycles operate at temperatures higher than 550 °C. Japan Atomic Energy 

Research Institute (JAERI) has been investigating the coupling of S-I cycle with high 

temperature gas cooled (HTGC) reactor for almost 40 years. The scale up plant of nuclear-

based hydrogen production will promote the deployment of commercial HTGR systems. 

600MWth HTGR system designed for hydrogen production in Japan may supply hydrogen 

fuel to about 170,000 Fuel Cell Vehicles [57]. 

Moreover, in Canada, generation IV Super Critical Water-Cooled Reactor (SCWR) is 

being employed to couple hydrogen production with thermochemical water splitting 

cycles. Factors such as higher nuclear plant efficiency, low capital and unit costs, high 

temperature steam outlet (625ºC) and less component need for the steam cycle has been 

the main reason to design and develop SCWRs [58]. Cu-Cl cycle is being developed to 

employ the thermal energy of this type of reactors by Ontario Tech University and some 

other co-operating partners [59]. 
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Chapter 2: Literature Review 

In this chapter, a comprehensive review on different versions of thermochemical cycles is 

presented. By looking at more than four decades of research on thermochemical cycles 

worldwide and reporting different initiatives on development and scaling up of these 

cycles, along with reviewing the recent updates and innovations on thermochemical cycles, 

some of the cycle are assessed and compared according to the available data in literature 

for better understanding of the current situation of their development and also an insight to 

their specifications outlining main technological gaps in the literature.  

2.1 Historical Background  

Research and development activities on thermochemical water-splitting cycles was begun 

with some studies by Funk and Reinstrom [60] during 1960s where thermochemical 

splitting of water was recommended for hydrogen production instead of conventional 

electrolysis. The first convention on hydrogen production through TWSCs was held in 

European Community Joint Research Center located in Ispra, Italy, in 1969 where 24 

cycles (So-called Mark cycles) were identified to be investigated in the period of 1970 to 

1983 [61].  Since then, many active studies have been carried out and number of different 

cycles have been proposed in US, Japan and European countries in 1970s and 1980s [62]. 

Even though more than 200 thermochemical cycles have been identified for the water 

splitting by General Atomic [45], very few of them are proved to have the ability for large-

scale hydrogen production and proceed to experimental demonstrations.  The Sulfur-iodine 

(S-I) cycle is the most famous and well-studied version of these cycles which was proposed 

by General Atomics as a promising process regarding the utilization of nuclear heat sources 

which can supply heat at temperatures close to 900ᵒC [63, 64]. In 1972, De Beni and 

Marchetti [65], proposed the first multi-step process so-called Marc-1 based on calcium, 

bromine, and mercury with almost 50% efficiency.  By the end of 1976, University of 

Tokyo in Japan proposed a cycle so called UT-3 with 49% efficiency where Ca, Br and Fe 

were the main components [64]. After completion of Mark cycles investigations, JAEA 

research along with some other Japanese institutions continued within 1990s. As shown in 

Figure 2.1, since 2003, research on TWSCs increased mainly by beginning of DOE’s solar 
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thermochemical hydrogen production research program (STCH) [66, 67] which was 

followed by some other research projects in Canada [49], European union [68-71] and 

China [72, 73] with continuation of Japanese research [74]. In 2006, Argonne national 

laboratory (ANL) published a report where more than 280 known thermochemical cycles 

were investigated for hydrogen production and some recommended for further 

investigation [75]. German Aerospace Research Center (DLR) and Paul Scherrer Institute 

in Switzerland have been developing solar reactor technologies in the last two decades for 

hydrogen production via high temperature two-step metal oxide redox pairs and sulfur 

based thermochemical cycles [76, 77]. 

 
Figure 2.1 Publications statistics on thermochemical water splitting cycles between 1970 

and 2018 (data from [78]). 

In 2007, Canada’s nuclear-based hydrogen production program begun by Atomic Energy 

of Canada Limited (AECL) and University of Ontario Institute of Technology (Ontario 

Tech) in partnership with ANL. They started a project for scaling up Cu-Cl thermochemical 

cycle as a suitable candidate for hydrogen production and integration with nuclear reactors 

[45, 79-83]. Ontario Tech has also developed and enhanced magnesium-chlorine (Mg-Cl) 

thermochemical cycle in 2016, where Ozcan and Dincer [84, 85] enhanced the efficiency 

of the process by adding a step to the cycle and investigating the hybrid type of the cycle.  
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Table 2.1 Summary of worldwide research projects on TWSCs 

Research institutes Cycle  Start Date Short Description of project 

Argentina    

National Atomic Energy Commission 

(NAEC) [86, 87] 
Fe-Cl, Co-Cl 2015 

Experimental study on chlorine cycles and 

evaluation of their efficiencies. 

Canada    

Ontario Tech University [84, 85] Hybrid Cu-Cl, Mg-Cl 2007 

Scaling up Cu-Cl cycle and its integrated cycle 

and development and enhancement of Mg-Cl 

cycle in Clean Energy Research Laboratory. 

Atomic Energy of Canada Limited 

(AECL) [45] 
Hybrid Cu-Cl 2007 Supporting the Cu-Cl project. 

Cu-Cl project contributors [79-82] Hybrid Cu-Cl 2007 
Supported by AECL in collaboration with Five 

Universities in Ontario, Canada and ANL in US.   

China    

Institute of Nuclear and New Energy 

Technology (INET) [72] 
S-I 2005 

Promising achievements in optimizing Bunsen 

reaction. 

Chinese Academy of Science [73] 
UTC (Three step 

Uranium) 
2018 

Uranium TCC to be coupled with Thorium 

Molten Salt Reactor (TMSR) 

European Union    

Joint research center in Ispra, Italy [61] 
Mark version of 

cycles 
1970 

Proposing and developing 24 Mark type cycles 

within 1970-1983.  

Julich RWTH Achen, Germany [88] Fe-Cl, V-Cl, S-I 1984 Preliminary investigation of mark cycles.  

HYTHEC project contributors [69] S-I, HyS 2004 
massive hydrogen production of the S–I 

thermochemical cycle 

HYDROSOL project contributors [52] Doped ferrite cycles 2014 
Test operation of a 100 kW pilot plant for solar-

based H2 production through two-step TWSC. 

HYCYCLES  project contributors  [68] S-I, HyS 2008 
High temperature reduction of sulphur trioxide 

(SO3) as one of the crucial steps for HyS TWSC. 

SOL2H2 project contributors [70] Modified HyS 2013 
Solving materials research and development 

challenges of HyS cycle. 

German Aerospace Center (DLR) [69,89] 

S-I, HyS, MOx   
Two-step 

thermochemical 

electrolysis 

2002 

Developing a honeycomb monolith solar reactor 

for high temperature thermochemical cycles  

combining electrolysis and two-step 

thermochemical cycles 

CEA France [90] S-I, CeO/Ce 1976 
Collaborating with GA in S-I cycle and 

development of MOx cycles.  

CRNS France [91-93] 
Two step MOx, 

Perovskite materials 
2007 

Extensive studies on two step and three step solar 

based MOx cycles. 

Paul Scherrer Institute and ETH Zurich, 

Switzerland [77, 89, 90]] 

ZnO/Zn,  Fe3O4/FeO 

Ceria based MOx 
2002 

27 years of research on reactor technologies for 

high-flux solar-driven TCCs based on MOx redox 

pairs and Ceria. 

Superior School of Experimental Science 

and Technology, (ESCET), Spain [94] 

Perovskite materials 

for two-stem cycles. 
2017 

Evaluation of perovskite materials as La1-

xSrxMeO3 (M= Mn, Co and Fe) for 

thermochemical water splitting. 

University of Campania Luigi Vanvitelli, 

Italy [95] 
Fe3O4 pellet 2021 

magnetic field and electric power aided low 

temperature watr splitting 
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Numerous research activities on thermochemical water splitting technologies are 

performed in many research centers around the world within the last 50 years. Table 2 

summarizes projects on TWSCs and their corresponding research institutions. 

Japan    

Japan Atomic Energy Agency (JAEA) 

[73, 74, 96] 
S-I 1978 

Recently reached 150 hours of continuous 

hydrogen production [85] 

University of Tokyo [73] 
UT-3 (Calcium 

Bromine) 
1980 

Development of a four step UT-3 or Calcium 

bromine cycle. 

Tokyo Institute of Technology [97] 
CeO2-MOx  

(M= Fe, Ni, Cu) 
1994 

Experimental research on Ferrite and ceria based  

MOx cycles. 

Joint project of University of Miyazaki, 

Niigata University, and Mitaka Kohki 

Co., LTD [98] 

nonstoichiometric 

cerium oxide  
2012 

Demonstration of a two-step cerium oxide cycle 

using a particle fluidized bed reactor working 

with a novel type of 100kWth beam-down solar 

concentrating system with a secondly elliptical 

reflector 

Niigata University [99] Perovskite materials 2019 

Experimental examination of solar-based 

thermochemical two-step water splitting cycle 

using perovskite oxides based on LaSrMnAlO3 

South Korea    

Korea Atomic Energy Research Institute 

(KAERI) [100] 
Ferrite cycles 2006 

Massive production of hydrogen using a very 

high temperature reactor (VHTR) by the early 

2020s 

United States    

General Atomics (GA) [101] S-I 1972 Developed S-I and participated in STCH project. 

Westinghouse corporation [102] HyS 1975 Inventing a hybrid thermochemical cycle (HyS) 

STCH project contributors [67] S-I, HyS,  2003 
Shifting TCC research from nuclear to solar in 

US (supported by DOE).  

Argonne National Laboratories (ANL) 

[103]  
Cu-Cl, S-I 2003 Prioritizing TCCs, Scaling up Cu-Cl in 

partnership with AECL 

Savannah River National Laboratories 

(SRNL) [104-107] 
HyS 2003 

Completing the flowsheet of HyS cycle and 

enhancement in efficiency of the process 

particulary electrolysis step  

Oak ridge National Laboratory (ORNL) 

[108]  

UTC (Three step 

Uranium) 
2009 A novel carbonate thermochemical cycle (CTC) 

for the production of hydrogen using uranium 

Florida Solar Energy Center (FSEC) 

[109, 110] 
HySA 2013 

Five step Hybrid process using both photonic and 

thermal energy of sun in photochemical and 

thermochemical steps 

Sandia National Laboratories (SNL) -

EETHP project [111] 

 (simple binary oxide 

(ferrite) cycle) 
2017 

Coupling a proton-conducing membrane (PCM) 

to the thermochemical cycle for pure H2 

production.  
National Renewable Energy Laboratory 

(NREL) and University of Colorado 

Boulder [112]  

Co doped-hercynite 

(CoFe2O4) 
2017 

Isothermal on-sun H2 production using active 

iron aluminate (hercynite) particles contained in 

dual fluidized bed reactors 

Arizona State University [113, 114] Two-stem MOx 2021 

combines solar-thermochemical hydrogen 

production with electrochemical pumping of 

hydrogen via a proton conducting membrane 
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In the 2007 report of Argonne national laboratory (ANL), regarding the evaluation of 

alternative thermochemical cycles for hydrogen production, the thermochemical cycles for 

hydrogen production were prioritized based on the following factors; chemical viability, 

thermodynamic feasibility, thermal efficiency, and cost competitiveness. The chloride 

cycles selected in that report were Ce-Cl, Cu-Cl, Fe-Cl, Mg-Cl, and V-Cl. Among them 

Cu-Cl, V-Cl are considered as most promising options from efficiency point of view. 

Besides, Fe-Cl cycle was recommended for further studies in order to improve the 

efficiency. The details regarding the recommended cycles by ANL is brought in Table 2.2.  

2.2 Two-step Thermochemical Cycles  

Several two-step water-splitting cycles based on volatile and non-volatile metal oxides 

redox pair reactions including ZnO/Zn, Fe3O4/Fe, SnO2/SnO, CeO2/Ce2O3, Mn2O3/MnO,  

Co3O4/CoO, CdO/Cd, GeO2/GeO  have been proposed [115-117]. Among them, TWSCs 

based on ZnO/Zn and redox pairs are known to have thermodynamic superiority among 

other metal oxide redox pairs and their processes are examined thermodynamically and 

tested practically in solar reactors [118]. Bilgen et al [119] proposed the first demonstration 

of ZnO/Zn. Paul Scherrer Institute (PSI) in Switzerland has begun a program since early 

90s on zinc oxide thermochemical cycle using solar-driven high-temperature reactors 

[120]. However, the ZnO/Zn cycle is not yet industrially competitive. Separation of zinc 

from oxygen, reactor window, slow kinetic, and back reactions are mentioned as major 

challenges of Zinc oxide two-step thermochemical cycle [120,121]. A techno-economic 

analysis by Seinfeld et al [117] reported the unit cost of 5 $/kg H2 which is not competitive 

with other hydrogen production technologies. Due to the abovementioned challenges, other 

metal oxides were examined for two-step TCWSs and CeO2 was found out to be a 

promising candidate and remains to be the most pragmatic one [122].  

Overall, although two-step cycles are an attractive option for water splitting due to their 

unique advantage of simplicity of having only two chemical reactors and intrinsic 

hydrogen-oxygen separation features, the required working temperature is too high. If the 

cycle comprises three or more steps, then the temperature level for the heat sources can be 

reduced below 1500 K. Besides, improvement in solar reactor technology is a key factor 

for scaling up this technology.  
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2.3 Three Step Thermochemical Cycles  

Three-step processes can be constructed from two-step processes in which the highest 

temperature reaction is replaced by a two-step reaction process. The effect of this change 

will be a reduction of the maximum temperature requirement for the cycle. For a three step 

thermochemical cycle, the set of reactions repeating in the cycle can be written as follows  

The Sulphur-Iodine (S-I) which is known as general electric cycle is the most well-known 

cycle in this category. It was originally proposed in 1970’s by general atomics [45]. 

 

Figure 2.2 Schematic diagram for a three-step S-I thermochemical cycle. 

Studies on the S-I process are mainly focused on the use of nuclear energy as the high-

temperature heat source for sulfuric acid decomposition.. Research and development on S-

I cycle continued by many institutions. In Japan, S-I thermochemical cycle has been 

investigated to be scaled up by the Japan Atomic Energy Agency (JAEA) [123]. This cycle 

was also investigated by GA, Sandia National Laboratory (SNL) in USA, and the CEA in 

France. It was shown that efficiency of 52% is possible when a high temperature nuclear 

reactor is integrated with this cycle [124].  Also in China, 10 liter per hour of hydrogen 

production rate was achieved in 2009 in a total closed S-I cycle operated for 7 hours [125]. 

The S-I cycle has is considered as a high temperature TCC while it offers a high yield of 

hydrogen through implementing the concentrated solar energy or high temperature nuclear 

reactors for water splitting.  

1) Bunsen section which is an exothermic Sulfuric acid production in presence of water 
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2) Endothermic sulfuric acid decomposition reaction which requires high temperature. 

3) Hydriodic acid (HI) decomposition which is slightly endothermic.  

The key solution in this cycle is reported to be the optimization of the Bunsen reaction.  

The following issues are reported as the main challenges of this cycle [126]. 

 High temperatures (above 800 °C) are required.  

 Reactants are too corrosive and harmful to be used in industrial applications. 

 Separation of HI from H2SO4 takes place in presence of excessive iodine where 

significant amount of Iodine is lost.  

In a recent work by Park et al [127] a novel reactor-separator network is proposed for 

avoiding oxygen contact in Bunsen reaction which decreases the efficiency of sulfuric acid 

production.   Studies on the S-I process have mainly focused on the use of nuclear energy 

as the high-temperature heat source for sulfuric acid decomposition. Besides S-I which is 

the most established three step cycle, experimental demonstrations of some metal oxide 

three step cycles such as GeO2/GeO and CeO2/Ce2O3, Fe3O4/FeO, Mn3O4/MnO, 

Co3O4/CoO, are investigated to be coupled with a high temperature solar reactors 

2.4 Four or More Step Thermochemical Cycles  

Although there are many thermochemical cycles proposed in the literature, most of them 

require very high temperatures. However, lower temperature processes gives the 

opportunity of coupling with variety of industrial waste heat or different sources of thermal 

energy. Studies on thermochemical cycle show that an increase in the number of steps in a 

cycle can reduce the maximum temperature required for the cycle’s heat source.  

In the framework of the Nuclear Hydrogen Initiative (NHI) [66] some four-step metallic 

chloride based thermochemical cycles are identified and recommended for further 

investigation based on their feasibility of production of large scale hydrogen production, 

efficiency evaluation and cost analysis. In the 2007 report of Argonne national laboratory 

(ANL), regarding the evaluation of alternative thermochemical cycles for hydrogen 

production [128] and three other papers on evaluation of alternative thermochemical cycles 

for hydrogen production, the thermochemical cycles for hydrogen production were 

prioritized based on the following factors; chemical viability, thermodynamic feasibility, 
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thermal efficiency, and cost competitiveness. The chloride cycles selected in that report 

were Ce-Cl, Cu-Cl, Fe-Cl, Mg-Cl, and V-Cl. Among them Cu-Cl, V-Cl with reported 

efficiencies of 43, and 46%, respectively, considered as most promising options while Fe-

Cl was also recommended for further studies in order to improve the efficiency [128, 129]. 

In the developed versions of these cycles, however, some intermediate reactions as an 

additional step are recommended to lower the maximum temperature and enhance the 

efficiency.   

The Cu-Cl is another multi-step thermochemical cycle which is investigated by AECL and 

University of Ontario institute of technology (Ontario Tech) in Canada. It promises a good 

performance in hydrogen production in temperatures around 550 °C [130]. Cu-Cl cycles is 

compatible with the Canadian Super Critical Water Reactor (SCWR) and/or some small 

modular reactors (SMR). The integration of Cu-Cl cycle with small modular reactor 

promises distributed hydrogen production from nuclear energy in the near future and 

lowers the cost of central hydrogen production in large scale and improves the reliability 

and resiliency of hydrogen infrastructure [131]. The on-going development at AECL and 

Ontario Tech is to establish an integrated Cu-Cl cycle at laboratory and pilot scale with a 

hydrogen production volume flow rate of 50 L/h [83]. Another big advantage of Cu-Cl 

cycle among other TWSCs is lower maximum operating temperature (Tmax) gives the 

ability for integration with lower temperature waste heat from industries such as cement or 

glassmaking industries [132, 31 3].  

2.4.1 Fe-Cl thermochemical cycle 

Fe-Cl is an example of a pure four-step thermochemical cycle. This cycle was essentially 

considered advantageous due to the fact that the chemicals employed are relatively cheap 

and that the chemistry of the iron-oxides is well known. This cycle was first investigated 

by Funk [134] in 1976. However, Fe-Cl cycle had two critical problems as poor reactivity 

of thermal FeCl3 decomposition and hydrolysis of FeCl2 [135]. This four step TCC 

basically consists of four reactions which are one low temperature, one moderate 

temperature and two high temperature reactions. Mark 15 or iron-chlorine cycle was among 

mark cycles which was investigated. Fe-Cl is one of the recommended chlorine family 

thermochemical cycles. This cycle is promising to investigate due to the abundance of Iron 
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as a substance and less cost compared to the other materials. As indicated in Figure 2.2 the 

abundance of iron is higher than most of the contributing metals in the other known 

thermochemical cycles such as Copper (Cu), Vanadium (V), Cerium (Ce) and others [136].   

In 2006 report of Argonne national laboratories [75] and the prioritizing assessments by 

Lewis et al [128, 129] Fe-Cl was recommended for further investigation due to the material 

abundance and feasibility of the reactions. The early research on iron-chlorine TWSC was 

performed by Rheinisch-Westfälische Technische Hochschule (RWTH) Aachen in the late 

1970s [137, 138]. Fe-Cl was recognized as a feasible cycle while the main challenges were 

found to be poor reactivity of thermal decomposition of FeCl3 and hydrolysis of FeCl2 

[139].   

In the literature, there is no study for simulation and performance investigation of Iron-

chlorine cycle to date. However, there are some reports on performance analysis of Fe-Cl 

cycle from different points of view in the literature. Utgikar and Ward, conducted a life 

cycle assessment (LCA) study on iron-chlorine cycle as a suitable candidate for nuclear-

based hydrogen production [140]. The environmental impacts of a hydrogen production 

plant working with a Fe-Cl thermochemical cycle integrated with a very high temperature 

rector (VHTR) was determined through the life cycle emissions of greenhouse gases and 

acid gases. The LCA of the system indicated that greenhouse gas emissions amount equal 

to 2515 g CO2-e/ kg H2 and acid gas emissions to 11.252 g SO2-eq/kg H2 [140]. Canavesio 

et al [86, 87] performed two experimental studies on four-step Fe-Cl and Co-Cl cycles. In 

their studies, the validity of thermochemical reactions were investigated and kinetics of the 

reaction and influencing parameters were studied for enhancement in the cycle efficiency 

and hydrogen production rate. Moreover, a comparative evaluation was performed for the 

original and modified TCC based on the energy requirement and the balance of enthalpy. 

Results indicated that an increase in efficiency of the cycle is possible from 24-28% to 32-

37%. They reported this increase in efficiency as a promising sign for further investigation 

of this cycle.  

Although there are some experimental investigations done before on Fe-Cl thermochemical 

cycle, however, there are no study in the literature on the modeling of Fe-Cl 



 

36 

 

thermochemical cycle. In this study, a four-step iron-chlorine thermochemical cycle is 

presented and some of the key steps such as hydrolysis and reverse deacon reaction are 

simulated using ASPEN plus software package are investigated and discussed. Moreover, 

effects of some operating parameters on each step’s performance are evaluated through 

parametric studies. This will be the first step in full analysis of Iron-Chlorine cycle as an 

alternative thermochemical cycle for hydrogen production.  

 

Figure 2.3 Abundance of known elements in earth’s upper crust with different atomic 
numbers (modified from [136]). 

 
2.4.2 V-Cl thermochemical cycle 

V-Cl thermochemical cycle is another thermochemical cycle recommended by Argonne 

for investigation. Vanadium (V) constitutes around 0.02% of the elements in earth's crust, 

and its abundance and distribution promises its application in energy and fuels related 

industry. Different valance states of V exist and hence, different forms of for example, 
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vanadium oxide can be found. Further, beside the affordability of vanadium and its 

relatively cheap cost, most Vanadium-based materials are not significantly toxic and safe 

to use. Furthermore, vanadium containing materials are being used as electrode materials 

in super capacitors due to their variety of oxidation states [141]. Vanadium-chlorine 

thermochemical cycle was among the first cycles investigated in 1970s by several research 

groups. Investigation on Vanadium-Chlorine thermochemical cycle was first performed in 

Massachusetts Institute of Technology (MIT) by McRae and his colleagues where they 

came up with the highest efficiency in comparison with other chlorine family members of 

thermochemical cycles. Vanadium (III) chloride (VCl3) decomposition was investigated 

by Yajima [142] for the first time. RWTH Athens developed the experimental 

demonstration of V-Cl cycle and performed energy and exergy analysis based on the 

experimental values for reaction steps [143, 144]. Years after, a practical demonstration of 

hydrogen production via vanadium (III) chloride decomposition was reported as a US 

patent by Amendola [145]. Results indicated that VCl3 can be obtained by a reasonable 

conversion rate at the temperatures of lower than 500 K. Better integration and efficient 

solar technologies were recommended as an important step for commercialization of this 

technology. Balta et al [146] performed a comparative assessment of various chlorine 

thermochemical cycles. Among them, V-Cl was reported to have the highest energy and 

exergy efficiencies of 42% and 77%, respectively. They recommended V-Cl for further 

investigation [147].  

2.5 Hybrid cycles  

Hybrid thermochemical water splitting cycles use both heat and work with one reaction 

driven by electricity. Electrochemical reaction is selected in such a way that work 

consumption of this step is lower than that of water electrolysis step. The advantage of 

hybrid processes is that two-step processes require much lower temperatures and can be 

driven by nuclear waste heat or moderate temperature heat resources [39]. Energy 

efficiencies up to 48-50% can be obtained from hybrid processes. However, hybrid cycles 

are evolving, and some emerging technologies promise the use of multiple energy sources 

for more efficiency and more resiliency of hydrogen production processes. 
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2.5.1 Hybrid sulfur cycle 

Two-step Hybrid sulfur (HyS) cycle known as Westinghouse cycle is the most well-known 

hybrid process for thermochemical hydrogen production. HyS was originally proposed by 

Westinghouse in the 1970s as a combined thermochemical-electrochemical cycle for large-

scale hydrogen production [102]. It is the first demonstrated thermochemical water 

splitting process with only two reactions, which is the combination of the thermal 

decomposition of sulfuric acid with the electrochemical oxidation of SO2 with water to 

yield sulfuric acid and hydrogen. The cycle consists of one step thermal decomposition of 

sulfuric acid where heat is consumed and oxygen is produced and one electrochemical step 

for SO2 electrolysis where electricity is consumed and hydrogen is produced. The required 

voltage for electrolysis of sulfur dioxide is about 0.17 V, which is much lower than that of 

water electrolysis (1.23 V) [148]. From electrochemical point of view, it was concluded 

that high overall efficiency is achievable when the electrolyzer can produce concentrated 

sulfuric acid at low voltage. The first evaluation of this cycle by Bilgen et al [119] showed 

an overall energy efficiency of 40%. Savannah River National Laboratory (SRNL) has 

performed extensive research on flowsheet simulation and components development of this 

cycle [104-107]. High temperature SO3 reduction and corrosive materials are reported to 

be the main challenges of this process [143, 144]. Iron oxide catalysts are commonly used 

for enhancing the reaction rate at high temperature step. Moreover, Silicon Carbide (SiC) 

was recognized as the suitable material for facing the corrosive material produced in the 

process [149]. The integration of this cycle with concentrated solar energy has been 

investigated mainly by SRNL and Commonwealth Scientific and Industrial Research 

Organization (CSIRO) and the plant efficiency of 27% and hydrogen production cost in 

the range of 3.19-5.57 $/kg were reported [150, 151]. A practical solar thermal sulfuric 

acid decomposition reactor was built up and assessed by DLR in Cologne, Germany, where 

the efficiency of 28% was achieved for this step while the reflective radiation of collectors 

was recognized as the main source of energy loss [152-154]. In a recent advance in HyS 

TCCs development, SRNL has presented a conceptual design HyS hydrogen production 

cycle integrated and with concentrated solar thermal plants using SNL’s Falling Particle 
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Receiver with a pressurized helium secondary heat transfer fluid. The efficiency of HyS 

was reported as 36% by LHV basis and the overall efficiency of solar to H2 was 17% [104].  

2.5.2 Hybrid sulfur ammonia cycle 

Raissi and Huang et al. developed a novel family developed a novel family of hybrid sulfur-

ammonia (HySA) photo-thermochemical water splitting cycles, by introducing ammonia, 

as working reagent. A schematic diagram of this cycle is indicated in Figure 2.4. 

 

Figure 2.4 Hybrid sulfur ammonia thermochemical cycle for hydrogen production  

The main advantage of the HySA cycle is the combined utilization of the photonic (i.e., 

UV, visible) portion of the solar irradiance for the H2 production step and the thermal (infra-

red) portion for the O2 evolution step.     Photolytic Sulfur Ammonia had not yet achieved 

sufficient maturity to settle on a conceptual design since a choice between beam-splitting 

mirrors or dual solar fields had not been made. Water splitting is achieved via a 

photochemical oxidation of ammonium sulfite with a simultaneous release of hydrogen 

[155]. The main reactions within the HySA TTC is written as follows: 

Chemical Absorption (25 °C)             

SO2 (g) + 2NH3 (g) + H2O (l) → (NH4)2 SO3 (aq)              (3.19) 
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 Electrolytic Oxidation (80-150 °C)      

(NH4)2SO3 (aq) + H2O (l) → (NH4)2 SO4 (aq) + H2 (g)                         (3.20) 

Solar Thermal (400 °C)          

(NH4)2SO4 (aq) + K2SO4 (l) → K2S2O7 (l) + 2NH3 (g) + H2O (g)       (3.21) 

Solar Thermal (550 °C)         

K2S2O7 (l) → K2SO4 (l) + SO3 (g)                                                      (3.22) 

Solar Thermal (850 °C)        

SO3 (g) → SO2 (g) + ½ O2 (g)                                                                             (3.23) 

The net cycle reaction represented by reactions (3.24)-(3.28) is the decomposition of water 

to form hydrogen and oxygen. The electrolytic oxidation of the ammonium sulfite solution 

in reaction (3.25) occurs above ambient temperature at reasonably low pressures to yield 

hydrogen gas. Reactions (3.26) and (3.27) form a sub-cycle by which potassium sulfate is 

reacted with ammonium sulfate in the low-temperature reactor, to form potassium 

pyrosulfate. That is then fed to the medium temperature reactor where it is decomposed to 

SO3 and K2SO4 again, closing the sub-cycle. The potassium sulfate and pyrosulfate form a 

miscible liquid melt that facilitates the separations and the movement of the chemicals in 

reactions (3.26) and (3.27). The oxygen production step (3.28) occurs at high temperature 

over a catalyst. Separation of the oxygen from SO2 occurs when they are mixed with water 

in reaction (3.19). All of the reaction steps described above have been demonstrated in the 

laboratory and shown to occur without undesirable side reactions. By using an all liquid 

oxygen sub-cycle, materials handling problems could be reduced, molten salt storage 

[156]. Seinfeld and Pandis [157], provide information about the spontaneous reactions 

taking place between the existing ions, HSO3 As long as hydroxyl radicals are formed, a 

chain reaction is taking place in the presence of dissolved oxygen. Instead, and in the 

absence of oxygen, photo-catalysts (e.g. semiconductors) are used for reduction (electron 

supply) and oxidation (extraction of oxygen) reactions. 

In the past Littlefield et al [158] investigates a molten salt potassium sulfate/ pyrosulfate 

pair sub-cycle for O2 evolution step. As it has been described earlier, the use of a sulfate is 

critical for the separation of SO3 and NH3. The sulfate captures SO3 and transforms to 
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pyrosulfate which later decomposes back to the sulfate and releases the SO3. An important 

aspect is the state (phase) of the mixture. Potassium sulfate and the like (i.e. sodium) have 

a melting point of close to 1,000 °C, which is an inhibiting factor for most chemical 

processes [159].  Figure 2.3 illustrates the Ammonia production versus temperature for 

HySA in the study of Kalyva [160].  In another study, Marques-Montez et al [161] reported 

the effect of pH on electro oxidation rate in different sets of reactions. Results indicated 

employing anion exchange membrane (AEM) improves electro oxidation of sulfite while 

pH is effectively stabilized.  

 

Figure 2.5 Ammonia production vs temperature in a temperature dependent equilibrium 
thermodynamic analysis (Data from [160]). 

Shezad et al [162] carried out simulation of HySA in Aspen. They found out that the 

medium temperature step in thermochemical ammonia production sub-cycle and feed 

composition have higher influence on outputs of the process.   mid-temperature reactor and 

feed composition are the two most influential process and solar to hydrogen efficiency. In 

this cycle, solar to H2 efficiency was obtained as 60.3 % based on hydrogen production 

rate of 7,000 kmol H2/h. This was a remarkable increase compared to previous estimations 

of 23 % using an electro-catalytic hydrogen sub-cycle (reported by Littlefield et al [158]) 

than the photocatalytic step proposed here 
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2.6 Other Thermochemical Cycles  

Some other multi-step pure thermochemical cycles are gaining attraction in the last decade 

and some studies are investigating their cycles and their possible integration with clean 

energy sources. Another important thermochemical cycle that has been developed recently 

is the NaOH thermochemical cycle. The NaOH thermochemical cycle can produce 1,321 

kg of hydrogen per second [163]. Chen et al [73] investigated a three-step Uranium 

thermochemical cycle for hydrogen production. Uranium thermochemical cycle offers 

lower maximum temperature of 650 C in comparison with other three-step cycles. 

Moreover, in Uranium thermochemical cycle, non-corrosive solids  promise higher 

durability and stability of hydrogen production. This cycle is capable of integration with 

Thorium molten salt reactor as one of the generation IV nuclear reactors. In another study, 

a five step ZnSI thermochemical cycle was investigated where the cycle was running by a 

solar thermal collectors. 0.5 mol/s hydrogen, 2.38 mol/s carbon monoxide (CO), and 1.438 

mol/s oxygen were produce under the climatic condition of Yazd (Iran) [164]. In a study 

by National atomic energy commission of Argentina [87], a theoretical and experimental 

study on Co-Cl cycle as a new chlorine family thermochemical cycle was performed. The 

cobalt-chlorine cycle is a four step pure thermochemical cycle with a maximum 

temperature of 700 °C making it favorable for possible integration with high-temperature 

gas-cooled reactors. Balta [165] investigated a thermodynamic performance assessment of 

boron-based thermochemical cycle for hydrogen production including environmental and 

exergetic assessments. Boron thermochemical water splitting cycle offered a promising 

route for transportation electrification to store and transport solar energy if hydrogen 

production step can be performed in-side the vehicle. In addition to metal oxides and sulfur 

compounds, recently, variable valence oxides of the perovskite crystal structure have 

emerged as promising candidates for solar hydrogen production via two-step 

thermochemical cycling. Qian et al. [166] reported that combination of large entropy and 

moderate enthalpy of reduction, along with rapid material kinetics, results in an outstanding 

hydrogen productivity of 10 mL/g with reduction temperature at just 1,350 °C and a short 

cycle time of 1.5 h. 
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2.7 Comparative Evaluation of Thermochemical Cycles  

Selected thermochemical cycles and their reaction steps, temperatures, distinct feature of 

each cycle and major challenge on the way of their development are mentioned in Table 

2.2. The selection of these thermodynamic cycles are based on the priority assessment by 

Lewis et al [75] and Balta et al [146].  Figure 2.6 indicates the comparative evaluation of 

selected thermochemical cycles in terms of their LHV based energy and exergy efficiencies 

based on data from [94, 128, 167-169]. As seen, in terms of energy efficiency, V-Cl has 

the higher exergy efficiency among the studied thermochemical cycles while Fe-Cl has the 

lowest exergy efficiency. Moreover, Figure 2.7 presents a comparative evaluation of 

selected thermochemical cycles in terms of their hydrogen production cost and GWP based 

on the data reported in the literature [12, 167]. As shown, ZnO/Zn shows high production 

cost for 1 kg of hydrogen due to the highly cost materials in solar integration. Enhancement 

in solar heat production can significantly reduce the cost and GWP. The sulfur family 

cycles have lower cost of less than 2$/kg H2 among the other selected thermochemical 

cycles. Besides, environmental analysis shows low GWP of 0.48 and 0.5 for HyS and S-I 

thermochemical cycle.  However, due to the corrosion and high-temperature SO3 

decomposition step, durability of the sulfur-based cycles is still a challenge to overcome. 

Cu-Cl provides a low GWP of 0.55 kg CO2.eq/ kg H2 and the cost of 2.24 4/kg H2. Taking 

into account the lower maximum temperature of Cu-Cl cycle (550 °C) and its high 

capability in integration with the fourth generation of nuclear reactors, it is considered as a 

reliable and promising cycle for large-scale hydrogen production. As seen in Figure 2.6, 

there are some comparative assessments of TWSCs with each other or with other hydrogen 

production methods in the literature. 

Dincer and Acar [167] reviewed and evaluated different hydrogen production methods 

from sustainability, Cost and efficiency points of view. Balta et al [146] presented a 

comparative evaluation of chlorine family thermochemical cycles where Cu-Cl and Mg-Cl 

found to be more sustainable in terms of working temperature while V-Cl showed higher 

exergy efficiency. The V-Cl was recommended for further investigations in order to 

overcome the technical challenges. El-Emam and Ozcan [168] reviewed the nuclear-based 

large-scale hydrogen production options. 
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Figure 2.6 Efficiency comparison of different thermochemical cycles 

 

 

Figure 2.7 Comparisons of hydrogen production costs and GWP values for different 
thermochemical cycles 
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Cu-Cl, Mg-Cl, Ca-Br, S-I, HyS were selected to be evaluated in terms their performance 

in integration with various solar or nuclear reactor technologies. In another study by El-

Emam and Khamis [169] a review on International Atomic Energy Agency (IAEA) 

research projects on hydrogen production was presented and energy and exergy efficiencies 

of some chlorine family thermochemical cycles were compared. In terms of energy 

efficiency, V-Cl has the higher exergy efficiency among the studied thermochemical cycles 

while Fe-Cl has the lowest. 

2.8 Integration of Thermochemical Cycles with Clean Energy Sources 

Integration of thermochemical cycles with a clean energy source is important for cleaner 

production of hydrogen and improvement in thermodynamic, environmental, and 

economical performance of thermochemical cycles. Clean energy sources such as solar, 

biomass, wind, geothermal and also nuclear energy can provide heat for pure 

thermochemical cycles or heat and electricity in hybrid thermochemical cycles. The 

integration of such cycles is highly dependent on their maximum operating temperature 

and the energy system for integration is selected considering this temperature. For instance, 

in two-step thermochemical cycles working in temperatures above 1000 °C, highly 

concentrated solar energy is being investigated for possible integration. For the case of 

three or more steps, nuclear reactors are examined for integration with thermochemical 

cycles. S-I cycle is suitable for integration with very high temperature reactors where 

maximum temperature reaches around 900- 1000 °C.  With higher number of steps, where 

maximum temperature is lower, it is possible to integrate thermochemical cycles with 

biomass, solar and other types of nuclear energy. There are many research in the literature 

on integration of thermochemical cycles with a clean energy source. However, most of 

them have been carried out for Cu-Cl cycle and S-I cycle.  

Nevertheless, in the recent years, there are growing number of studies on other 

thermochemical cycle and other option of integration. Here, some of the recent works are 

summarized. Al-Zareer et al [170], studied the integration of supercritical water-cooled 

reactor with Cu-Cl cycle and made a comprehensive energy and exergy analyses. The 

overall energy and exergy efficiencies of the system were gained as 16.9% and 27.8%, 

respectively. Mehrpooya et al [171] studied an integrated system comprised of a Sodium-
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Iodine thermochemical cycle, organic Rankine cycle and solar dish collectors (providing 

steam for the cycle) for power and hydrogen production with the total exergy efficiency of 

the process reported as 56%. In another study, Sadeghi et al [172], performed 

exergoeconomic optimization of a Cu-Cl cycle integrated with a steam generator unit 

powered by a heliostat solar field. Overall system energy and exergy efficiencies was 

reported to be 45.07% and 49.04%, respectively. Fan et al [173], performed an 

exergoenvironmental analysis of a system consists of a gas cycle, an absorption chiller, and 

Cu-Cl cycle for hydrogen and power production and cooling application.  Onder et al [174], 

carried out a thermodynamic assessment of a Cu-Cl thermochemical cycle integrated with 

biomass gasification powered Brayton cycle for hydrogen and power production where 

cooling and drying applications were also included. Overall energy and exergy efficiency 

of 57% and 54% were reported. Some research have been done on optimization of 

thermochemical cycles and their integrated systems using exergoeconomic and 

exergoenvioronmental methods [175, 176]. Murmura and Vilardi [177] carried out energy 

and exergy analyses of a solar powered Zn/ZnO thermochemical cycle for H2 production 

integrated with a high temperature proton exchange membrane fuel cell. Exergy efficiency 

of 40% was reported in the most efficient scenario. Marques et al [178] carried out a 

thermodynamic study on a novel trigeneration process of Na-O-H thermochemical cycle 

integrated with SCWR nuclear power plant and MED desalination installation for power 

and freshwater production. Gevez and Dincer [179] proposed a novel integrated energy 

system driven by geothermal energy for hydrogen and freshwater production through a 

four-step Copper Chlorine (CuCl) thermochemical cycle for and a multistage desalination 

unit. Energy and exergy efficiencies of 42% and 49.6% were reported for the integrated 

system, respectively. Ozcan and Dincer investigated exergoeconomic optimization of a 

four-step Mg-Cl thermochemical cycle for hydrogen production using levelized capital 

cost rate method [180]. 

2.9 Motivations 

The motivation for this study is to investigate on the hydrogen production through 

thermochemical cycles and their integrated systems for efficient, economically favorable, 

and environmentally friendly production of green hydrogen as an alternative carbon-free 



 

48 

 

energy carrier. This study promises a long-term solution for combating climate change and 

for approaching carbon-free society. Integration of thermochemical cycle with a clean and 

renewable energy source is the key to greenize hydrogen production through this process.  

Hence, following motivations are followed in this thesis: 

 To produce hydrogen as a carbon-free fuel.  

 To utilize thermal energy for thermochemical cycles, efficiently.  

 To enhance the productivity and sustainability of thermochemical cycles.   

 To greenize hydrogen production using renewable energy sources. 

2.10 Objectives 

In brief, this PhD thesis consists of three main objectives as follows: 

 To investigate Fe-Cl, V-Cl, and HyS by conducting simulation for individual reactions, 

and to evaluate characteristics of complete cycle. 
 

 Determining of mass and energy streams entering and exiting each component. 

The developed system and its component can be validated through the 

comparison between this work and previous works in the literature in the same 

operating conditions. 

 Integration of the thermochemical cycles with a renewable energy source for 

cogeneration as a case study. 

 

 To analyze thermochemical cycles and the integrated system with respect to energy, 

exergy, economic, and environmental performances.   
 

 Writing energetic and exergetic balance equations. 

 Calculating exergy destruction values for components. 

 Investigating energy and exergy efficiencies. 
 

 To optimize the integrated system with respect to exergy efficiency, cost and 

environmental impact as objectives through genetic algorithm as an intelligent 

approach.  
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 Defining objective functions, decision variables and their constrains in 

accordance to economic, environmental and thermodynamic parameters. 

 Development of a metaheuristic algorithm (evolutionary algorithm) as and 

intelligent approach for finding the optimal operating condition for higher 

exergy efficiency, lower global warming potential and lower cost in the system.  

 Selection of optimal solution based on the tradeoff points in Pareto frontier 

diagram for maximization of hydrogen production and exergy efficiency and 

minimization of cost.  

2.11 Novelties 

There are more than 200 thermochemical cycles defined for hydrogen production by ANL 

while only a few of them are developed to pilot-scale and beyond. Research and 

development on some others are being done around the world. Further study on some 

chlorine cycles is recommended by ANL in accordance to their screening studies and 

potential evaluation on thermochemical cycles.  Fe-Cl, V-Cl, and HyS cycles are 

recommended to be further studied. Reports in the literature also recommend these cycles 

for integration with clean and renewable sources. However, previous studies in the 

literature are focused on integration of cycles with nuclear or solar energy. In this thesis, 

alternative thermochemical cycles of four-step Fe-Cl, and three-step V-Cl are assessed for 

the first time for determination of reactions behaviour and for evaluation of cycle’s energy 

and exergy efficiencies.  

Although there are some experimental investigations done before on V-Cl thermochemical 

cycle, however, there is no study appeared in the literature on the modeling of V-Cl 

thermochemical cycle integrated with a renewable and sustainable energy source. A novel 

integration of algal biomass gasification with thermochemical cycle is carried out in this 

study for the first time. In previous studies in the literature, thermal energy of 

thermochemical cycles are either supplied from the waste heat of nuclear reactors or 

concentrated solar heat. Biomass energy is capable of steady supply of thermal energy for 

power production in Brayton cycle and for hydrogen production in V-Cl thermochemical 

cycle. In this study, in a novel approach, the potential of algal biomass as a third generation 
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bio-feedstock for hydrogen production through thermochemical cycles is studied for the 

first time. Algal biomass is advantageous because it has almost no competition with food 

production and requires much less arable land and water for growth. A three-step 

Vanadium-chlorine thermochemical cycle integrated with a power generation unit powered 

by macroalgae gasification is thermodynamically assessed and optimized for higher 

efficiency, lower emissions and better cost competitiveness. 

 Investigation of a four-step Fe-Cl thermochemical cycle for the first time. 

 Investigation of a three step Vanadium-Chlorine thermochemical cycle. 

 Utilization of biomass as a renewable source for a steady heat energy supply for 

hydrogen production. 

 Development of a novel integrated system comprised of a biomass gasification unit, 

a power generation unit, and a three-step V-Cl thermochemical cycle for hydrogen 

and power production.  

 Employment of algae as a sustainable bioresource in the framework of food-water-

energy nexus for hydrogen and power production.  
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Chapter 3: Systems Description 

In this section, selected thermochemical cycles are describes, steps are defined and details 

of every cycle and also the integrated V-Cl cycle are explained. Schematic diagrams of 

each cycle and the integrated system are also presented.  

3. 1 Fe-Cl Thermochemical Cycle 

In the literature, a few studies have been carried out on various chlorine-based cycles by 

different institutions and research groups started in 1970s. The iron-chlorine 

thermochemical cycle was primarily regarded beneficial and worth investigating 

respecting the low material price of the compounds react in the cycle and the well-known 

chemistry and kinetic of iron-oxide and corresponding reactions. However, some 

limitations on the way of Fe-Cl cycle development are poor reactivity of decomposition 

reaction for FeCl3 as well as hydrolysis of FeCl2. This four step TCC initially comprises of 

four reactions including a low temperature, a moderate temperature and two high 

temperature reactions.  

 

Figure 3.1 four-step Fe-Cl thermochemical cycle for hydrogen production. 

All of the reactions of this cycle are thermally driven as follows: 
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3FeCl2 + 4H2O → Fe3O4 + 6HCl+H2                                                   ΔH = +156 kJ        (3.1)   

Fe3O4 + 8HCl → FeCl2 + 2FeCl3 + 4H2O                                              ΔH = -244 kJ         (3.2) 

2FeCl3 → 2FeCl2 + Cl2                                                                                                              ΔH = -160.5 kJ      (3.3) 

Cl2 + H2O → 2HCl + ½O2                                                                                                   ΔH = +59.4 kJ      (3.4) 

 

 
Figure 3.2 ASPEN Plus diagram for Fe-Cl cycle for hydrogen production 

As seen in Figure 3.1, the hydrolysis and reverse Deacon steps are endothermic while 

chlorination and thermal decomposition steps are highly exothermic. As mentioned, one of 

the key issues is the thermal decomposition of FeCl3 (which actually exists as Fe2Cl6. 

Thermal decomposition reaction, lowering the temperature of reverse Deacon reaction and 

hydrolysis as well as the separation of the HCl and solid products are reported as key issues 

of this cycle. As expressed below, Two-step hydrolysis is recommended in the literature.   

a) 3FeCl2+3H2O →3FeO+6HCl                                                                                    (3.5) 

b) 3FeO+H2O → Fe3O4+H2                                                                                                                                  (3.6) 

The Aspen Plus diagram of the Iron-chlorine cycle is also showed in Figure 2.5. Heat 

recovery can be performed within the cycle for better efficiency and thermal management. 

The B1, B4, B7, and B10 blocks are reactors, the B2, B5, B8, B11 blocks are separators 
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and B3, B6, B9, B12, B13, B14 are heater or coolers. The hydrolysis and thermal 

decomposition step are reported as the main parts to be improved. Also, the kinetic of the 

reverse deacon reaction is slow and some solutions are needed to be proposed for lowering 

the temperature of the reverse deacon reaction.   

3.2 Vanadium-Chlorine Thermochemical Cycle 

The Vanadium-chlorine cycle was initially developed by MIT in 1970s as a four-step pure 

thermochemical cycle using only heat to produce hydrogen from water at a maximum 

process temperature of 925 °C. This cycle was first studied by Gregory McRae and his 

team at Massachusetts Institute of Technology (MIT) where the highest exergy efficiency 

was obtained among other studied chlorine thermochemical cycles [144]. The original 

version of V-Cl is comprised of one low-temperature, one mid-temperature and two high-

temperature reactions as follows: 

 2VCl2+2HCl →2VCl3+H2                               (3.7)            

 4VCl3 → 2VCl4+2VCl2        (3.8) 

 2VCl4 → 2VCl3+Cl2         (3.9) 

 Cl2+H2O → 2HCl+O2         (3.10) 

However, for obtaining higher efficiency and overcoming the difficulties of reverse deacon 

reaction, the two-step reverse deacon reaction is recommended in the literature as follows: 

1/3 V2O3 + Cl2 → 2/3 VOCL3 + 0.5 O2       (3.11)                                     

2/3 VOCL3 + H2O →1/3 V2O5 + 2HCl      (3.12) 

The previous studies in the literature also implied on the fact that hydrogen production 

reaction is limited due to the kinetics. Primary investigators of this cycle recommended to 

substitute following reactions for direct hydrogen production reaction. 

2VCL2  + (2nH2O_2HCl) ↔ 2(VCL3 + nH2O) + H2                                                       (3.13) 

2(VCl3+nH2O) ↔ 2VCL3 + 2nH2O                                                                             (3.14) 
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An evaluation based on these reactions in the V–Cl cycle was not possible because of the 

unavailability of thermodynamic data and the uncertainty in the number of moles of water 

of hydration. Figure 3.3 demonstrates the schematics of a four-step vanadium-chloride 

thermochemical cycle for hydrogen production. Vanadium-chlorine cycle includes several 

chemical separation steps that need to be addressed to practically run the process for 

hydrogen production. The separations issues are to be discussed. Also, lowering the 

temperature of the reverse Deacon reaction would be a key for improving the cycle’s 

efficiency and less energy consumption.   

V-Cl thermochemical cycle is a pure thermochemical cycle consists of four step in its 

original version and three step in the upgraded version of Amendola [145]. This cycle is 

comprised of one step in a low temperature, one step in mid-temperature and two steps in 

high-temperature as mentioned in Figure 3.4. Amendola [145] reported two types of V-Cl 

based water splitting in his invention. In his patent, VCl3 is degraded to vanadium-chloride 

(VCl2) and Cl2 in gas form at the temperature of 798 K. Table 3.1 presents the original V-

Cl and the invented V-Cl by Amendola showing the maximum temperatures of each step.  

Table 3.1 Original and modified V-Cl cycle specifications 

Step # Reactions T (K) 

Originally defined cycle [145] 

1 2����� ! + 2����#! => 2V��&� !+���'! 398-473 

2 4���&� ! => 2���)�'! + 2����� ! 973-1039 

3 2���)�*! => 2���& + ����'! 298-393 

4 ����'! + ���(g) =>2HCl (g)+
+� ���,! 1123-1198 

Modified cycle by Amendola [145] 

1 2���&�-! => 2�����-! + ����'! 798 

2 ����'! + ���(g) => 2��*, + +� ���,! 573 

3 2����� ! + 2����'! => 2V��&� !+���'! 373 
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Figure 3.3 Schematic for the four-step V-Cl thermochemical cycle for H2 production 

 

Figure 3.4 Schematic Amendola’s three-step V-Cl cycle for H2 production. 
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Figure 3.5 Aspen Plus diagram of a simplified V-Cl thermochemical cycle  

As shown in the Aspen plus diagram of four-step V-Cl cycle (Figure 3.5), dehydration of 

the VC13.nH20 occurs in two stages. At the first stage, up to VCla. 2.8H20 is dried at 393 

K. For rapid removal of the separated crystallization water, nitrogen flows through the 

drier. Total dehydration of the VCI3 takes place at the second stage at a final drying 

temperature of 434 K. In order to avoid hydrolysis of the VCl2 with the separated water, 

drying takes place in a 20 kmol/s stream of HC1 gas. The drying conditions upon which 

the balancing was based correlate with the experimental investigation. The hydrolysis 

which could possibly have occurred was neglected in calculations. The gaseous products 

from the two drying stages are partially condensed whereupon the gaseous flows are fed 

back to their respective drying stages, and the liquid flows to the wet reaction. 

3.3 Hybrid Sulphur (HyS) Cycle 

The HyS cycle, well known as Westinghouse Process, is a hybrid thermochemical process 

for hydrogen production where thermochemical and electrochemical processes are 

working together to split water and produce hydrogen and oxygen. This cycle has two step 

and just one additional compound (sulfur) rather than oxygen and hydrogen [99]. Sulfur 

family cycles including S-I and HyS cycles were developed in 1970s for possible 
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integration with thermal energy from high temperature nuclear power plants. As presented 

in Figure 3.6, this cycle comprises of a low temperature electrolysis and a high temperature 

sulfuric acid decomposition where temperature exceeds 850 °C. Very high temperature 

reactors (VHTR) are selected for integration in studies of SRNL and other research 

institutes. Some of sulfur-based thermochemical cycles (so called sulfur family) which are 

successfully employed for hydrogen production in the last decades are the Mark 13 cycle, 

the Sulphur–Iodine cycle (SI) and the hybrid Sulphur cycle (HyS). Aspen Plus diagram of 

HyS cycle is also presented in Figure 3.7. HyS cycle is the first hybrid thermochemical 

cycle developed with only two steps. The process is called hybrid because of the 

combination of the thermal decomposition of sulfuric acid with the electrochemical 

oxidation of SO2 with water to yield sulfuric acid and hydrogen as follows:   

H2SO4 → SO2 + H2O + ½ O2                 (3.15) 

2H2O + SO2 → H2SO4 + H2                                           (3.16) 

The electricity step of HyS process consumes approximately 33% of conventional water 

electrolysis. This makes this process unique and worth following. The process of SO2 

electrolysis is performed using conventional polymer electrolyte membrane (PEM) 

electrolyzer.  

 

Figure 3.6 Schematic for the four-step V-Cl thermochemical cycle for H2 production 
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Figure 3.7 Aspen Plus diagram of a simplified HyS cycle for hydrogen production 
 

Nevertheless, sulfur dioxide polarizes the anode and decreases the standard 1.23 V cell 

potential. Therefore, the theoretical potential of SO2 electrolysis is 0.158 V, which can be 

lowered to 50% of this in current densities of around 500 mA/cm2.  

Electrolysis basically occurs in two main steps. The first step is the oxidation of sulfur 

dioxide at the anode to produce H2SO4, protons and electrons. 

SO2 (aq) + 2H2O (g) → H2SO4 + 2H++2e-                (3.17) 

2H+ + 2e- → H2 (g)           (3.18) 

The second step is the process of conduction via electrolyte to the cathode and electricity 

production.  Different configurations of the SO2 electrolysis are developed after the initial 

design of Westinghouse. Figure 3.8 indicates different configurations of PEM electrolyzers 

for sulfur-based water splitting with gaseous and aqueous SO2 at anode. In HyS cycle, the 

thermochemical step (so-called sulfuric acid decomposition) requires thermal energy at 

temperature of at above 800 °C which can be supplied from advanced solar concentrators.  
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Figure 3.8 Schematic of SO2 depolarized PEM electrolysis cell with water fed at the 
cathode and the anode is fed with: (a) SO2 dissolved in sulfuric acid and (b) gaseous SO2. 
(Modified from [168]).  
 

The thermochemical step in hybrid-sulfur cycle is similar to the thermal decomposition 

step in sulfur-Iodine cycle  in HyS cycle which is the core step for every sulfur family of 

thermochemical water splitting cycles.  In this process, sulfuric acid is first dehydrated by 

a thermal energy and then, gets decomposed to release sulfur dioxide, water and oxygen. 

The decomposition occurs itself in two step. First sulfuric acid decomposed into sulfur 

trioxide and vapor at 800 °C. Next, through a catalytic reaction, the SO3 is further 

decomposed to sulfur dioxide and oxygen. Sandia National Laboratory (SNL) proposed a 

silicon carbide-made bayonet decomposition reactor for sulfuric acid within the HyS cycle. 

According to Gorensek and Summers [104], this process follows the decomposition of 

sulfuric acid at pressure of 9 MPa and temperature of 1073 K. Silicon carbide was used 

due to some distinct features such as high corrosion resistance, suitable heat transfer 

performance, and high mechanical stability.  

3.5 Integrated Biomass Gasification and V-Cl Cycle  

Integration of biomass gasification with thermochemical cycle is carried out for better co-

generation of power and hydrogen. In this integrated system, biomass feedstock which is 



 

60 

 

macroalgae in this study, enters a downdraft gasifier where biomass particles are gasified 

with air as gasification agent. The resulted syngas goes into combustion chamber as a fuel 

where it gets combusted with compressed air coming from an air compressor after being 

preheated for production of high temperature high pressure gas mixture. The gas mixture 

passes through a gas turbine for power generation where the compressor is also running 

through the rotating shaft. Next, the exhaust gas enters the air pre-heater to heat up the air 

coming from compressor. The exhausted gas finally rejects the remaining thermal energy 

in temperatures above 530 °C to the step 1 of the V-Cl thermochemical cycle which is the 

thermal decomposition of VCl3. Then with heat recoveries within thermochemical cycle, 

hydrogen is produced in the step 3 of vanadium-chlorine cycle as it was discussed in section 

3.2. Figure 3.9 illustrates the schematic diagram of the proposed integrated V-Cl cycle with 

biomass gasification. Inputs for the overall integrated system are air, biomass, and water 

while outputs are hydrogen, power and oxygen which in this study, hydrogen and power 

are considered as useful outputs. Hence, this integrated system offers power and hydrogen 

production from only biomass and water as clean and renewable material sources for 

hydrogen production and all other material streams are recovered within the cycle.   

 

 
 

Figure 3.9 Schematic diagram for the integrated co-generation system 
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Chapter 4: Analysis and Optimization 

In this chapter, essential theories and models used in this study for thermodynamic analysis, 

economic analysis, environmental analysis and multi-objective optimization are presented 

in details for Fe-Cl cycle, Integrated V-Cl biomass gasification cycle and HyS cycle. 

Modelling and analysis of TWSCs are done using Aspen Plus software package. It is a 

process simulator that simulates chemical reactions in cycle’s steps using property methods 

and information embedded in the software.  Moreover, for exergy and exergy analysis and 

exergoeconomic analysis of the integrated cycle, EES software is used. EES reads 

thermodynamic properties from its library and is a proper mathematical equation solver for 

complex energy systems. Finally, the Matlab software is used for multi-objective 

optimization where it is linked with EES to read the information and corresponding 

equations. The Matlab uses evolutionary algorithms to find optimum solution based on 

decision variables and objective functions.  

By selection of proper operating conditions and validated thermodynamic data, Aspen Plus 

is capable of using mathematical procedures to predict the performance of the cycle and 

interaction of material streams and simulate plant behavior. A reliable simulation can be 

performed taking following steps into account in Aspen Plus. 

 Selection and definition of unit operation models for the simulation. 

 Linking the unit operations together with labeled streams. 

 Specifying the global setup (measurements, run type etc.)  

 Determining all components of the process using aspen database and those not in 

Aspen database.  

 Determining  material stream flow rates and corresponding thermodynamic 

properties   

 Specifying the operating conditions of all unit operations.  

There is no work performed to configure or evaluate Fe-Cl and V-Cl cycles with Aspen 

Plus simulations in the literature. However, there have been several studies for different 

options of three, four and five step Cu-Cl cycle, performed by Argonne National 

Laboratory and Clean Energy Research Lab (CERL) at University of Ontario Institute of 
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Technology (Ontario Tech). These studies will be used as reference studies, while different 

configurations of abovementioned chloride cycles are under consideration. 

4.1 Fe-Cl Thermochemical Cycle Analysis  

The Aspen Plus® simulations and sensitivity analyses are among the best options due to 

the comprehensive database and accurate property methods. Among the reactors available, 

Gibbs reactor calculates the products based on the minimization of Gibbs free energy and 

gives the products rate when there is a full conversion. RGibbs is the only Aspen Plus® 

block that deals with solid-liquid-gas phase equilibrium.  

4.1.1 Property method selection  

Selection of the property method is generally dependent on the substances and phases used 

in the simulation. Thus, selection of the property method is of importance for realistic and 

true results. Since the Fe-Cl cycle includes all three phases of substances and deals with 

mixtures and electrolysts, NRTL and extended version of this method (ELECNRTL) are 

used to determine properties of the substances on the cycle. is the most versatile electrolyte 

property method. It can handle very low and very high concentrations. It can handle 

aqueous and mixed solvent systems. 

The ELECNRTL is fully consistent with the NRTL-RK property method. This method is 

useful when electrolytes are present in the simulation. H2O-HCl and H2O-HCl-FeCl2 

systems are available at ELECNRTL method which promises this method as a good 

candidate for analysis [29]. 

4.1.1 Kinetics analysis 

The free energy of reaction ∆/0  is expressed by the following equation. The difference of 

Gibbs  ∆/01 �3! = ∆/4,   67891 − ∆/4,   0;<=1                                                                                   (4.1) 

where ∆/4,   67891  and ∆/4,   0;<=1  are free energy of formation of products and reactants, 

respectively. On the other hand, the formation Gibbs energy for the compounds in the 

reaction can be calculated via the enthalpy and entropy differences as follows: ∆/>1 �3! = ∆�>1 �3! − 3∆->1 �3!                                                                                      (4.2) 



 

63 

 

where the change in enthalpy and entropy in formation can be calculated through 

 ��3! − ��? °A1 = B �C�3! D3E�? = F#3 + G� 3�H�?
E                                                              (4.3) 

-�3! − -�? °A1 = B A6�E!E  D3E�? = I#*J3 + K3L�?E                                                                 (4.4) 

Moreover, the Gibbs free energy is related to the equilibrium constant (K) as follows: ∆/01 = −M3*JN;                                                                                               (4.5) 

where K can be defined as the reaction rates of products over reactants. R, is the gas 

constant and T, is temperature in kelvin. The equilibrium constants for the reactions can be 

calculated through the relative fugacity ratios For example, the equilibrium constants for 

hydrolysis and reverse deacon reactions in Fe-Cl cycle can be expressed as follows [86]: 

NOPQ9 = RS TTUVWXYZ[ S TTUV\
]^_S TTUV]`S TTUVY

WX^_`S TTUV[
]`Z

a                                                                       (4.6) 

NO0;b;7c; d;<=8e = R S TTUV`
]^_S TTUVU.g

Z`S TTUV]`ZS TTUV^_` a                                                                  (4.7) 

Moreover, the energy minimization for separation process is calculated through the 

following equation. ∆/c;6 = −M3 ∑ Jiln �ki!i                                                                                   (4.8) 

where ∆/c;6 is the Gibbs free energy of mixing or the minimum energy required for the 

separation of the product streams, ni and yi are the number of moles and the molar fraction 

of the product, respectively. 

Noting that in this simulation, complete reactions are considered while in experiments, 

complete reactions are hard to achieve. Hence, an experimental study on the cycle 

investigating the conversion ratio and the product rates is necessary to obtain kinetics of 

experimental reactions for a comparison of with Gibbs reactor’s complete reaction. In the 

present study, RGibbs reactor is employed to minimize the Gibbs free energy of the 

reaction which is a promising built-in reactor type to find out reaction conditions in a 

feasible way. For the case of Fe-Cl cycle, produced Magnetite as a side product resulted 

from incomplete hydrolysis reactions is unavoidable. Hence, kinetics of this reaction 
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should also be considered. The Gibbs minimization method appears to be in good 

agreement with the thermochemistry data of this reaction. 

4.1.2 Energy and exergy analyses 

Thermodynamics is the science of heat and power by the definition of the word and is 

classically expressed by the first and second laws of thermodynamics. However, the 

modern expression of thermodynamic is based on the concepts of energy and exergy in 

which contains the classic laws of thermodynamics and the concepts such as temperature, 

enthalpy, entropy, work, and heat. Briefly, exergy analysis uses the first law of 

thermodynamics to dwell on the quantitative concept of energy and expresses the energy 

balance in the systems. On the other hand, the exergy analysis uses the second law of 

thermodynamics for determination of the quality of energy and the direction of 

thermodynamic processes by taking entropy into account. Exergy has been recognized as 

an effective measure of the potential of a substance to impact the environment [181]. It is 

also an efficient technique revealing whether or not and by how much it is possible to 

design more efficient energy systems by reducing the inefficiencies in existing systems. 

Lastly, it is a key component linking the energy, environment and sustainable development 

concepts. 

The balance equations are required for energy, exergy, mass and entropy in the first step 

of the exergy analysis to determine the inputs and outputs of each control volume, entropy 

generation rate, exergy destructions, and energy and exergy efficiencies. Balance equations 

for mass and energy in a steady-state, steady flow condition for energy systems can be 

written as follows: ∑  l� ie − ∑  l� 8mn                            (4.9) ∑ o�ie = ∑ o�8mn                                          (4.10) 

where  m�  and E�  stand for mass flow rate and energy exchange rate crossing the boundry in 

inlet and outlet of the system. The thermal energy transfer for the chemical processes in a 

cycle involving no work interaction is determined from Equation. 4.11, and the energy 

balance is written as follows: p = �q − �0 = ∑ J6rℎ�>° + ℎ� + ℎ�°t6 − ∑ J0rℎ�>° + ℎ� + ℎ�°t0     (4.11) 
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The entropy and exergy balance equations can be written as follows -�ie + -�,;e = -�8mn                           (4.12) 

where  S�  is the entropy flow or generation rate. Also, the exergy associated with a material 

flow can be expressed as follows: Ou = Ou6v + Ou=v           (4.13) 

where the physical exergy rate is calculates as: Ou6v = ∑ r�ℎi − ℎ1! − 31� i −  1!ti         (4.14)  

The molar chemical exergy for an ideal gas mixture and the exergy rate for biomass fuel, 

respectively, are defined as follows [42]: Ou���=v = ∑ uwOu���=vww + M31 ∑ uw*J�uw!w        (4.15) 

Irreversibilities of processes is resulted from the difference between the amount of entropy 

going out of the boundary of a system and the amount of input entropy to the system.hence, 

exergy destruction rate can be expressed as follows: ou� 9 = ou� ie − ou� 8mn                                (4.16) 

Standard chemical exergy of chemical species in Fe-Cl cycle is brought in Table 4.1. 

 Table 4.1: Standard chemical exergy of chemical species in Fe-Cl cycle [86]. 

 

 

 

 

 

 

Enthalpy and entropy values can be calculated using Schomate equations defined by 

National Standards and Technology. rℎ� − ℎ�1t = � ∗ 3 + � ∗ E`� + � ∗ EY& + y ∗ E[) + −o ∗ +E + z − �    (4.17) 

 ̅ = � ∗ *J �3! + � ∗ 3 + � ∗ E`� + y ∗ EY& + −o ∗ +�E` + /     (4.18) 

where T is 1/1000 of the temperature (K) of the compound, A, B, C, D, E, F, G and H are 

constants to calculate enthalpy and entropy values. These values are given in Table 4.2.  

Substance 
({|���}~�) 

[kJ/kmol] 
Substance 

({|���}~�) 

[kJ/kmol] 

H2O(g) 11710 HCl(g) 85950 

H2O(l) 3120 O2(g) 3970 

FeCl2(s) 151860 Cl2(g) 117520 

Fe3O4(s) 59170 H2(g) 238490 
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Table 4.2: Enthalpy of formation, reference entropy and Schomate constants for chemical 
substances in Fe-Cl cycle [86] 

 H2O(g) O2(g) H2(g) HCl(g) Fe3O4(s) FeCl2(s) Cl2(g) h��  (kJ/mol) -241.830 0 0 -92.310 -601.24 -641.62 0 s��  (J/molK) 188.84 205.15 130.68 186.90 26.95 89.62 223.08 

A 30.092 30.0323 33.0661 32.1239 47.2599 78.3073 33.0506 

B 6.83251 8.77297 -11.3634 -13.4581 5.68162 2.43588 12.2294 

C 6.79344 -3.98813 11.43282 19.8685 -0.87266 6.85887 12.0651 

D -2.5345 0.788313 -2.77287 -6.85394 0.1043 -1.72897 4.38533 

E 0.08214 -0.74159 -0.15856 -0.04967 -1.05395 -0.72991 -0.159494 

F -250.881 -11.32468 -9.980797 -101.6206 -619.1316 -667.5823 -10.8348 

G 223.3967 236.1663 172.7079 228.6866 76.46176 259.029 0 

H -241.8264 0 0 -92.31201 -601.2408 -641.6164 0 

 

The energy and exergy efficiencies for any component in the TWSC can be defined as 

follows: 

�;e = ��������� ����������           (4.19) 

�;� = ��� ������� ��������� ��             (4.20) 

The energy and exergy efficiencies for the hybrid thermochemical cycle can be defined as 

follows: 

�;e =  ∆P��`�!U ���                        (4.21) 

�;� = ���`���                          (4.22) 

where ∆��P`�!1  is the enthalpy of formation of water, and Q�  is the rate of heat input to the 

cycle, respectively. 

4.2 Integrated V-Cl thermochemical cycle analysis 

In this section, the governing equations and necessary information to obtain energy and 

exergy specifications of each state point of the integrated V-Cl gasification system is 

expressed and definitions of energy, exergy, cost, and environmental impact for each sub-

cycle and the overall integrated system are presented and discussed.   
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4.2.1 Integrated V-Cl thermochemical cycle analysis 

In this section, governing equations for calculation of thermodynamic properties of each 

state point and efficiency, cost and environmental impact of main components of the 

integrated system are presented. Introducing all these equations along with input data into 

a computer code programmed in EES software simulates the system performance. The 

mass, energy, and concentration balance relation at steady conditions is written as follows: ∑ l� ie = ∑ l� 8mn           (4.23)  p� + ∑ l� ieℎie = �� + ∑ l� 8mnℎ8mn         (4.24)  ∑ l� �ie = ∑ l� �8mn           (4.25) 

However, modeling the Vanadium chloride cycle is a bit challenging since the properties 

shall be developed into the code. In order to find the temperature of each step, equations 

4.26-4.28 can be written to determine the enthalpy, entropy and specific heat respectively 

for hydrogen gas, chlorine gas and hydrogen chloride gas, in which values of A-H (the 

Shomate coefficients) as well as standard chemical exergy values for com can be found in 

Table 4.3. ℎ��3!  −  ℎ8��� = ��3! + ��E`� ! + ��EY& ! + y�E[) ! − �E + z − �                      (4.26)                            

 ̅�3! = �I�J�3!L + ��3! + � SE`� V + y SEY& V − ���E`! + /      (4.27) 

�C�3! = � + ��3! + ��3�! + y�3&! + �E`        (4.28) 

Table 4.3 Shomate coefficient data and standard chemical exergies of V-Cl cycle 
compounds [146]. 

Compound 

Shomate coefficient data chemical 

exergy 

(kJ/mol) 
A B C D E F G H 

H2O (g) -203.6 1523.29 -3196.4 2474.45 3.855 -256.55 -488.72 -285.83 9.34 

Cl2 (g) 33.051 12.23 -12.065 4.385 -0.159 -10.834 259.03 0 124.02 

O2 (g) 31.322 -20.235 57.866 -36.50 -.007 -8.903 246.8 0 3.97 

H2 (g) 33.066 -11.363 11.432 -2.772 -0.0158 -9.981 172.70 0 236.1 

HCl (g) 32.124 -13.458 19.868 -6.854 -0.049 -101.62 228.68 -92.312 84.73 
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Furthermore, for VCL2, enthalpy and specific heat with respect to temperature can be 

calculated through equations (4.29, 4.30) as follows: 
 ℎ��3! − ℎ8��� = �17.25!3 + �1.36 ∗ 10�&!3� + �0.71 ∗ 10?!3�+ − 5502    (4.29) �C�3! = 17.25 + �2.72 ∗ 10�&!3 − �0.71 ∗ 10�?!3�      (4.30) 

Enthalpy and specific heat for VCL3 with respect to temperature is calculates through 

equations (4.31, 4.32) as follows: 

ℎ��3! − ℎ8��� = �22.99!3 + �1.96 ∗ 10�&!3� + �1.68 ∗ 10?!3�+ − 7592    (4.31) �C�3! = 22.99 + �3.92 ∗ 10�&!3 − �1.68 ∗ 10�?!3�      (4.32) 

where specific chemical exergies for VCL2 and VCL3 are 439.35 kJ/mol and 395.85 

kJ/mol, respectively.  Also, for the V-Cl thermochemical cycle, the overall energy and 

exergy efficiencies of V-Cl thermochemical cycle is defined as follows: 

�;e,¡�A¢ = r£� �`×¥P¡�`t∑ �� ��           (4.33) 

�;�,¡�A¢ = �£� �`×;��`!�� ����            (4.34) 

4.2.2 Biomass gasification power generation cycle   

Many parameters, such as biomass type, gasification agent and temperature, and oxygen 

mass flow rate, heavily influence the gasification process. These parameters' variation 

affects the composition of the product gas significantly. Simplifying assumptions that were 

used to develop a stoichiometric biomass gasification model is summarized below. 

 Biomass has kept long enough in the reactor to reach a thermodynamic 

equilibrium state. 

 Syngas composition is water, H2, CH4, CO, CO2, N2, and tar. Also, their 

behavior are studied like an ideal gas. 

 The gasifier pressure drop is ignored. 

 The gasifier reactor has no heat transfer at barometric pressure. 

 The reaction itself provides the heat for carrying out the reaction, and no 

additional heat source is needed. 
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Biomass gasification is modelled using an equilibrium method referring to stoichiometry 

of the reaction. Using this method, one can predict the gas composition in gasifier’s outlet 

(syngas) at a known working condition including gasifier’s temperature and pressure. The 

general reaction for biomass gasification is written as follows [28]:  ��<�G¦= + § ��� + l ��� + 3.76 ¦�! →  JP��� + JA��� + JA����� + JP����� +JAP)��) + J©�¦�                (4.35)                         

Here, CHaObNc is the chemical composition of biomass in a formula where the amount of 

nitrogen, sulfur and other compounds are negligible and w is the moisture content in the 

biomass. In this case, a, b and c are determined according to the elemental analysis of the 

biomass (macroalgae), as given in Table 4.4. The properties of the reactants (left side of 

Eq.2) are defined at ambient temperature. The moisture content of biomass is calculated as 

follows: § = ª«��¬��ªAª®����+�ªA!                                                                                     (4.36) 

where MC is the moisture content of biomass, which can be calculated as follows [182]: ¯� = £<cc 8> °<n;7£<cc 8> °;n Gi8£<cc × 100%    `       (4.37) 

Furthermore, Table 4.4 presents the elemental analysis of cladophora glomerata 

macroalgae native to Caspian sea as a third generation biomass feedstock.  

Table 4.4. Cladophora glomerata macroalgae ultimate analysis [22]. 

  

  

  

 

 

 

When the mass flow rate of inlet air and gasifier temperature (Tg) are determined, six 

equations are required to calculate the values of JP�, JA� , JA��, JP�� , JAP), J©�. Four of 

these equations are obtained by balancing each of the elements in equation 4.35 as follows:  J²³ + J²³� + J²´) = 1                                     (4.38)  

Element Percentage (%) 

C 34.4 

H 5 

N 5.2 

S 3.2 

O 18.6 

Ash 34.5 
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2J´� + 2J´�³ + 4J²´) = # + 2§                       (4.39) J²³ + 2J²³� + J´�³ = K + § + 2l                                   (4.40)  2Jµ� = ¶ + 3.76 × 2l                                     (4.41) 

Assuming that partial oxidation of biomass compound reaches the equilibrium condition, 

equilibrium constants of the secondary gas phase reactions can be derived. These reactions 

are as follows:  � + 2��  ↔ ��)                            Methane reaction                   (4.42) �� + ��� ↔ ��� + ��               Water-gas shift reaction                            (4.43) 

Their equilibrium constants are: 

N¸¹ = e^][×eº»º�e]`!` = OuC��∆¼U½¾0E¿ !                       (4.44) 

NÀ0 = eÁ�`×e�`eÁ�×e�`� = OuC��∆¼UÂÃ0EÄ !                       (4.45) 

where ∆/1¸¹ and ∆/1Å¹ are the change in the standard Gibbs free energy of the 

corresponding reaction and M is the gas constant.  

The equilibrium constants are based on the gasification temperature written as follows: Æ+ = OuC SÇ1È�.ÈÇ�E − 6.57 × *J3 + Ç.)É×+1ÊY×E� − �.+É×+1Ê\×E`É + Ç.1+×+1Ê\�×E` + 32.6V (4.46) 

Æ� = OuC S?ÈÇ�.?E + 1.86*J3 − 2.69 × 10�) × 3 − ?È�11E` − 18.0131V                  (4.47) 

The air-fuel ratio can be determined, expecting gasification to be adiabatic, by applying the 

energy balance for the gasifier [182]. 

ℎ�> Ëi8£<cc1 + §ℎ�> P`��¢!1 = JP�rℎ�>,P`1 + ∆ℎ�P`t + JA�rℎ�>,A�1 + ∆ℎ�A�t + JA��rℎ�>,A�`1 +∆ℎ�A�`t + JP��rℎ�>,P`�1 + ∆ℎ�P`�t + JAP)rℎ�>,AP[1 + ∆ℎ�AP[t + J©� × lrℎ�>,©`1 + ∆ℎ�©`t                           

(4.48) 

where, ℎ�>1 represent the enthalpy of formation of the products, and ∆ℎ� is written as: ∆ℎ� = ∆3r�q�,!t                       (4.49) 

where CP is specific heat at constant pressure of the gases which is expressed as follows:  �q,���3i! = 0.991615 + SÉ.ÌÌÇ E�+1g V + S�.Ç+�Ì E�`+1Í V − S+.��)) E�Y+1ÎU V                                             (4.50) 

The enthalpy value of each state in the power cycle can be determined through equations 

4.48-4.50. The input parameters for the base case conditions are listed in Table 4.5.  
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Tabel 4.5 Input parameters for the integrated system. 

 

 

 

 

 

 

4.2.3 Energy and exergy analyses 

In thermal analyses of the multi-generation system there are various methods, including 

exergy and energy analyses. However, exergy study is a more systematic method for 

thermal systems evaluation, since it can help to extend energy management techniques and 

assess the locations of destructions. A steady state energy rate balance can be expressed as 

follows:  p� + �� + ∑ l� i Sℎ + ¡`� + 'ÏVi = ∑ l� 8 Sℎ + ¡`� + 'ÏV8                                   (4.51) 

Here, gz and V2/2 represent respectively, the potential and kinetic energies. In general, 

exergy has four main parts: physical, chemical, potential, and kinetic. The latter two 

assumed ignored because of the zero or low elevation and velocity. Also, the exergy 

associated with a material flow can be expressed as follows: Ou = Ou6v + Ou=v             (4.52) 

where the physical exergy rate is calculates as: Ou6v = ∑ r�ℎi − ℎ1! − 31� i −  1!ti                                (4.53)  

The molar chemical exergy for an ideal gas mixture and the exergy rate for biomass fuel, 

respectively, are defined as follows [181]: Ou���=v = ∑ uwOu���=vww + M31 ∑ uw*J�uw!w                               (4.54) 

Here, xk is the molar fraction of the kth component, R is universal gas constant, and ex���ÐÑÒ  

is the standard exergy of the constituents. Standard chemical exergy on mole basis for gas 

components of the exhausted gas are listed in Table 4.6.  

 

 

Component Input and accessory information 

Compressor  Pin = 1.013 bar, Tin, C = 298 K, P¹² = 10, ηAC = 0.83 

Combustion Chamber  ΔPcc = 6% ,  ηcc= 0.98 

Gas Turbine Tin, C = 1200  ̊ K , ηGT = 0.86 

Gasifier m� Ô = 1 kg/s,  Tg  = 1073 K 

Overall cycle T0= 298 K, P1 = 1.013 bar 
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Table 4.6 Standard molar chemical exergies of gas mixture components (data from [183]) 

Substance ÛÜ����ÝÞß  (kJ/mol) 

H2O (g) 9.49 

N2 0.72 

O2 3.97 

H2 236.1 

CO2 19.87 

CH4 831.2 

 

For biomass, which is a complex compound made of different elements, following 

empirical equation is used to obtain specific chemical exergy of dry biomass [184].  Ou=v,9G = 362.0083 × � + 1101.84 × � − 86.218 × � + 2.418 × ¦ + 196.7 × - −21.1 × �                                               (4.55)   

Exergy destruction of each component is obtained as the difference of exergy input and 

output as follows: ou� d = ou� ie − ou� 8mn                                 (4.56) 

Table 4.7, expresses exergy balance equations for main components of the integrated 

system. Exergy rates for state points can be determined through equations 30-33 depending 

on the composition of the stream.  

Table 4.7 Exergy balance equations for main components of the integrated system. 

Main components Energy balance equation 

Gasifier ou� É− ou� È + ou� Ç =  ou� d,,   

Combustion chamber ou� È + ou� &− ou� ) =  ou� d,== 

Air compressor ou� + + �� àA− ou� � =  ou� d,àA 

Air preheater ou� � + ou� ?− ou� &− ou� Ì =  ou� d,àq 

Gas turbine ou� ) − ou� ? − �� ¼E =  ou� d,¼E 

Step 1 V-Cl cycle ou� +1 − ou� ++ − ou� +� +  p�Àn;6+�1 − 313Àn;6+! =  ou� d,Àn;6+ 

Step 2 V-Cl cycle ou� +& +  ou� +? − ou� +É − ou� +) +  p�Àn;6��1 − 313Àn;6�! =  ou� d,Àn;6� 

Step 3 V-Cl cycle ou� +Ç +  ou� +È − ou� +Ì − ou� �1 −  p�Àn;6&�1 − 313Àn;6&! =  ou� d,Àn;6& 
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4.2.4 Overall efficiency analysis 

In this study, thermal energy from biomass gasification is considered as the source of 

energy for power generation and hydrogen production. Hence, the primary input of the 

system is the energy from biomass. There are some outputs in the system while only 

hydrogen produced in V-Cl cycle and net power output of the Brayton cycle are considered 

as useful outputs of the integrated system.  Thus, the energy efficiency for the overall 

system can be defined as follows: 

�;e,8b;7<¢¢ =  �£� �`×¥P¡�`!áâ� ���£� «��¬��×¥P¡«��¬��                                                                                  (4.57) 

Moreover, the exergy efficiency for the overall system can be defined as  

�;�,8b;7<¢¢ =  �£� �`×;��`!áâ� ���£� «��¬��×;�«��¬��                                                                                         (4.58) 

4.2.5 Exergoeconomic analysis  

Exergoeconomics combines concepts of the exergy method economic-related analysis. 

Usually the objectives of exergy efficiency and the capital cost are in contradict with each 

other. Hence, the objective of exergoeconomic optimization analysis is to make a balance 

between the capital cost, and the exergy cost which is obtained to be the minimum cost of 

the product. However, the exergoeconomic optimization is complicated most of the time 

due to the complexity of thermal energy system. The main benefit of using exergoeconomic 

analysis is that the different  components of the system are optimized with respect to their 

local unit costs of exergy or exergy destruction taken into account the interaction of given 

component and overall system [185]. Exergy costing is a vital tool to find trade-off between 

input cost including fuel, capital and production costs. One could minimize the cost of 

system products by utilizing exergy based economic methodologies (Bejan et al [186]).  

The aim of exergoeconomic optimization is to achieve, in a studied system flowsheet, a 

balance between expenses on capital costs and exergy costs which will give a minimum 

cost of the plant product. However, the complex integrations or complex structure of 

energy systems make this analysis difficult. Exergy costing is a vital tool to find trade-off 

between input cost including fuel, capital and production costs. One could minimize the 

cost of system products by utilizing exergy based economic methodologies. Specific 

exergy cost method consists of three main steps (Lazzeretto and Tsatsaronis [187], (a) 
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Identification of exergy streams, (b) Definition of fuel and product, (c) Implementation of 

cost equations. Cost rate ��   is used for the exergoeconomic analysis. Hence, cost rate can 

be defined for an entering or exiting stream, as follows:  �� = ¶ ou�            (4.59) 

where c denotes the cost per unit of exergy and o� u is the corresponding exergy flow rate. 

In exergy costing, a cost is associated with each exergy stream. Exergy cost rates associated 

with material stream, power and thermal energy flows is expressed respectively as follows: ��£<nn;7 = r¶ ou� t£<nn;7                    (4.60) ��;¢;=n7i=inQ = r¶ ou� t;¢;=n7i=inQ = r¶ o� t;¢;=n7i=inQ         (4.61) 

��v;<n = r¶ ou� tv;<n = ¶ p� �1 − EUE !        (4.62)  

The component related cost is shown as ã�  (analogous to ã�  in exergoeconomic analysis), 

which includes life cycle phases of construction, operating and maintenance and disposal. 

The general cost rate balance can be written as follows: ��q = ��ie + ∑ ã�w             (4.63) 

The cost rate of exergy destruction ��9;cn identifies the environmental impact due to exergy 

destruction.  ��9;cn = ¶ieou� 9;cn          (4.64) 

To identify the most important components from the viewpoint of formation of cost, the 

sum of costs �Z� + C� äåæç! is used. Moreover, to obtain the levelized capital investment cost 

for a certain component of the integrated system, the following general relation is used 

[186].  ã�w = èé×�A04×ê!ë                                                                                                              (4.65)   

where τ refers to the annual operation hours for the energy system. Besides, CRF denotes 

the capital recovery factor for a system and ì stands for maintenance factor. Capital 

recovery factor is expressible as follows: 

�Mz = i��+ái�!í�+ái�!í�+                                                                                                                (4.66) 

where ir is the interest rate within a year and n is the operation life of the energy system. 
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To transform energy system’s expenditure to the reference year, the following relation is 

used [187]: ��0�4 = �îïðïñòó Ð�æç Ð�æç ïñäåô ��î çÑå îå�åîåñÐå õåòîÐ�æç ïñäåô ��î çÑå �îïðïñòó õåòî                                       (4.67) 

Capital investment cost for different components of the integrated system are presented in 

Table 4.8.   

Table 4.8 Capital investment cost for main components of the integrated system [188]. 

Component Cost function 

Gasifier ã, = 1600�l� 9G × 3600!1.ÉÇ 

Combustion 

chamber 
ãAA = 48.64 × l� <i7 × ö1 + exp�0.018 × 38mn − 26.4!0.995 − ø8mnøie

ù 

Air compressor ãàA = 71.1 × l� <i70.9 − �ic,àA × �C × *J��C! 

Gas turbine ã¼E = ú)ÇÌ.&)×£� Ä�,��1.Ì��û��,üý þ × *J Sq���q�� V × r1 + exp�0.0363ie − 54.4!t  

Air preheater ã�� = 4122 × úe[×�v���v��!)ÇÌ.&) £� Ä�,��
����∆E�¬,	
 þ1.É

, ��� = 1.1    

V-Cl cycle ã¡�A¢ = 1000 × p�Àn;6+,¡�A¢  
 

The levelized cost of electricity (LCOE) is a measure of the average net present cost of 

electricity generated by a power plant over its lifetime. LCOE is an important factor for 

comparing the economics of power plants, and can be determined as follows: 

LCOE = �� �
�� �Xº                                   (4.68)                                                                                                                              

4.2.6 Environmental impact assessment 

For environmental impact assessment, carbon dioxide which is the major part of the 

emission and the main reason for global warming is considered for the environmental 

assessment.  The reduction in release of this greenhouse gas in combustion chamber can 

lead to improvement of the the cogeneration system. Hence, here to provide a 
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comprehensive optimization, CO2 emissions index or briefly CO2 index, is considered as 

an objective function [189]. CO2 index of the plant can be expressed as follows: 

� = £� Á�`â� ���á�� ��`                                                       (4.69) 

4.3 Hybrid Sulfur Cycle Analysis 

The HyS cycle is analyzed according to the system investigated by Jeong et al [190]. The 

specific enthalpy for a specific state is expressed as follows: 

ℎi = ∑ l�£ℎ£w£�+              (4.70) 

where ℎi indicates the specific enthalpy at a certain state, l�£ and ℎ£ stand for the mass 

fraction and enthalpy of chemical compound, respectively. The specific entropy for a 

certain state in Hybrid Sulfur cycle is calculated as follows: 

 i = ∑ l�£ £w£�+             (4.71) 

where �� and �� indicate specific entropy in a certain state and the specific entropy of the 

chemical compounds, respectively. The mass fraction of a substance is expressed as 

follows:  l�£ = k£ ª¬ª�               (4.72) 

Where 

ī = ∑ k£¯£w£�+              (4.73) 

Where k£ stands for the molar fraction of the substance, and ¯£ represents molecular 

weight of the substance, and ī represents the molecular weight of the compound. Energy 

and exergy efficiencies for decomposer is also expressed as follows: 

�;e,;¢;= = r£� �`×¥P¡�`tâ� ����               (4.74) 

�;�,;¢;= = r£� �`×;��`tâ� ����            (4.75) 

In closing,, the overall HyS cycle’s energy and exergy efficiencies are defined as follows: 
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�;e,;¢;= = r£� �`×¥P¡�`tâ� ����á�� ����¬�����            (4.76) 

�;�,;¢;= = r£� �`×;��`tâ� ����á�� ����¬�����          (4.77) 

4.4 Multi-Objective Optimization 

A multi-objective optimization method based on genetic algorithm is applied to the 

integrated hydrogen production system and each individual cycles to determine the best 

design parameters for the system. The objective functions, design parameters, constraints, 

and overall optimization are described in this section. The overall process of optimization 

is illustrated in Figure 4.1, and the specification of the optimization study is explained in 

detail following sections. 

 

Figure 4.1 Procedure of GA optimization method. 
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4.4.1 Evolutionary algorithm: genetic algorithm 

The genetic algorithm (GA) is among evolutionary algorithms which applies an iterative, 

stochastic search strategy to find an optimal solution based on the principles of biological 

evolution [191]. As demonstrated in Figure 4.1, Specification of an evolutionary algorithm 

is the population of individuals, where each individual is comprised of a set of values 

regarding the decision variables and is a potential solution to the optimization problem 

[188]. In the GA, unlike traditional mathematical model for optimization, the chance of 

getting stuck in the local optima of the search space is low due to the robustness of the 

algorithm as a result of crossover and mutation operators. 

Hence, the GA approaches to the global optima faster and easier and recommended for 

engineering problems where there are two or more objective functions [191]. The genetic 

algorithm is among evolutionary algorithms which applies an iterative, stochastic search 

strategy to find an optimal solution based on the principles of biological evolution [191]. 

Specification of an evolutionary algorithm is the population of individuals, where each 

individual is comprised of a set of values regarding the decision variables and is a potential 

solution to the optimization problem [188]. 

In multi-objective optimization, two or more objectives which are to be maximized or 

minimized (usually in conflict with each other) constitute a Pareto frontier solutions in a 

feasible defined region according to the variables constraints. Finally, depending on the 

specific needs of the system one set of value can be recognized as the optimal solution 

among all non-dominated solutions. More details about GAs and their procedure are given 

elsewhere [191, 188]. Figure 4.2, indicates the flowchart of GA where the initialization is 

followed by fitness evaluation to see if the termination condition is satisfied or not. If not, 

the parent selection is performed based on a probability value which is proportional to the 

fitness value. Next, new off springs are made by the crossover and mutation operators. The 

crossover and mutation factors are agents for moving in the search space for more 

robustness and not getting stuck into the local optima. Then, the new population are 

evaluated again by their fitness value to see if the termination criteria is satisfied or not. 

This continues till the termination condition is desired and the optimal solution is resulted. 
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Figure 4.2 Algorithm for evolutionary optimization method. 

 In the GA, unlike traditional mathematical model for optimization, the chance of getting 

stuck in the local optima of the search space is low due to the robustness of the algorithm 

as a result of crossover and mutation operators. Hence, the GA approaches to the global 

optima faster and easier and recommended for engineering problems where there are two 

or more objective functions [191]. The importance of optimization study is to find the 

optimum operating conditions intelligently for more efficiency, less cost and less 

environmental impact. 



 

80 

 

4.4.2 Algorithm specifications 

In this section, a tri-objective optimization is implemented based on genetic algorithm. The 

procedure of genetic algorithm optimization is presented in Figure 4.2. Corresponding 

parameters of this optimization method including constraint tolerance crossover fraction, 

mutation fraction, maximum generations, Pareto fraction function tolerance, and 

population size are also presented in Table 4.9. These factors are defined within the 

algorithm for more robustness of the search in three dimensional (3D) space for finding 

non-dominated solutions as Pareto frontier solutions according to the literature study [188].  

Table 4.9. GA Algorithm specification [188]. 

 

 

 

 

 

 

 

 

 

4.4.3 Objective functions 

Exergy efficiency, cost, and environmental performance are the common three objectives 

considered in the energy systems for optimization. Here, hydrogen production can also be 

considered in some cases as an objective function where it is in conflict with one or many 

parameters of the system. The objective functions in this study will be mainly exergy 

efficiency, hydrogen production and cost.  

OF1: �;� =  ��������� =  â� ���á�� ��`£� «��¬��×;��`          (4.78) 

OF2: ��n8n =  ∑ ã�w + ��ie        Æ = O���lOJ� J�lKO�     (4.79) 

OF3: ����JDOu = £� Á�`â� ���á�� ��`              (4.80) 

Parameters Value 

Constraint Tolerance 0.001 

Crossover Fraction 0.8 

Mutation Fraction 0.01 

Function Tolerance 0.0001 

Max Generations 1000 

Pareto Fraction 0.35 

Population Size 50 
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4.4.4 Decision variables 

Another important part of an optimization problem is the determination of decision 

variables that characterizes the suitable design options. There are some criteria for selection 

of decision variables, which are as follows: 

(a) Include all the importance factors that majorly and mainly affects the objective 

functions and system performance.   

(b) Not include variables with low level of importance.  

(c) Distinguish among independent variables whose values are amenable to change.  

In the optimization problem, the changes in objective functions and fitness values occur by 

the variation of decision variables. Noting that in the case that decision variable has some 

effects on each other, relative influence of design variables can be considered by scaling 

the variables. In some cases analysis of variance approach is also a useful way for 

measuring this relative influence. 

4.4.5 Constrains 

The constraints in an optimization procedure are to be set for decision variables due to 

some limitations and range of possible operating condition within a given system (here 

energy systems). Limitations include practical limitations and some conservation 

principles which must be taken into account and some other limitations. The boundary 

conditions on decision variables may arise due to some physical restrictions such as space, 

equipment, and materials that have been used. Similarly, mass, entropy, energy and exergy 

balances are important in energy systems and may limit the range of some variable such as 

pressure, temperature, heat fluxes, etc. Several such constraints are often satisfied during 

modeling and simulation because the governing equations are based on conservation 

principles. In this study, some important operating parameters such as gasifier temperature, 

exhaust gas temperature, biomass mass flow rate and pressure ratio of Brayton cycle are 

considered as main decision variables. Table 4.10 presents these variables and their 

constraints including upper and lower bonds of operating ranges.  
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 Table 4.10 Decision variables and constraints for optimization study 

 

 

 

 

Also, the equation of the fitted curve, which calculates the optimum CO2 emission index 

for different costs and efficiencies, is given below. Note that x stands for the exergy 

efficiency, y stands for total cost rate, and z stands for the CO2 index.  

z= p00 + p10*x + p01*y + p20*x^2 + p11*x*y + p02*y^2              (4.81) 

in which the coefficients can be found as:  

p00 = 551.5 , p10 = -18.25 , p01 = 2.058 , p20 = 0.1552 , p11 = -0.03418, p02 = -0.01208 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Upper and lower bounds 

PRc 6 – 12 

Tg (K) 973-1173 

TIT(K) 1500 – 1600 m� Ôï��òææ  (kg/s) 0.8 – 1.5 
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Chapter 5: Results and Discussion 

In this section, the result of simulation studies including the effect of operating parameters 

on the main reaction steps of the cycles, cycle’s efficiency and hydrogen production are 

presented. Moreover, the results for integrated systems and optimization studies are 

demonstrated and discussed.  

5.1 Fe-Cl Thermochemical Cycle 

In this section, the effects of operating conditions on two important reactions of Hydrolysis 

and reverse Deacon are investigated. Hydrolysis is regarded as an important step in 

thermochemical cycles where hydrogen is released as a result of the reaction of water and 

metal chloride [39]. As it is mentioned in section 3.1, hydrolysis is an endothermic reaction 

while the effect of temperature and pressure on the rate of hydrogen production and is one 

key subject to be investigated. Figure 5.1 shows the effect of Gibbs reactor’s temperature 

on the hydrolysis product’s flow rate. As shown, as hydrolysis temperature increases, in 

the stoichiometric condition, where 3 moles of FeCl2 reacts with 4 moles of water, the 

molar flow rates of gaseous products decreases and the conversion of FeCl2 is completed 

for more hydrogen production 

 

Figure 5.1 Effect of reactor’s temperature on hydrolysis products flow rates 

As demonstrated, the hydrogen molar flow rate decreases from 0.86 to 0.56 kmol/h when 

the temperature increases from 525 to 925 °C.  On the other hand, the production of 
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magnetite (Fe3O4) increases from 1.8 kmol/h to 3.8 kmol/h. Lower temperature is also a 

yield increasing factor, however this value have been held constant at 525 ºC for better 

reaction rates. This is lower than the maximum temperature reported by Canvesio et al [86] 

for iron-chlorine cycle.  Figure 5.2 demonstrates the effect of reactor’s pressure on 

hydrolysis products flow rates where an increase in pressure has a similar effect on 

products flow rates. However, this effect is much slighter than the effect of temperature. It 

is shown that when pressure increases from 1 to 4 bar, hydrogen production rate decreases 

slightly from 0.763 to 0.761 kmol/h which is almost negligible.  

 

Figure 5.2 Effect of reaction’s pressure on the hydrolysis products flow rates 

Moreover, on the other hand, the increment in the water flow rate which means a decrease 

in FeCl2 concentration causes an increase in all products flow rates including H2 and HCl 

and Fe3O4.  

 

Figure 5.3 Effect of H2O/FeCl2 on the hydrolysis products rate. 
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As seen in Figure 5.3, hydrogen and hydrochloric acid production rates increase from 3.7 

kmol/h to 5.8 kmol/h and from 0.625 kmol/h to 0.97 kmol/h, respectively,  as a result of an 

increment in the steam/ FeCl2 molar ratio from 1 to 4. The reverse Deacon reaction or 

oxygen evolution is considered as one of the major challenges in thermochemical cycles 

for hydrogen production [192].The oxidation of HCl with air was in practice as early as 

1845. Deacon in 1865 investigated the continuous form of this reaction his process has 

been of commercial interest for manufacture of chlorine [39]. While the reverse Deacon 

reaction can occur as a single-step reaction without any catalyst addition, this requires a 

temperature of approximately 800 °C, and intermixture of oxygen and HCl is somehow 

unavoidable. Figure 5.4 indicates the effect of reaction temperature on the production of 

HCl and O2 in reverse Deacon reaction. As seen in the figure, higher temperatures favor 

the HCl production step which is necessary to be completed for returning of HCl to 

chlorination step and the rate of hydrochloric acid production increases from 0.8 to 1.42 

kmol/h when the temperature increases from 525 °C to 925 °C, respectively.  

Figure 5.5 indicates the effect of reactor’s pressure on reverse Deacon’s products flow 

rates. As shown, the increment of pressure from 1 bar to 4 bar has a slight effect on 

hydrogen and hydrochloric acid production rates where the molar flow rates decrease from 

0.262 kmol/h to 0.222 kmol/h and from 1.05 kmol/h to 0.89 kmol/h, respectively.   

 

 

Figure 5.4 Effect of temperature on the reverse Deacon reaction products flow rates 
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Figure 5.5 Effect of pressure on the reverse Deacon reaction products flow rates 

 

Figure 5.6 demonstrates the effect of steam flow rate which reflects the steam/Cl2 ratio on 

the production of HCL and oxygen. As shown, the more steam/Cl2 results in the more HCl 

production. This result is in a fair agreement with previous results of kinetic studies of 

reverse deacon reaction by Nanda and Ulrichson [192].  As shown in Figure5.6 when 

Steam/chlorine flow rate increases from 1 to 4, the HCl and O2 production rates increases 

from 1.07 kmol/h to 1.7 kmol/h, and from 0.26 kmol/h to 0.42 kmol/h, respectively.  

 

Figure 5.6 Effect of H2O/Cl2 on Reverse deacon products flow rate 
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The effect of pressure on both hydrolysis and reverse Deacon reaction is not significant 

while both temperature and steam/chlorine ratio are directly correlated with higher 

conversion in reverse Deacon process.  

5.1.2 Efficiency analysis of Fe-Cl cycle  

Calculation results of enthalpy balance are presented in Table 5.1. As seen, for main 

reaction steps, enthalpy of reactions are calculated and presented. Moreover, for other 

processes, heat transfer and balance of energy are presented. The first four steps comprise 

the thermochemical reactions given by reactions in the description chapter (chapter 3) 

while the remaining sixteen steps involve the heating and cooling processes and the phase 

changes of H2O and FeCl2 

A separation process is also considered after the chlorination reactor to separate gas and 

solid compounds. The cycle considered here is developed related to Aspen plus simulations 

for hydrolysis and chlorination reactors. Reactor works under vacuum pressures and 

chlorination reactor at higher pressures, and reactor temperatures are specified using Aspen 

Plus® simulations. Table 5.1 shows heat recovery, heat and power requirements of each 

component as well as other data 

Total heat requirement of the overall cycle is 550.78 kJ/mol.H2. With respect to exergy, 

exergy of heat is calculated assuming a heat sink temperature of 650 ºC and heat is directly 

provided to hydrolysis reactor. Energy and exergy efficiencies of the cycle can be 

calculated using efficiency definitions mentioned in chapter 4, and can be written per mole 

of hydrogen as follows: 

�;e =  ∆P��`�!U
 U.g á ��� = 34%                        (5.1) 

�;� = ���`���á â/1.? = 37.2%                       (5.2) 

Fe-Cl can run at lower temperatures than those originally proposed. Since the FeCl2 was 

observed to be deposited between zones I and II of reactor, where the temperature ranges 

between 650 ºC and 300 ºC. Comparative calculations of enthalpy balance and external 

heat 
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Table 5.1: Energy balance of the Fe-Cl cycle 

Compound Type Description Moles ΔH (kJ) ΔG (kJ) 

Fe3O4 Reaction 2FeCl3 + H2O → 2FeCl2 +  Cl2 1 -244.1 -58.9 

FeCl2 Reaction H2O + Cl2 → 2HCl + 1/2O2 3 330.4 51.2 

2FeCl3 Reaction 3FeCl2 + 4H2O → Fe3O4 + 6HCl+ H2 2 -158.2 -23.9 

Cl2 Reaction Fe3O4+8HCl → 4H2O+FeCl2+2FeCl3 1 58.5 -3.8 

H2O Heat Sensible 1 5.6 - 

H2O Boiling Latent 1 40.8 - 

H2O Heat Sensible 1 0.9 - 

H2O Heat Sensible 5 94 - 

Cl2 Heat Sensible 1 5.7 - 

FeCl3 Heat Sensible 2 44.6 - 

FeCl3 Melting Latent 2 113 - 

FeCl3 Heat Sensible 2 3.3 - 

FeCl3 Boiling Latent 2 154 - 

FeCl3 Heat Sensible 2 28.1 - 

FeCl2 Heat Sensible 1 26.9 - 

FeCl2 Heat Sensible 3 60.9 - 

Fe3O4 Cooling Sensible 1 -76 - 

HCl Cooling Sensible 8 -122 - 

O2 Cooling Sensible 0.5 -10 - 

H2 Cooling Sensible 1 -18.1 - 

 

and work requirements for the original and modified cycles showed that the limiting energy 

efficiency can be theoretically increased from to up to 32% and this appears to be attractive 

for further investigations on the Mark-15 Fe-Cl cycle. The Fe-Cl as one of the chlorine 

family thermochemical cycles is modelled using Aspen Plus and its performance is 

investigated. Hydrogen is produced as a result of hydrolysis of iron-chlorine by molar flow 

rate of 0.86 kmol/h in 650°C and pressure of 1 bar. Moreover, a preliminary results and 

discussion is presented to specify the yields of compounds in the reactors of iron-chlorine 

cycle for various temperatures, pressures, and concentrations. Study of this cycle indicated 

that the hydrolysis reaction results in higher magnetite and lower hydrogen production at 

the lower temperatures and higher H2O/FeCl2 ratio while the effect of pressure is not 
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significant. On the other hand, the reverse deacon reaction is favored in the higher 

temperatures, lower pressures and higher steam to chlorine ratios. Integration of this cycle 

with thermal energy from nuclear reactor is recommended. However, the chlorine family 

of thermochemical cycles are reported to have the problem of agglomeration in real 

experiments.  Agglomeration occurs as a result of hygroscopic nature of solid reactant 

(CuCl2 in the case of Cu-Cl and FeCl2 in the case of Fe-Cl cycle) which shows strong 

agglomeration behaviour under reaction conditions in both fluidized bed and packed 

reactors. Agglomeration phenomenon prevents complete contact of the reactant with steam 

in hydrolysis process resulting in lower reaction rates based on certain reactor setups. 

Previous experimental studies in packed bed reactors suggest that better contacting of 

reactant solid and steam is very essential for the desired reaction to occur. In addition, side 

reactions occur as a result of agglomeration and hot spots in a packed bed reactor. Hence, 

fluidized bed reactors are recommended as the best option of reactors to achieve good 

contact of metal chloride with water/steam due to enhanced rates of mixing and less 

undesired side products as a result of isothermal conditions. 

5.2 V-Cl Integrated System Results 

Different parts of integrated systems including the gasifier, vanadium-chloride hydrogen 

production cycle and the gas turbine is presented here. First the validation of each sub-

system is assessed and then, results for both base case condition and optimized condition 

(obtained through optimization) are presented. Finally, a comparative evaluation of the 

effect of decision variables (operating conditions) on performance parameters of the system 

such as exergy efficiency and cost are reported between the base case condition results and 

optimum condition results.  

5.2.1 Model validation 

In this section, the result of current study is compared and validated with previous studies 

in the literature. To ensure accuracy of the modeling of the proposed system, the synthesis 

gas composition model results are compared with experimental research conducted by 

Zainal et al. [184]. The present model results for the synthetic gas composition are 

compared with the experimental results in Table 5.2. Table 5.2 indicates a comparison 
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between component percentages of syngas produced after gasifier obtained in this study 

with those reported by Zainal et al [184].  

Table 5.2 Model validation for gasifier 

Species Zainal et al. [184] Present work 

H� 21.06 18.54 CO 19.61 20.4 CH) 0.64 0.74 CO� 12.01 11.32 

N� 46.68 45.55 

 

The root mean square error (RMSE) value expressed in equation 5.5 is evaluated between 

the current model and previous works in the literature for examining the accuracy of our 

model. The lower the RMSE, the higher is the validity. 

M¯-o = #+e ∑ �ouCO��lOJ�OD l�DO*i − ����OJ� ¯�DO*i!�ei�+                               (5.3) 

Moreover for validation of V-Cl cycle the data from Balta et al. [141]  is used. Table 5.3 

demonstrates a great accuracy between the reference and presented model. Moreover, 

Figures 5.7, 5.8, and 5.9 present a comparison between parametric study results of V-Cl 

cycle in this study in comparison with Balta et al [141]. 

 

Fig. 5.7 Comparative assessment of present study model with the model of Balta et al 
[146] 
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Figure 5.8 Variation of required heat in step 1 versus temperature compared to results of 
Balta et al [146]   

 

 

Figure 5.9 Variation of required heat in step 2 versus temperature compared to results of 
Balta et al [146] 



 

92 

 

 

Figure 5.10 Variation of required heat in step 3 versus the temperature compared to 
results of Balta et al [146] 

5.2.2 Base case condition results 

In this section the result for vanadium-chlorine cycle and its integrated cycle is presented. 

First, as presented in Table 5.3, thermodynamic properties of each state point is obtained 

in the base case condition for the integrated system. State points 11-21 belongs to the 

thermochemical cycle where 11 to 13 belongs to the step 1 of the cycle, 14-17 belongs to 

the step 2, and 18-21 belongs to the step 3 of V-Cl thermochemical cycle. Results regarding 

the exergy and cost analyses for overall system and system’s components are also presented 

in this section. Moreover, a parametric study regarding the integrated system is presented 

while a comparative parametric study between the base condition and optimum condition 

results will be presented after optimization section. With energy and exergy analysis of 

Brayton cycle and V-Cl cycle, exergy destruction rates are obtained. Figure 5.11 

demonstrates the distribution of exergy destruction within V-Cl cycle steps. As seen, most 

of the destructed exergy belongs to the step 1 (decomposition) where the required 

temperature is the highest within the cycle and hence, the exergy is destructed with higher 

rate and contributes to more than 74% of the total exergy destruction. Step 2 (chlorination)  
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and step 3 (wet process) each contributes to 20% and 6% of the overall exergy destruction 

in thermochemical water splitting. 

Table 5.3 Thermodynamic properties for each state point of the integrated system 

State # T (K) P (kPa) 
Specific molar enthalpy 
(kJ/kmol) 

Specific molar entropy 
(kJ/kmol.K) 

1 298.2 101.3 -4.366 192.9 

2 613.5 1040 9392 194.9 

3 858.5 94.79 -23433 235.4 

4 1500 1009 38835 223.7 

5 861.4 101.3 17197 230.7 

6 298 101.3 118062 - 

7 298 101.3 8644 198.6 

8 1073 101.3 -69476 232.4 

9 858.5 94.79 -23433 235.4 

10 798 101.3 15657 78.9 

11 798 101.3 5451 52.6 

12 798 101.3 476.3 402.6 

13 373 101.3 2.584 230.8 

14 373 101.3 -236.2 86.85 

15 373 101.3 4.216 211.8 

16 373 101.3 -90.13 193.4 

17 573 101.3 -84.27 206 

18 573 101.3 -103119 47.12 

19 573 101.3 -132506 70.68 

20 573 101.3 8.02 206 

 

For power generation cycle (upper cycle), the distribution of exergy destruction is 

illustrated in Figure 5.12 where combustion chamber has the highest rate, and air 

compressor has the lowest exergy destruction. Air compressor’s inlet and outlet 

temperatures are close to ambient condition and exergy destruction is not significant.  As 

demonstrated, due to the higher temperature of the flows at the inlet and output of 

combustion unit, and higher temperature difference at input and output of the combustion 

chamber, the exergy is destructed the most. Moreover, the gasifier has much lower 

destruction rate since the output is lower temperatures although there is a significant 

difference between the temperature of syngas and the biomass in outlet and inlet, 

respectively. 
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Figure 5.11 Distribution of exergy destruction rate for each step of V-Cl cycle. 

 

 

Figure 5.12 Exergy destruction rate distribution for components of power generation cycle.  
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Figure 5.13 Levelized capital cost rate for main components of the integrated cycles. 

 
When it comes to economic analysis, it is important to obtain the levelized capital cost rate 

for the components. Figure 5.13 presents the levelized capital cost for the integrated cycle 

where the major cost rate relates to gas turbine with 84 $/h followed by the air compressor 

with 38 $/h and the thermochemical cycle with 32 $/h. on the other hand, Figure 5.14 shows 

exergy efficiencies for main components of the integrated system.  

5.2.3 Sensitivity analysis 

The effect of some operating conditions on the performance of thermochemical cycle and 

the integrated system is also studied in this section. Figure 5.15 indicates the effect of 

ambient temperature on overall exergy efficiency of the integrated system. As shown, when 

ambient temperature increase from 10 °C to 30 °C, in the base case condition, the exergy 

efficiency increases by almost 0.8% and reaches 52.8%. This change is due to the second 

law of thermodynamics and the temperature of the environment as reference temperature 

used in the exergy analysis so that the increment in ambient temperature affects the exergy 

destruction during heat transfer in all three steps of V-Cl cycle and hence, affects the exergy 

efficiency of the overall cycle.  
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Figure 5.14 Exergy efficiency of  main components of the integrated system 
 

 

Figure 5.15 The effect of ambient temperature on the overall exergy efficiency of  the 
integrated system. 
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On the other hand, energy efficiency slightly decreases by an increase in ambient 

temperature. This is due to the change in the quality of air enters the compressor and 

gasifier and a reduction in power output of turbine which is slightly more than the reduction 

of the power consumption in the compressor.  

In another parametric study, the effect of biomass flow rate to the gasifier on both exergy 

efficiency and total cost rate of the integrated system is investigated. As demonstrated in 

Figure 5.16, biomass mass flow rate is inversely correlated with overall exergy efficiency 

of the integrated system where it is directly correlated with the total cost rate. So it can be 

perceived that the lower biomass flow rate, the lower total cost rate and higher exergy 

efficiency. The negative effect of biomass mass flow rate on exergy efficiency I related to 

more entropy generation as a result of higher biomass flow rate. This causes an increase in 

the total exergy destruction rate and a decrease in overall exergy efficiency of the integrated 

system.  

 

Figure 5.16 The effect of biomass flow rate on the overall exergy efficiency and cost of  

the integrated system. 
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However, since the production scale of power and hydrogen is important based on the plant 

design and other factors, the biomass mass flow rate usually has a limiting boundary. Here 

when it changes from 0.8 to 1.5 kg/s, the exergy efficiency varies from 56% to 48%, and 

the total cost rate varies from 6.7 to 7.6 $/GJ.  

Another factor affecting the energetic and economic performance of the integrated system 

is gasifier temperature. Figure 5.17 presents the variation of exergy efficiency and total 

cost rate of the integrated system with the gasifier temperature. As seen when gasifier 

temperature varies from 700 to 900 K, the exergy efficiency very slightly decreases 54.6% 

to 54.4% from 58.5 to 55.2 while the total cost also decreases slightly from 7.22 to 7.02 

$/GJ. The higher the temperature of gasifier, the higher the exergy destruction and and the 

lower the exergy efficiency. However, the change in exergy efficiency is not very 

significant according to the fact that the higher inlet temperature of combustion chamber 

and gas turbine increases the work output in Brayton which compensate some part of the 

decrease associated with the exergy loss and entropy generation.   

 

Figure 5.17 Effect of gasification temperature on the overall exergy efficiency and cost of  
the integrated system. 
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The effect of turbine inlet temperature (TIT) as another decision variable for the integrated 

system is also investigated. As demonstrated in Figure 5.18, when turbine inlet temperature 

increases from 1500 to 1600 K, the exergy efficiency increases from 52.7% to 55.1%, and 

total cost per unit of exergy also increases from 7.1 $/GJ to 41.4 $/GJ. The higher 

temperature in turbine inlet results in higher difference in enthalpies in inlet and outlet of 

turbine with the same mass flowrate and hence, the higher power generation when in turn, 

results in higher energy and exergy efficiency of the Brayton sub-cycle and also improves 

the hydrogen production rate in V-Cl cycle by increasing the quality of heat supplied to 

step 1 of the cycle. Therefore, the overall exergy efficiency increases. On the other hand, 

when temperature goes above 1550 K, due to the sharp change to capital cost rates of 

components such as gas turbine, combustion chamber etc., the total cost per unit of exergy 

increases drastically to 41.4 $/GJ. Hence, an optimization is needed to find an optimum 

point to tradeoff between cost and efficiency with respect to turbine inlet temperature.  

 

Figure 5.18 Effect of turbine inlet temperature on the overall exergy efficiency and cost 
per unit of exergy of the integrated system. 

Figure 5.19 indicates the effect of turbine inlet temperature on exergy efficiency and exergy 

destruction rate of the integrated system. As shown the exergy destruction decreases by 
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increment in turbine inlet temperature due to the higher power generation in the turbine 

which is higher than the increase in entropy generation in the process of power generation.  

 

Figure 5.19 Effect of turbine inlet temperature on the overall exergy efficiency and 

exergy destruction rate of the integrated system 

The last parameter to be investigated in Brayton pressure ratio (PRc) which is a working 

condition for the Brayton sub-cycle. As shown in Figure 5.20, as the Brayton pressure ratio 

increases, the exergy loss increases as a result of the higher difference in input and output 

entropy values due to the higher pressure differences. This lowers exergy efficiency. As 

shown, by increasing Brayton pressure ratio from 6 to 12, the exergy efficiency of the 

overall integrated system decreases from 59.2% to 52.9%. Also, in this range of pressure 

ration, total cost per unit of exergy of the integrated system also increases due to the higher 

pressure difference and the need for compressor and turbines with more numbers of blades 

to compress the air to the desired pressure according to the pressure ration. As shown, the 

total cost per unit of exergy of the integrated system increases from 6.9$/GJ to 10.9 $.GJ 

by increment of Brayton pressure ratio from 6 to 12.  
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Figure 5.20 Effect of Brayton pressure ratio on the overall exergy efficiency and cost per 

unit of exergy of the integrated system 

5.2.4 Multi-objective optimization results 

As presented in the previous section, exergy efficiency, cost and envioronemntal impact of 

the integrated system change in contradiction with each other with changing operating 

conditions. As for our analysis, the three objective needs to be satisfied in an optimum 

point. In this section results for the tri-objective optimization of the integrated system is 

presented. Results are visualized in three dimention and two dimention search space and 

presented. Moreover, the comparison of the optimum results with the result of base case 

condition is also reported. Finally, a comparative parametric study between the best case 

condition from optimization results and base case condition for variation of operating 

condition is presented.  Figure 5.21demonstrates the three-dimensional Pareto frontier for 

the proposed renewable-based energy system for hydrogen and power production. 

Moreover, Figure 5.22 shows the dimensionless (mean normalized value) optimized points 

for the proposed system in which the exergy efficiency, unit product cost, and emission are 

selected as optimization objectives. 
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Figure 5. 21 Pareto frontier for three objective functions 

 

Figure 5.22 Dimensionless Pareto frontier for three objective functions 
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According to Table 5.4, which indicated the point descriptions of Figures 5.21 and 5.22, if 

the efficiency is the sole objective to be optimized in the system, the maximum efficiency 

can reach 60.88%. With the same approach, the minimum cost and emission may reach 

5.69 ($/GJ) and 14.29 (g/kWh) when they are sole objectives. The ideal point is the point 

that satisfies all the objectives at the same time within the working condition of the system 

determined by the boundaries of the operating conditions and system parameters. Hence, 

the ideal point which is shown by purple star in Figure 5.21 and Figure 5.22, is the point 

that satisfies all the objectives at the same time within the working condition of the system 

determined by the boundaries of the operating conditions and system parameters.  

Here, the ideal point in Figure 5.21, is the point with exergy efficiency of 60.88%, cost of 

5.69 $/GJ, and emission of 14.22 g/kWh. For better identification of solution on this 3D 

Pareto frontier in the search space, the variation of values for environmental impact is 

represented by color variation from blue to yellow as shown in figures.   

The closest point to the ideal point is selected as the best solution point that gives 

efficiency, emission, and unit product cost as 60.45%, 14.46 (g/kWh) 6.36 ($/GJ), 

respectively. This best point is selected from the non-dominated solutions on the Pareto 

frontier.  

Table 5.4 Description of the different points on the Pareto frontier 

Description ø0=  3,�N! 3&�N! l� Gi8£<cc  �Æ' ! 

Exergy 

efficiency 

(%) 

CO2 Index 

(g/kWh) 

Cost rate 

($/GJ) 

Best Point 5.87 715.04 1517.62 0.79 60.45 14.46 6.36 

 Max Efficiency 6.17 685.27 1621.03 0.81 60.88 14.41 8.02 

Min Emission 5.56 770.42 1567.48 0.79 60.29 14.22 8.07 

Min Cost Rate 5.65 715.84 1605.86 0.77 60.14 14.63 5.69 

 

Moreover, Figures 5.23 and 5.24 illustrate the projection of the 3D Pareto Frontier on the 

different surfaces. Figure 5.23 shows the 3D Pareto Frontier's projection on the surface 
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with cost and the exergy axis. According to this figure, it can be obtained that the point 

which has a low CO2 index (blue points) has a higher total cost rate. In addition, the yellow 

points, which have a high level of CO2 index, are crowded around the total cost of 5.7 $/GJ 

and the exergy efficiency of 60.2%. Figure 5.24 demonstrates the projection of the Pareto 

Frontier on the surface of emission and efficiency. According to this figure, the correlation 

of the total cost rate with the exergy efficiency and CO2 index is interesting. The points are 

closed to the ideal point of CO2 index, and the exergy efficiency will have a higher total 

cost rate. This means that the total cost rate may produce a Pythagorean triple with the two 

other parameters. Figure 5.25 illustrates a fitted surface to the Pareto Frontier of the exergy 

efficiency, total cost rate, and CO2 index. Using this figure, a correlation for the objectives 

can be determined. This correlation relates to the optimum value of these three objectives 

for the proposed system. As it was predicted, the objectives have a second-degree 

correlation.  

      

Figure 5.23 Two-dimensional projection of 3D Pareto frontier on cost and exergy 
efficiency surfaces  
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Figure 5.24 Two-dimensional projection of 3D Pareto frontier on emission and exergy 
efficiency surfaces 

 

 

Figure 5.25 The fitted surface on the three-dimensional Pareto frontier 
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Furthermore, in order to see the distribution of the design parameters in their allowable 

domain is shown in Figure 5.26 as well as it is given in Table 5.5. Also, Table 5.5 

summarizes the best value of the parameters in their domain in its last column with respect 

to each parameter’s upper and lower bonds as boundaries for the operating condition of the 

integrated system.  

 

Figure 5.26 scatter distribution of the design parameters. 

 

Figure 5.26 demonstrates the scattered distribution of decision variables with population 

in Pareto frontier. As shown, the search has been performed more in the lower values of 
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biomass mass flow rate, compressor pressure ration, and gasification temperature. This 

observation means that a decrease in these parameters leads to the better optimization 

results. For example, a decrease in these design parameters leads to improvement for both 

objective functions in multi-objective optimization. 

Table 5.5 Domain of the design parameters and the best value in their domain 

Parameter 
Upper and lower 

bounds 

Pareto/Optimum 

points range 
Best point value 

PRc 6 – 12 6 – 6.7 6 

Tg (K) 700 – 900 700 – 858 715 

T3(K) 1500 – 1600 1500 – 1600 1517 

mbiomass (kg/s) 0.8 – 1.5 0.8 – 0.96 0.8 

5.2.5 Comparative parametric study   

In order to carry out an investigation on the effect of the parameters on the system, the 

effect of performance indicators on the objectives of this study as environmental impact, 

exergy efficiency and total cost is investigated in this section. For better understanding of 

the optimization results and the significance of them, a parametric study has been carried 

out in a comparative manner where results of the base case condition are compared with 

the best point condition. Hence, for parametric study, one of the operating conditions 

changes within a descent range where the rest of parameters are constant in both base case 

and optimum set of parameters. 

5.2.5.1 Effect of pressure ratio  

Compressor’s pressure ratio is an operating condition which affects the performance of 

energy systems where power is generated. According to Figure 5.27, increment of pressure  

ratio results in lower exergy efficiencies. As shown, when the pressure ratio varies between 

6 to 12, the exergy efficiency of the integrated system changes from 57.5% to 51% in base 

case condition and from 59.45% to 53% in the optimum condition, respectively. Moreover, 

Figure 5.28 shows the effect of pressure ratio on the CO2 index which is the indicator for 

environmental performance of the integrated system. 
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Figure 5.27 Effect of pressure ratio on the exergy efficiency in optimized and base case 
condition. 

 

As shown, by increasing the pressure ratio from 6 to 12, the CO2 index changes from 14.5 

to 16 g/kWh in the base condition and from 15.2 to 17.2 g/kWh for the optimum condition.   

 

Figure 5.28 Effect of pressure ratio on the CO2 index in both optimized and base case 
condition 
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One of the other objectives of this study is the total cost of the integrated system. The total 

cost of the integrated system is comprised of the levelized cost rate of every component 

within the system and also the cost of fuel and material streams which is determined in 

chapter 4. Here, as shown, Figure 5.29 presents the variation of total cost with the change 

in pressure ratio. As seen, the total cost increases from 6.6 $/GJ to 8.3 $/GJ when pressure 

ratio changes from 6 to 12. The increase in pressure ratio requires more work of compressor 

and hence more stages of compression in compressors which requires more material and 

higher cost. This change in the total cost rate is the same for both base case condition and 

optimum case conditions.  

 

Figure 5.29 Effect of pressure ratio on the total cost rate in both base case and optimum 
conditions 

5.2.5.2 Effect of biomass mass flow rate 

One of the other parameters affecting the system’s performance is biomass flow rate which 

is basically the input of the system along with air entering gasifier. Biomass flow rate 

affects syngas production and biomass to air ratio and the quality of syngas. This change, 

in turn, affects the energy and exergy content of the syngas stream and shows it effect in 

cost, exergy efficiency and also environmental performance of the integrated system. 
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Figure 5.30 indicates the effect of biomass mass flow rate on the exergy efficiency of the 

integrated system both in base case and optimum conditions. As shown, an increment in 

biomass flow rate from 0.8 to 1.5 kg/s results in a decrement in exergy efficiency from 

56% to 48% in base case condition and from 58% to 53% in the best case condition. As 

shown, biomass mass flow rate affects the system in base case condition more sharply than 

the case of when system operates in its optimum condition. The more of biomass in gasifier 

results in more gas flow rate and change in quality of syngas in which is not in favor of 

exergetic performance.  

 

Figure 5.30 Effect of biomass mass flow rate on the exergy efficiency of the integrated 
system in both base case and optimum conditions. 

 

Moreover, as demonstrated in Figure 5.31, an increase in biomass mass flow rate causes 

an increase in total cost of the integrated system. As shown, when the mass flow rate 

changes from 0.8 to 1.5 kg/s, the total cost rate changes from 6.86$/GJ  to 7.5 $/GJ. The 

last but not the least, the effect of biomass mass flow rate on the environmental impact of 

the system is indicated in Figure 5.32.  
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Figure 5.31 Effect of biomass mass flow rate on the total cost rate of the integrated 
system in both base case and optimum conditions 

 

Figure 5.32 Effect of biomass mass flow rate on the CO2 index of the integrated system 
in both base case and optimum conditions 
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As shown, the biomass mass flow rate is directly correlated with the CO2 index of the 

integrated system in a way that by changing the flow rate from 0.8 to 1.5 kg/s, the CO2 

index varies from 15.2 to 17.6 $/GJ for the base case condition and from 14.8 to 16.6 $/GJ 

for the case of optimum condition, respectively.  

5.2.5.3 Effect of Gasifier temperature 

The temperature of gasifier is the other important condition which needs to be taken into 

account for the parametric study. In this part, the effect of gasification temperature (Tg) on 

the overall performance of the integrated system is studied. Gasification temperature also 

plays an important factor and affects the quality and quantity of syngas by changing the 

conversion ratio of biomass to syngas. By changing the syngas quality, gasification 

temperature affects the overall exergetic performance of the system as well as 

environmental impact and economic performance.   

 

Figure 5.33 Effect of gasification temperature on exergy efficiency of the integrated 
system in both base case and optimum conditions. 
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Figure 5.34 indicates the effect of gasification temperature on the overall exergy efficiency 

of the integrated system. As shown, gasification temperature doesn’t have a significant 

effect on exergy efficiency and causes a slight decrease in both base case and optimum 

condition. As seen, when the temperature varies from 700 to 900 K, the exergy efficiency 

of the base case condition varies from 52.8% to 52.7% in the base case condition while it 

changes from 58.1% to 58% in the optimum condition.  

Moreover, when it comes to the total cost rate of the integrated system, gasification 

temperature is also a factor.  

 

Figure 5.34 Effect of gasification temperature on the total cost rate of the integrated 
system in both base case and optimum conditions. 

 

Figure 5. 35 demonstrates the effect of gasification temperature on the total cost rate of the 

integrated system. As shown, when gasification temperature varies from 700 to 900 K, the 

total cost rate decrease slightly from 6.86 $/GJ to 6.81$/GJ. This change over time affects 

the capital cost of the system although it’s not too big. However, this point needs to be in 

kind that the gasification temperature cannot exceed a practical limit since operation in 

high temperatures has material and design limitations for the components of the system 



 

114 

 

 

Figure 5.36 Effect of gasification temperature on CO2 index rate of the integrated system 
in both base case and optimum conditions. 

 

For the case of environmental impact, gasification temperature causes an slight increase in 

CO2 index. As indicated in Figure 5.36, when temperature increase from 700 to 900 K, the 

CO2 index increases slightly from 14.7 to 14.8 $/GJ for the case of optimum condition and 

from 16.5 to 16.7 $/GJ for the case of base case condition.  

5.2.5.4 Effect of turbine inlet temperature 

In this section, the effect of turbine inlet temperature on the objective parameters of the 

system including exergy efficiency, environmental impact and cost rate is investigated. 

Turbine inlet temperature is an important thermodynamic parameter of the system which 

affects the system efficiency. Figure 5.36 indicates the effect of turbine inlet temperature 

on the overall exergy efficiency of the integrated system. By changing the turbine inlet 

temperature from 1500 to 1600 K, exergy efficiency increases in both base case and 

optimum case conditions. This effect can be described by the fact that the higher 

temperature of the exhaust gas in turbine inlet increases the power generation in turbine 

where the power consumption by compressor remains the same.  
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Figure 5.36 Effect of turbine inlet temperature on the exergy efficiency of the integrated 
system in both base case and optimum conditions. 

 

 

Figure 5.37 Effect of turbine inlet temperature on the exergy efficiency of the integrated 
system in both base case and optimum conditions. 

 



 

116 

 

The other effect of the turbine inlet temperature is on total cost rate of the system is 

illustrated in Figure 5.37. As seen, the total cost rate of the integrated system increases 

drastically by the increase in turbine inlet temperature.  

This shows that the lower the turbine inlet temperature, the better the economic 

performance of the system. Finally, the effect of turbine inlet temperature on the CO2 index 

is indicated in Figure 5.38. This figure shows that the turbine inlet temperature is inversely 

correlated with the CO2 index where the index goes down from 14.9 to 13.9 g/kWh for the 

optimum condition and from 17 to 15.8 g/kWh in the base case condition.  

 

Figure 5.38 Effect of turbine inlet temperature on the CO2 index of the integrated system 
in both base case and optimum conditions. 

5.2.6 Comparison with previous studies in the literature 

In this section, main results of this study is compared to the work of Sadeghi et al [27] in 

which hydrogen and power production is investigated incorporating a Cu-Cl cycle, Solar 

tower power tower, gas turbine and steam turbine unit, and a thermal energy storage unit. 

As illustrated in Figure 5.39, in terms of economic competitiveness, this work offers lower 

cost for unit of exergy equal to 6.36 $/GJ in the optimum condition in comparison with the 

unit exergy cost of 11.94$/GJ reported in the study of Sadeghi et al [27]. The main reason 
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for this difference can be associated to the higher cost of solar heliostat field and solar 

tower for heat supply compared to biomass gasification unit. Moreover, in terms of 

efficiency, the overall exergy efficiency for the Cu-Cl integrated system was reported to 

be 50.1% whereas in this study, in the optimum condition, the overall exergy efficiency 

equals to 60.88%.   

 

Figure 5.39 Exergy efficiency and specific exergy cost of the integrated thermochemical 
cycle system in the present study in comparison with the study of Sadeghi et al [200].  

 
Figure 5.40 presents a comparison between the exergy efficiency of this work in 

comparison with recently published papers on integrated thermochemical cycles. The name 

of integrated systems are presented through the type of cycle and the source of energy in 

the figure. As seen, V-Cl biomass which is the present study offers the highest exergy 

efficiency for two reasons: first, the higher exergy efficiency of three-step vanadium-

chlorine thermochemical cycle, and second for lower working temperature of this cycle 

and lower exergy destruction within integrated system’s components.  Bars representing 
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systems where the source of energy is renewable (such as solar energy and biomass energy) 

are illustrated in green and the bar representing nuclear-bases Cu-Cl cycle is illustrated in 

blue according to the color coding of hydrogen produced. Data are obtained from literature 

[172-179]   

 

 

Figure 5.40 Exergy efficiency of the integrated thermochemical cycle system in this 
study vs previous studies in the literature. 

Another important parameter in hydrogen production systems is the cost per mass of 

hydrogen. Results of present study gives the hydrogen production cost of 3.42 $/kg whereas 

the cost of hydrogen from wind electrolysis is 4.5 $/kg via the current technology reported 

by DOE. The DOE target for hydrogen production cost is 2$/kg.H2 Also, in terms of 

emission, the embodied emission for wind and PV technologies are reported to be higher 

than that of biomass in almost every scenario. Hence, by conducting a LCA study on the 

current system considering embodied cost, the priority of presented system can be shown.  

To sum up, for sustainable and faster development of green hydrogen production through  

integration of thermochemical cycles, all possible clean sources of energy can be taken into 

account considering the existing infrastructure and available sources/technologies. In areas 

where nuclear power plants are already in place and running, especially in location where 
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solar irradiation is low, taking advantage of nuclear waste heat for purple hydrogen 

production is promising for steady hydrogen production. In places where solar irradiation 

intensity is high, taking advantage of two-step thermochemical cycles integrated with solar 

heat is promising where advanced solar reactors for concentrated solar thermal energy 

supply are available.  

5.3 Hybrid Sulfure Cycle Results  

In this section, results of  the study on HyS cycle is represented including some parameteric 

analysis on the effect of important parameters on cycle’s efficiency and separation 

performance.  

5.3.1 Effect of acid concentration  

The thermal energy demand for separating water from sulfuric acid is proportional to the 

fraction of water at the inlet of the concentrator as shown in Figure 5.41. The required 

thermal energy is directly correlated to the concentration of acid in electrolysis step which 

is best at 70 wt% with respect to the lower heating value of hydrogen (LHV of H2). 

 

Figure 5.41 Variation of heat load of concentrator with electrolyzer acid concentration 
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In the 50 wt% case, the required thermal energy is approximately of that of the LHV, where 

the concentrator implies 50% efficiency without any heat consumption in other 

components. Later, effects of input and output acid concentration, electrolyzer acid 

concentration and decomposer input concentrator on the cycle overall efficiency are 

estimated. 

5.3.2 Effect of decomposer temperature and pressure 

The effects of the decomposer pressure on cycle efficiency are shown in Figures 5.42, 5.43 

and 5.44. As shown in Figure 5.42, energy efficiency of the HyS cycle is favored in lower 

pressures when the temperature is set to be 1100 K. However, for the range 1100 to 1200 

K of decomposer temperature, higher efficiency is attainable in a lower pressure just in 

case that electrolyzer acid concentration is equal to 50 wt% or less. For concentrations 

above 50 wt.%, 10 to 20 bar gives the best efficiency. As seen, the loss in efficiency is not 

large at high temperature of 1200 K compared to that at lower temperatures of 1000 to 

1100 K. Therefore, high pressure operation, which can minimize capital investment, would 

be favored at high operating temperature. In a real electrolyzer, there would be a physically 

limiting acid concentration, and we could not expect a linear increase in efficiency.  

 

Figure 5.42 Variation of cycle efficiency with acid concentration (T=1000K) 
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Figure 5.43 Variation of cycle efficiency with acid concentration (T=1100K) 

 

Figure 5.44 Variation of cycle efficiency with acid concentration (T=1200K) 
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There is room for efficiency enhancement through developing advanced electrolysis 

methods. For example, if a reduced electrode potential around 70% of original 

experimental value can be provided by an advanced technology, the cycle efficiency can 

be predicted to reach 57% based on LHV.   

5.3.2 Effect of electrode overpotential 

As shown in Fig. 5.45, as the electrolyzer acid concentration increases, the cycle efficiency 

increases. In a real electrolyzer, there would be a physically limiting acid concentration, 

and we could not expect a linear increase in efficiency. There is room for efficiency 

enhancement through developing advanced electrolysis methods. For example, for 

electrode potential of 70% in case it is provided in experiment, energy efficiency of 57% 

is attainable on LHV basis. As shown in Figure 5.45, there is approximately 1% efficiency 

increment for every 3% decrease in the electrode potential. 

 

Figure 5.45 Effect of electrode potential on cycle efficiency to. 

Based on currently available experimental data for the electrode potential, 50.5% appears 

to be the best cycle efficiency and is attained at 10 bar, 1200 K, and 60 mol% of H2SO4 for 

decomposer, and 60 wt% of H2SO4 for electrolyzer. For a 1100 K decomposer temperature, 
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the optimized efficiency is 45.3%. But, there is much room for further efficiency 

enhancement by reducing electrode potential, since the theoretical value is only 15% of the 

experimental value. Every 3% reduction in the electrode potential would give 1% increase 

in the cycle efficiency. The major factors that can affect the cycle efficiency are reducing 

the electrode overpotential and finding structural materials that can operate at high 

temperature and high acid concentration. 

Table 5.6 HyS cycle efficiency under different operating conditions in comparison with 
the work of Jeong et al [190]. 

ø9;=�K#�! 39;=�N! �9;=�l�*%! �;¢;=�§�%! �;e�%! �;e�%! [183] �;��%! 

1 1000 60 70 38.6 37.6 39.4 

10 1100 60 60 47 45.3 48.3 

10 1200 60 60 51.2 50.5 52.7 

 

The maximum efficiency is obtained as 52.5% under the conditions of 10 bar and 1200 K 

for the decomposer. Summers and Gorensek [103] also obtained a net thermal efficiency 

of over 50% considering higher heating value in their work. In the present study, an 

efficiency of 51.2% based on LHV is achieved by a modified flow where internal heat 

recuperation is maximized and optimal flow variables are considered. 
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Chapter 6: Conclusions and Recommendations 

In this chapter, the major outcomes, results, and findings obtained from this thesis are 

briefly described. Based on these findings, recommendations for future studies are also 

provided for future studies. 

6.1 Conclusions 

In this study, three thermochemical cycle including two from chlorine family (Fe-Cl and 

V-Cl) and one from sulfur family (HyS) are studied, the literature review for each of the 

cycles, including recently published studies, are presented, and efficiency evaluations with 

respect to energy and exergy analyses are performed. According to the literature review 

and the obtained data from both literature and preliminary evaluations, vanadium-chlorine 

cycle is selected for further study and integration with a renewable energy source. 

Therefore, an integrated system of vanadium-chlorine thermochemical cycle with a power 

generation unit running by biomass gasification for hydrogen and power production is 

proposed and analyzed from the perspectives of thermodynamics, economics and 

environmental impact. The integrated power and hydrogen production cycle is optimized 

using evolutionary algorithm using the Matlab software package with three objective of 

higher exergy efficiency, lower cost and lower environmental impact.  Some of the main 

outcomes of this study are summarized below. 

 Investigation of a four-step Fe-Cl cycle using Aspen plus software indicated that in 

hydrolysis reaction, an increase in temperature and water/FeCl2 ratio, results in an 

increase in magnetite production and a decrease in hydrogen production. On the 

other hand, the reverse deacon reaction is favored in the higher temperatures, lower 

pressures and higher steam to iron-chloride ratios. Fe-Cl cycle has a relatively low 

efficiency. However, due to the abundance and low price of Iron, this cycle 

promises cost competitive hydrogen production via further improvement in cycle 

efficiency.  

 Energy and exergy efficiencies of 34% and 37% are obtained, respectively, for the 

modified and the most up to date version of this cycle.  
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 An analysis of three-step V-Cl cycle resulted in energy and exergy efficiencies of 

42.1% and 74.5%, respectively. This cycle shows a good potential for hydrogen 

production in integration with a suitable renewable energy source. The highest 

exergy destruction rate in this cycle was obtained as 148.5 kJ/mol.H2 for the step 1 

(decomposition). 

 In the base case condition, the overall energy and exergy efficiencies of integrated 

three-step V-Cl cycle with biomass gasification are obtained as 53.2% and 52.6%, 

respectively, while hydrogen is produced with the rate of 23.42 kg/h and power is 

produced with the rate of 885 kW.  Highest exergy destruction of 2910 kJ/mol is 

obtained for the combustion process.  

 Optimum conditions for operation of integrated system are pressure ratio (for 

Brayton cycle) of 5.87, gasification temperature of 715 K and biomass mass flow 

rate of 0.8 kg/s. At this condition optimum values for three objectives of overall 

exergy efficiency, total cost per unit of exergy and environmental impact are 

60.45% , 14.46 g/kWh, 6.36 $/GJ, respectively. 

 The energy efficiency obtained for HyS cycle as 52.1% with maximum working 

temperature of 1200 K, electolyzer acid mass concentration of 60 %, and Pressure 

of 10 bar. 

In addition, results of this study promise the commercialization of the use of algal biomass 

as a sustainable approach in the framework of water-food-energy nexus for sustainable 

hydrogen and power production.  

6.2 Recommendations 

Some recommendations based on the investigations and results of this study are expressed 

for advancement of thermochemical cycles and for enhancing the performance of their 

integrated energy systems.  
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 Experimental investigation of Fe-Cl cycle in order to make it more competitive 

with other well-studied thermochemical cycles such as Cu-Cl and Sulfur-Iodine 

cycles.  

 Integration of Fe-Cl cycle with a renewable energy source or a suitable type of 

nuclear reactors is recommended for further development and industrialization of 

this cycle.  

 Experimental investigation of V-Cl thermochemical cycle to tackle its challenges 

such as low kinetics of reverse Deacon reaction and separation problems for 

increasing efficiency and lowering the cost.  

 Experimental study on Integration of V-Cl cycle with solar or biomass energy is 

recommended.  

 Life cycle assessment of hydrogen production via thermochemical cycles 

investigated in this work is recommended.   
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