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Abstract 

The transition to a sustainable and low-carbon energy future significantly depends on the 

development of economically viable and environmentally sustainable hydrogen production 

pathways. Achieving an optimal balance between economic feasibility and environmental impact 

remains a formidable challenge within the hydrogen sector, particularly in large-scale applications. 

Concentrated solar power (CSP), with its superior efficiency over other renewable sources, offers 

immense yet almost underexplored potential for high-temperature, solar-driven hydrogen 

production. This thesis is dedicated to exploring the integration of CSP in water electrolysis and 

methane pyrolysis, advancing novel design proposals to enhance these solar-powered processes. 

Through a comprehensive comparative analysis, the research highlights each methodôs unique 

advantages and constraints, revealing their roles in fostering a resilient hydrogen economy. 

Moreover, the thesis investigates the potential of hydrogen storage and hydrogen-based combined 

heat and power (CHP) systems for sustainable energy management, with a focused analysis on 

their implementation across the University of Alberta, Alberta, and Canada. This work aims to lay 

a foundation for next-generation solar-driven hydrogen technologies and integrated energy 

solutions, contributing to the broader decarbonization and sustainability goals. 

First, a comprehensive assessment is presented, including innovative designs and evaluation of 

high-temperature solar thermal field integration with proton exchange membrane electrolyzers 

(PEME), solid oxide electrolyzer cells (SOEC), and methane pyrolysis. Through comparative 

evaluation of low- and high-temperature water electrolysis technologies, it was determined that 

the SOEC integration with high-temperature solar thermal field yields a high exergy efficiency of 

74%, with payback periods of less than two years in reversible operation. However, despite 



iii  

 

selecting an optimal working fluid to enhance the operational efficiency of the solar unit and 

conducting a thorough techno-economic optimization, the exergy efficiency of the CSP-PEM 

configuration remained constrained to approximately 18%, with an associated cost rate of $492 

per hour. Additionally, the results indicated a promising round-trip efficiency (RTE) of 49.8% and 

a levelized cost of hydrogen (LCOH) of $1.93/kg for the proposed novel design, which employs 

molten salt as a thermal transfer medium between high-temperature solar thermal fields and 

methane pyrolysis. An exploration of hydrogen incentives in the U.S. and Canada for clean 

hydrogen production indicates that the LCOH could be reduced to as low as $1.28/kg for solar-

based methane pyrolysis through the U.S. incentives. These findings propose a promising 

economic pathway for solar-driven hydrogen production. 

Next, a comprehensive techno-economic assessment was conducted to compare solar-based 

molten salt methane pyrolysis (SMSMP) and solar-based solid oxide electrolyzer cell (SSOEC) 

systems across five geographically diverse citiesðEdmonton, San Antonio, Auckland, Seville, 

and Lyon. The SSOEC system, driven by both electrical and thermal energy, demonstrated a 

significantly higher hydrogen output at equivalent solar capacities, achieving an RTE of 75.2%, 

compared to 40.6% for SMSMP. Despite this, SMSMP achieved a lower LCOH at $2.83/kg, 

outperforming SSOECôs LCOH of $5.34/kg, making SMSMP more cost-effective in regions with 

moderate to high solar potential. Conversely, SSOECôs configuration proved more favourable in 

areas with lower solar availability, with its cost-effectiveness influenced by regional grid carbon 

intensity and electricity pricing. Even with anticipated declines in renewable infrastructure costs, 

SSOECôs LCOH is unlikely to match SMSMP or meet the target of $1/kg, highlighting the need 

for government support mechanisms, such as clean hydrogen tax credits, to enhance the economic 

feasibility of SSOEC systems. 
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In addition, a comparative case study examines SOFC-based CHP and hydrogen internal 

combustion engine (HICE-based CHP) systems using operational data from the University of 

Alberta. Despite higher capital and operational costs for SOFC-based CHP, its potential for 

superior long-term performance and sustainability exceeds that of HICE-CHP, which is limited by 

direct nitrogen oxides (NOx) emissions. Finally, this thesis evaluates the potential of SOFC-CHP 

systems for Alberta and Canada, forecasting market impact, job creation, and greenhouse gas 

(GHG) reduction potential. Results indicate significant benefits, with projected GHG reductions 

of 7.8 million tons in Canadaôs commercial sector and 1.7 million tons in Alberta by 2050, 

alongside substantial job creation and a potential Canadian market size reaching $15 billion. This 

thesis thus positions SOFC-based CHP as the favorable choice for sustainable energy management 

as the technology matures, underscoring the potential of high-temperature solar thermal integration 

and SOFC technology for a resilient hydrogen economy. 
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Chapter 1: Introduction  and Background1 

1.1 Solar energy 

Solar energy has become one of the most widely adopted forms of renewable energy globally, due 

to its scalability, ease of installation, and numerous inherent advantages [8]. However, it faces 

significant limitations when it comes to providing a continuous, stable, and reliable power supply. 

Solar power generation is inherently intermittent, being available only during daylight hours, and 

its output can be highly variable due to factors such as cloud cover and reduced energy levels when 

the sun is low on the horizon. This intermittency, coupled with the mismatch between energy 

production and electricity demand on distribution grids, presents a critical challenge to the 

widespread adoption of sustainable energies [9]. One promising solution to address this issue is 

the integration of energy storage systems, which can store surplus energy generated during periods 

of high solar output and release it during times of peak demand. By enabling a more balanced and 

reliable energy supply, storage technologies play a pivotal role in stabilizing electricity grids and 

promoting the broader use of renewable energy [10]. In addition, among the various solar-based 

technologies, concentrated solar power (CSP) is particularly noteworthy for its ability to deliver 

higher power capacities. CSP systems offer better economic feasibility for larger-scale 

installations, making them an attractive option for utility-scale power generation. As a result, the 

combination of energy storage technologies with high-temperature solar thermal energy has 

garnered significant attention in recent years, particularly in the context of grid-scale energy 

storage solutions that are capable of meeting the growing demand for clean, reliable energy [2,3]. 

                                                 
1 This chapter is partially based on [1ï7]. 
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1.2 Energy storage 

There are various types of energy storage technologies that exist at different scales including 

electrical, electrochemical, mechanical, thermal, and chemical. These systems can be categorized 

into short-term (several seconds to minutes), medium-term (several minutes to hours), and long-

term (several hours to days and months) according to discharge time [11]. Short- and medium-

term energy storage systems can compensate for output fluctuations in just a few hours, while 

long-term energy storage technologies can bridge the gap in a matter of weeks to months [12]. 

Figure 1.1 illustrates different available energy storage technologies based on their storage 

capacity and discharge time. 

 

Figure 1.1: Capacity and discharge time of common types of energy storage systems using the data from references 

[13,14]. 



4 

 

Battery energy storage systems (i.e., Lead-acid, Lithium-ion, Nickel-cadmium, Sodium-sulfur, 

Redox flow, and Hybrid flow) are mostly used as short-term and medium-term storage systems 

[15]. These systems in terms of power and energy density, size, portability, and rapid response are 

used for emergency power devices and also for power quality improvement (voltage and frequency 

adjustment) on grid [12]. Although batteries have high nominal efficiencies, their overall 

performance is 50-55% in grid support programs [16]. This poor performance is due to the need 

for cooling, parasitic loads in power conversion systems, and their self-discharge characteristics. 

Furthermore, batteries can cause environmental pollutions at the end of their lifetime due to the 

use of heavy and toxic metals such as sodium, cadmium, and lead in their construction. The 

production of lithium batteries requires high energy with a carbon footprint, and in large scales, it 

is associated with resource depletion, global warming, biological toxicity, and human health 

problems [14,16]. Another major drawback of batteries for large scale applications is that each 

battery has a fixed storage capacity. On the other hand, the extra generated power of renewable 

energies, which is mostly used as the source for charging of large-scale energy storage systems, is 

variable and needs a more flexible energy storage system than the batteries [16]. 

In addition to batteries, mechanical energy storage systems such as pumped hydro and 

compressed air are the other alternatives for large-scale energy storage. These systems are mature 

and have been developed for many years; however, owing to their dependency on the topology of 

the installed region, their applications are limited to specific geographical conditions. Due to 

slightly increased geographical adaptability, research and development of hydrogen energy storage 

have been recently accelerated to be hybridized with renewable energies [16]. Unlike fixed battery 

storage, hydrogen is more flexible and can be produced with as much as extra power as is available 

in the grid. It also has a high calorific value compared to petroleum products and if combined with 
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fuel cells, it will not emit pollutant gases [17]. Table 1.1 also presents more detailed information 

about the important specifications of various types of energy storage systems. 

Table 1.1: Specifications of some common energy storage systems based on the data from references [12,18]. 

Energy storage 

system 

Power 

rating 

(MW) 

Energy 

density 

(Wh/kg) 

Power 

density 

(W/kg) 

Storage 

duration 

Self-

discharge 

per day 

Discharge 

time 

Response 

time 

Life 

time 

(Years) 

Impact on 

environment 

PHES 100-

5000 

0.5-1.5 -- hrs-months Very 

small 

1-24 hr+ 1-2 min 40-60 Substantial, massive 

zones of natural 

landscapes are 

needed. 

 

CAES 5-300 30-60 -- hrs-months Small 1-24 hr+ 1-2 min 20-40 Emissions from the 

burn of 

hydrocarbons. 

 

HES 0-50 80-10,000 500+ hrs-months 0 Secs-24 hr+ Secs-mins 5-15 Insignificant, 

because a by-

product is water. 

 

Lead Acid BES 0-20 30-50 75-300 Mins-days 0.1-0.3% Secs-hrs Secs 5-15 Lead is so toxic and 

polluting for soil 

and water. 

 

NiCd BES 0-40 50-75 150-300 Mins-days 0.2-0.6% Secs-hrs Secs 10-20 Cadmium is 

poisonous and 

hazardous for health 

and environment. 

 

Sodium-Sulfur BES 0.05-8 150-240 150-230 Secs-hrs 20% Secs-hrs Secs 10-15 Substantial, because 

the liquid sodium 

can react with water 

in the environment. 

 

Lithium BES 0-0.01 75-200 150-315 Mins-days 0.1-0.3% Mins-hrs Secs 5-15 Relatively low, 

affects generally via 

emissions in cell 

production. 

1.3 Hydrogen energy 

As the first element on the periodic table, hydrogen is known as the most abundant, simplest, and 

lightest component in the universe. It can be found in water and organic composites and has the 

greatest energy per mass among fuels [19]. Paracelsus from Switzerland explored that the reaction 

between sulphuric acid and iron resulted in the gas formation in the 16th century [20]. Then, in the 



6 

 

17th century, Myelin stated that hydrogen can burn. Robert Boyle could produce hydrogen by a 

reaction of iron filings and dilute acids in 1761. Then, in 1776, Henry Cavendish recognized that 

hydrogen is an exceptional substance and due to critical discoveries that he reported in his article 

he is known as the explorer of hydrogen [21]. In 1788, Antoine Lavoisier called this element 

ñhydrogenò from a Greek root of ñhydroò meaning water. In 1800, Nicholson and Carlisle 

produced hydrogen by means of a water electrolyzer for the first time. In 1839, the first hydrogen-

powered fuel cell was developed by William Robert Grove [21]. Hydrogen-based energy systems 

include four phases of production, storage, safety, and utilization, as shown in Figure 1.2 [21]. 

These phases are explained in the following: 

 

Figure 1.2: Four main phases of hydrogen storage. 

The utilization of hydrogen as one of the most important clean energy carriers has garnered 

substantial interest across diverse applications in recent years [22]. This heightened interest aligns 

notably with the worldwide urgency to mitigate carbon emissions by 2050 [23]. Despite 

advancements in advocating for hydrogen as a sustainable energy carrier, the concurrent 

achievement of economically viable and clean hydrogen remains a significant challenge [24]. In 

response, the United States Department of Energy (DOE) set a hydrogen initiative in 2021, known 
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as the ñHydrogen Shotò, with the objective to reach a clean hydrogen production cost of 1 $/kg H2 

within a decade [25]. This initiative reflects a persistent need to enhancing the affordability and 

availability of this crucial energy source, which can lead to expansion of hydrogen economy and 

economic benefits for the US and other countries [25]. It is projected that a reduction in the 

hydrogen cost will lead to advancement in different sectors of the hydrogen value chain [25]. 

1.3.1 Hydrogen production 

Currently, the predominant method for global hydrogen production is steam methane reforming 

(SMR) due to its competitive hydrogen production cost (1-1.6 $/kgH2) [26]. However, as shown 

in Figure 1.3, the high life-cycle carbon footprint associated with this process (7-13 kgCO2/kgH2) 

makes it inappropriate for large-scale production. Although the introduction of the autothermal 

reforming (ATR) method reduced the life-cycle carbon intensity of hydrogen production by natural 

gas, its environmental footprint remains significant [26]. An alternative approach to curb carbon 

emissions in hydrogen production methods based on natural gas feedstock involves integrating 

carbon capture and storage/sequestration (CCS) units with the existing SMR and ATR 

infrastructure, known as blue hydrogen. This approach can reduce the life-cycle carbon intensity 

to about 2.5-7 kgCO2/kgH2, albeit at the expense of marginal growth in hydrogen cost, 

approximately 0.5 $/kgH2 [26ï29]. Nevertheless, logistical challenges such as transportation and 

the need for dedicated carbon sequestration sites, coupled with potential leakage issues, pose 

significant challenges to its widespread adoption [27]. 
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Figure 1.3: Hydrogen production cost and life-cycle carbon intensity of the main hydrogen production methods [5-

17]. SMR: Steam methane reforming, ATR: Autothermal reforming, CCS: carbon capture and storage/sequestration, 

and RE: renewable energy. 
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Methane pyrolysis is considered to be a powerful competitor to traditional methane reforming 

methods from both economic and environmental standpoints [30]. Its remarkably low electricity 

consumption, coupled with zero direct emissions, results in a hydrogen production cost ranging 

from 1.3-3.4 $/kgH2 [31,32] and a life-cycle carbon intensity spanning from 2.1-4.6 kgCO2/kgH2 

[26,33]. Integration of methane pyrolysis with renewable energy sources further improves its 

attraction, yielding even lower life-cycle carbon intensity levels, between 1.8-2.5 kgCO2/kgH2, 

and subsequent hydrogen prices ranging from 2.4 to 4.5 $/kgH2 [30,34,35]. Notably, there is an 

opportunity for further cost reductions of about 1 $/kgH2 by the development of the carbon market 

as a byproduct of methane pyrolysis [30,32]. 

Another appealing approach to hydrogen production is water electrolysis. Its primary 

drawbacks are the high demands for electricity and water [29]. So, its economic feasibility and 

carbon intensity heavily depend on the sources of electricity used [29]. If grid electricity is utilized, 

both the cost and carbon footprint of hydrogen production are linked to the price and carbon 

emissions of the electricity grid [36]. On the other hand, leveraging renewable energies as the main 

electricity source results in hydrogen with an exceptionally reduced life-cycle carbon footprint, 

normally below 0.5 kgCO2/kgH2 [29,37]. Nonetheless, the significant initial investments required 

for renewable energy installations result in increased hydrogen production costs ranging from 5 to 

9 $/kgH2 in the electrolysis process. This highlights the need to balance environmental 

sustainability with economic concerns in developing clean hydrogen production solutions 

[26,27,36,38].  
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1.3.1.1 Water electrolysis 

During the electrolysis process, liquid water is separated into its elementary components under the 

influence of electricity, for which a detailed modelling procedure is presented in the next section. 

Water electrolysis, because of the ability to benefit from renewable energies and renewable H2O, 

as well as producing pure hydrogen, is a popular approach for hydrogen production. It is also 

capable of using the direct current (DC) power of some of such renewable energy units such as 

solar PV panels, etc. Moreover, water electrolysis has other benefits including high cell efficiency 

and great pure hydrogen production rate, which are special advantages to make hydrogen a 

potential energy carrier and an energy storage method [39]. Today, only 4% of total global 

hydrogen is produced by water electrolysis, but that is expected to significantly increase in the 

coming years with the new initiatives due to the urgent needs for that and the above-mentioned 

advantages for that [40,41]. 

1.3.1.1.1 Proton exchange membrane (PEM) electrolyzer 

PEM technology is one of the popular methods for hydrogen production. In a PEM electrolyzer, 

water is separated into hydrogen and oxygen during an electrochemical reaction, where hydrogen 

and oxygen are produced at the cathode and anode, respectively. Water is pumped to the anode, 

splitting into oxygen (O2), protons (H+), and electrons (e-). The produced protons are moved to the 

cathode by passing through the proton conductive membrane and the electrons are taken from the 

anode side using an external power circuit to provide the required cell voltage of the reaction. 

Finally, the electrons and protons are joined for hydrogen production at the cathode. Common 

materials for PEM electrolyzers include titanium for bipolar plates, platinum-group metals (e.g., 

platinum, iridium) for catalysts, and Nafion membranes as the electrolyte [42]. A schematic of 

what happens in the PEM electrolyzer is displayed in Figure 1.4. 
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Figure 1.4: Schematic of a PEM electrolyzer [1]. 

Considering its ability for operation at higher current densities and quick response to dynamic 

operations, PEM technology has attracted much attention in recent years. The first PEM 

technology was introduced in the 1960s by two chemists in General Electric Company. Then, it 

was developed more to be used in NASAôS Gemini spaceflight [43]. It was also developed further 

in 1966 to overcome the weaknesses in comparison to the alkaline electrolyzer [44]. In PEM water 

electrolyzers, polysulfonated membranes (generally Nafion and Fumapem) are utilized as the 

electrolyte (proton conductor) [45,46]. The PEM electrolyzers have a lot of benefits including high 

efficiency, high proton conductivity and current density, fast response, low thickness, low 

permeability, operation at high pressure and low temperature (20-80 ), compact design, etc. [47ï

49]. From the environmental perspective, PEM electrolyzer is considered a top choice because of 

its ability for ultrapure hydrogen production [49]. The other special characteristic of the PEM is 

its easy balancing, making it a favourable choice for industrial uses. However, the PEM 

electrolyzer has a major drawback of high investment and maintenance costs, which limits the 

applications of the PEM electrolyzer. Therefore, many studies have focused on developing low-

price PEM electrolyzers to enhance their penetration into the commercial markets [50ï54].  
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1.3.1.1.2 Alkaline water electrolyzer (AWE) 

AWE was first presented by Troostwijk and Diemann in 1789 and was developed and used for 

many commercial applications even on large scales (MWh) globally [55ï57]. Like the PEM 

electrolyzer, AWE works at low temperatures (30-100 ) by using the electrolytes with an 

aqueous solution (KOH/NaOH) and a concentration of 20-30%. The major drawbacks of the AWE 

are low efficiency, operation with low pressure, and restricted current density (<400 mA/cm2) [58ï

61]. The details of phenomena that happen in an AWE are shown in Figure 1.5. AWEs typically 

use nickel-based catalysts, stainless steel or nickel-coated steel for electrodes, and a liquid 

electrolyte composed of potassium hydroxide. Firstly, at the cathode side of the AWE, two 

molecules of the solution are broken into two hydroxyl ions (OH-) and one hydrogen (H2). The 

generated hydrogen is removed from the cathode side to re-integrate in a gas form and the OH-, 

using the power circuit, moves between the anode and cathode sides over a porous diaphragm to 

the anode, where being split into half molecule of O2 and an H2O molecule. Finally, the oxygen is 

re-integrated to the electrode surface and release as hydrogen [42,61]. 

 

Figure 1.5: Schematic of the alkaline water electrolyzer [1]. 
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1.3.1.1.3 Solid oxide electrolyzer (SOEC) 

After the introduction of the PEM and AWE, the SOEC was introduced by Donitz and Erdle in 

1980s [55,62]. In recent years, the SOEC has attracted great attention due to its ability to produce 

pure hydrogen with high efficiency [63]. Unlike the PEM and AWE, the SOEC is a high-

temperature water electrolyzer, which operates at a temperature range of 600-900  with higher 

efficiency, and water is injected into it as steam. Generally, the O2- conductors that have been made 

up of nickel/yttria stabilized zirconia are utilized in the SOEC. The SOEC commonly use ceramic 

materials like yttria-stabilized zirconia (YSZ) as the electrolyte, nickel-based cermet for the fuel 

electrode, and lanthanum strontium manganite (LSM) for the oxygen electrode. In addition, with 

further development of this technology in recent years, some ceramic proton conducting materials 

are used in the SOEC systems as well. These materials improve the efficiency because of their 

greater ionic conductivity in comparison with the O2- conductors [64]. Like the PEM and AWE, 

the SOEC has its special disadvantages, the most important of which are the degradation and lack 

of stability [65]. The schematic of an SOEC is presented in Figure 1.6. 

 

Figure 1.6: Schematic of the solid oxide electrolyzer [1]. 
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1.3.1.2 Methane pyrolysis 

In methane pyrolysis reaction, methane cracks into hydrogen and solid carbon and the process 

avoids the production of carbon dioxide (CO2). This process produces several types of carbon as 

a by-product, including carbon black, graphitic carbon, carbon nanotubes, carbon nanofibers, etc., 

which vary based on the process conditions and catalysts used [66]. The produced carbon can be 

effectively separated and sold as a by-product to be used in different applications. For example, 

carbon black has uses such as in tire and steel industries, concrete, soil, direct carbon fuel cells, 

etc. [66]. Nevertheless, non-catalytic methane pyrolysis requires elevated operating temperatures 

(>1200°C), leading to economically unfavourable hydrogen production [67]. To establish a cost-

competitive hydrogen production process through methane pyrolysis, it is imperative to identify 

an effective catalyst and design a reaction environment characterized by lower temperatures, high 

conversion rates, and a streamlined process for solid carbon removal [68,69]. Extensive research 

has been conducted on solid transition metals as effective catalysts [70ï73]; however, their 

susceptibility to deactivation through coking is a significant challenge. Reactivation of the catalyst 

can be achieved through carbon gasification with O2 [74], H2O [75], or CO2 [76], albeit at the 

expense of undesirable CO2 emissions. Alternatively, coke removal through acid treatment is 

deemed prohibitively expensive [77]. 

An effective new strategy to prevent deactivation by coke involves subjecting methane to a 

liquid catalyst, wherein the catalyst surface undergoes continuous renewal [78]. In this regard, 

methane pyrolysis in molten media emerges as a prospective alternative for facilitating the 

industrial-scale expansion of turquoise hydrogen production [79]. This process takes place in a 

bubble column high-temperature reactor [80]. High thermal conductivity and density of molten 
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media facilitate the attainment of elevated temperatures and enable the continuing separation of 

carbon, thereby enhancing operational feasibility [81]. In addition, the utilization of molten media 

provides the opportunity to catalyze the process in sustained and continuous long-term operations 

[82].  

Two primary categories of molten media utilized in methane pyrolysis are molten metal, which 

includes various alloys, and molten salt. As listed in Table 1.2, molten metals exhibit a sole 

advantage over molten salts, due to their higher catalytic activity [82]. Despite molten salts serving 

as comparatively weaker catalysts for cracking, their economic advantage over metals and lower 

density resulting from heightened intermolecular interactions make them a more cost-effective and 

volumetrically efficient choice for methane pyrolysis [83]. Consequently, the utilization of molten 

salts has the potential to lower the investment costs associated with the methane cracking process 

[84]. Furthermore, carbon contaminated with salt presents a more facile purification process, as 

the salt is readily flushable through dissolution in water [85]. Notably, salts exhibit low vapor 

pressure, thereby mitigating salt evaporationða phenomenon responsible for carbon 

contamination and substantial melting losses [86]. Additionally, the comparatively lower melting 

point of salts, as opposed to metals, decreases the energy demands of the process, consequently 

enhancing the feasibility of large-scale implementation [86]. 

Table 1.2: Comparison of the properties of molten salt and molten metal [86]. 

Properties Molten metal Molten salt 

Cost High Low 

Catalytic activity High Moderate 

Carbon purification Complicated Easy 

Vapor pressure High Low 

Melting point High Low 
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1.3.2 Hydrogen storage 

After hydrogen production, hydrogen storage is the next step which is done by various methods, 

as shown in Figure 1.7.  

 

Figure 1.7: Hydrogen storage methods [87]. 

Physical hydrogen storage is the most common method, in which hydrogen can be supplied as 

either liquid or gas forms. Hydrogen storage in the gas phase needs special storage tanks with the 

capability of enduring very high pressures ranging from 350 to 700 bar. For hydrogen storage in 

the liquid form, considering the extremely low boiling point of hydrogen (-252.87 ) at the 

ambient pressure, cryogenic temperatures are required. The other ways for hydrogen storage are 

absorption (inside solids) and adsorption (surfaces of solids). Most of the existing hydrogen 

storage units use large-volume vessels that are able to supply hydrogen in gaseous form. This is 

not a matter for stationary uses, where the high volume of compressed gas tanks is not a challenge. 

But, the story is completely different for mobile and automotive hydrogen storage applications, 

where the hydrogen storage volume should be as low as possible. Therefore, to meet this 

requirement, research and development of storing hydrogen in special materials have attracted 

great attention. Currently, the metal hydride, sorbent material, and chemical storage of hydrogen 

are some of the available options to be used for hydrogen storage especially in automotive 
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applications [88,89]. However, most of them are not economical at the present. For more 

information on material-based hydrogen storage, you can refer to reference [90]. 

1.3.3 Hydrogen safety 

Like other fuels, hydrogen does have a degree of danger; hence, safety parameters should be taken 

into consideration to avoid the presence of three combustion elements: ignition, oxidant, and fuel. 

Fortunately, hydrogen is non-toxic and much lighter than air, dissipating quickly in case of 

leakage. Actually, the major danger happens when a confined room is filled out with an unnoticed 

leakage, which can cause ignition and explosion. Moreover, hydrogen has some special 

characteristics that need extra engineering monitoring to guarantee its safety. For example, 

hydrogen can flame in a wide concentration range (4-75%) and needs very low ignition energy 

(10% of gasoline). Also, its embrittlement and corrosion properties in case of leakage need special 

attention to the selection of suitable materials [43]. 

1.3.4 Hydrogen utilization 

Naturally, on the production side, as long as the used electricity for hydrogen generation is the 

excess production of renewable plants, it is perfectly in line with sustainability roadmaps. For the 

application part, the produced clean hydrogen can be used for a variety of applications compatible 

with sustainability purposes. This includes using hydrogen as the feed source of fuel cells for 

power generation in stationary and mobile units, using hydrogen as a boosting source of 

conventional combustion processes, injecting that into natural gas distribution pipelines to enhance 

the heating value of the gas and better sustainability, direct combustion of hydrogen for heat or 

cogeneration of heat and power, etc. Figure 1.8 shows a typical way of hydrogen use where it is 

transferred to the residential sector to be used in fuel cells as combined heat and power production 
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units or burned in hydrogen burners for heat supply and hot water production [91]. Another 

example of such typical applications is hydrogen-powered domestic boilers, as shown in Figure 

1.9, recently introduced to the market [92]. In addition, as shown in Figure 1.10, CHP systems can 

also utilize hydrogen internal combustion engines (HICE) for the co-generation of heat and 

electricity. HICEs operate similarly to traditional internal combustion engines, but they use 

hydrogen as the primary fuel, emitting water vapor as the main byproduct, which significantly 

reduces carbon emissions. These systems offer flexibility in fuel type, as some can run on a blend 

of hydrogen and other fuels, making them a transitional solution in the energy transition towards 

full decarbonization [93]. However, despite the advantages, HICE-based CHPs also have certain 

drawbacks. One of the key concerns is the production of nitrogen oxides (NOx) due to the high 

combustion temperatures, which can contribute to air pollution and necessitate the use of 

additional emission control technologies. Additionally, the overall efficiency of HICE systems is 

generally lower compared to fuel cell-based CHPs, meaning more fuel is required to produce the 

same amount of energy [94]. While HICE technology benefits from existing engine infrastructure, 

the need for NOx mitigation and lower efficiency may reduce its competitiveness in the long term 

compared to other hydrogen-powered systems like fuel cells [95]. 

 

Figure 1.8: The use of hydrogen for local heat and power production [91]. 
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Figure 1.9: Hydrogen-fired boiler [92]. 

 

Figure 1.10: Internal hydrogen combustion engine for heat and power generation [93]. 

1.4 Literature review  

The synthesis of renewables and hydrogen production represents a symbiotic relationship, with 

renewables offering emission-free pathways to generate hydrogen, and hydrogen, in reciprocation, 

providing a means for renewables to ensure reliable power generation [23]. While upfront costs 
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associated with renewable energies may exceed those of conventional sources, ongoing 

technological innovations and escalating demand within the energy industry drive down prices 

[96]. Furthermore, the environmental benefits offset these initial expenses. Considering these 

factors collectively, the upcoming integration of hydrogen and renewable energies holds 

significant promise for the future [97]. Within the spectrum of renewable energy resources, solar 

energy has distinguished itself as the most abundant source [98]. As a result, solar-driven hydrogen 

production has emerged as a leading candidate for sustainable energy solutions [98]. Given its 

scalability and environmental benefits, high-temperature solar thermal energy was selected as the 

primary renewable energy source for this thesis. 

For the selection of electrolyzers, after evaluating various electrolyzer technologies, including 

PEM, AWE, and SOEC, the decision was made to focus on PEM and SOEC was based on their 

superior operational characteristics. The AWEs, while more established and less costly, were not 

selected due to their slower response times, lower current density, and challenges in operating 

efficiently at variable power inputsðmaking them less suitable for dynamic renewable energy 

systems. Therefore, PEM electrolyzers were chosen as the preferred low-temperature option due 

to their rapid response times and high efficiency when paired with intermittent renewable energy 

sources, such as solar and wind. Their compact design, ability to operate at higher current densities, 

and simpler system integration further strengthened their selection. SOECs, on the other hand, 

were chosen for high-temperature operations due to their exceptional electrical efficiency and the 

potential for co-electrolysis, which enables the simultaneous production of hydrogen and valuable 

synthetic fuels. This combination of PEM and SOEC technologies provides a versatile and 

efficient approach to hydrogen production, optimized for low and high-temperature applications. 
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The integration of high-temperature solar thermal energy with molten salt pyrolysis offers a 

more efficient and feasible solution for methane pyrolysis compared to other methods. This 

approach leverages molten salt as a shared operating fluid in both methane pyrolysis and heliostat 

solar technologies, providing a cost-effective pathway to low-carbon hydrogen production. The 

renewable, carbon-free heat from high-temperature solar field reduces energy input, while molten 

salts, with their excellent thermal capacity and stability, ensure efficient heat transfer for consistent 

methane conversion into hydrogen and solid carbon without CO  emissions. In contrast, alternative 

methods like plasma or catalytic pyrolysis are less suitable for large-scale use due to higher energy 

demands and infrastructure complexity. On the other hand, maximizing the efficiency of hydrogen 

utilization in energy production represents a critical aspect of the hydrogen value chain. Hence, a 

comprehensive comparison of various hydrogen-based CHP systems for power generation across 

different case studies will also be conducted. 

The literature review of solar-based hydrogen production via water electrolysis and methane 

pyrolysis, along with a detailed comparison of these methods and an analysis of various hydrogen-

based CHP systems across different case studies, will  be discussed in the followings sections: 

1.4.1 Solar based PEM electrolyzer and fuel cell 

Solar and wind fields, due to their easy installation and maturity, are the most commonly used 

types of renewable energies [16]. Among various solar-based technologies, parabolic through 

collector (PTC) is considered an attractive choice for higher power capacities because of its better 

economic feasibility in larger installations. That is why the combination of hydrogen storage 

technology (by means of PEME and PEMFC for production and usage) with the PTC, has attracted 

much attention for grid-scale energy storage in recent years. Indeed, hybridizing a PTC with PEME 

and organic Rankine cycle was introduced by Yuksel [99] for the production of hydrogen, 
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electricity, and cooling capacity. In this work [99], authors could achieve a hydrogen production 

rate of around 0.1 kg/h. The important studies about the combination of the PTC with PEME and 

PEMFC are categorized into five groups, as shown in Figure 1.11. Group (I) relates to the 

thermodynamic and economic analysis of this combination. In this regard, Chitsaz et al. [100] 

analyzed the possibility of integrating PEME with PEMFC from thermodynamic and 

exergoeconomic standpoints. They found that the cost rate of power generation by the PEMFC is 

around 0.001 $/s. Chen et al. [101] proposed a multi-generation system based on PEME, PEMFC, 

PTC, and dual Rankine cycle for coincident production of hydrogen, power, heat, and hot water. 

They reached a maximum energy efficiency of 82% and concluded that the highest exergy 

destruction happens in the PEMFC. Assareh et al. [102] designed and simulated a solar-powered 

combined cooling, heating, and power (CCHP) system based on PEME and PEMFC. Then, by 

optimizing the results, the energy and exergy efficiencies of the CCHP system improved by 22.3 

and 8.6%, respectively. Group (II) includes some studies that have focused on dynamic modelling 

of the solar unit and the design of a proportional integral controller for stabilizing the input current 

to the PEME [103ï105]. There are also two review articles to further study of the benefits and 

challenges of the solar-powered PEME/PEMFC in hybrid concepts at very detailed standpoint. 

These studies are considered as group (III) in Figure 1.11 [106,107]. Group (IV) includes the 

experimental works that have analyzed the feasibility of hydrogen storage by means of solar energy 

and PEME for later use in a PEMFC for peak shaving applications [108ï110]. To elaborate on the 

specific merits of the solar-based hydrogen storage for peak shaving applications, several case 

studies have analyzed real uses in different locations. These studies are categorized as group (V) 

in Figure 1.11. For instance, Ahmadi et al. [111] analyzed the performance of a solar-powered 

PEME coupled with a PEMFC from the transient thermodynamic viewpoint for remote CCHP 
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application in Toronto, Canada. They achieved the total energy and exergy efficiencies of 29% 

and 36%, respectively. Keshavarzzadeh et al. [17] proposed a hybrid system based on  PEME, 

PEMFC, PTC, absorption chiller, and organic Rankine cycle for the case study of Tehran, Iran. 

Performing thermodynamic and economic analyses, as well as a multi-objective optimization, the 

authors in [17] reached an optimum cost rate of 0.058 $/s for their proposed system. De and 

Ganguly [112] proposed a hybrid concept including PTC, photovoltaic, PEME, PEMFC to provide 

thermal and electricity demands of a standalone multi-commodity cold storage system. By 

performing thermodynamic, economic, and environmental investigations for the climate of 

Kolkata, India, the authors in [112] concluded that installing such a system reduces carbon dioxide 

emission 350 tons/year with a payback period of seven years.  

 

Figure 1.11: Graphical review of the literature for the combination of the PTC with PEM electrolyzer/fuel cell and 

the novelties of the present work in Chapter 2 [2]. 
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1.4.2 Solar based SOEC and SOFC 

An additional strategy to reduce the overall cost of green hydrogen production is employing 

advanced efficient electrolysis technologies to convert power to hydrogen with optimal efficiency 

[113]. In this regard, solid oxide electrolyzer cell (SOEC) has emerged as a promising technology 

for stationary and large-scale hydrogen production due to its high efficiency [114]. Compared to 

other alternatives such as alkaline and polymer electrolyte membrane (PEM) electrolyzers, SOEC 

has several advantages: First of all, it operates at high temperatures (over 700 ), which provides 

faster reaction rates and higher efficiencies of up to 80% [115]. This is feasible since high 

temperatures reduce the activation energy for electrochemical reactions, improving efficiency by 

the reduced energy losses [116]. Secondly, SOECs are capable of producing high-purity hydrogen, 

expanding the range of applications for the produced hydrogen [117]. In addition, SOECs have a 

longer lifespan and high durability in comparison to other electrolyzers because of their solid-state 

design [118]. Finally, SOECs can efficiently operate at varying loads and adapt to intermittent 

power generation [119]. This allows SOECs to be easily integrated with renewable energy sources 

such as solar and wind for green hydrogen production [120]. Overall, given the aforementioned 

advantages, SOECs have the potential to play a pivotal role in facilitating the global transition 

towards a low-carbon economy [120]. 

In recent years, several studies have evaluated the feasibility of using SOEC for hydrogen 

production and storage. As shown in Figure 1.12, Nasser et al. [121] proposed a techno-economic 

analysis of hydrogen production by using SOEC and PEM electrolyzers with waste heat recovery 

from the cement industry integrated with the Rankine cycle. They concluded that SOEC produces 

more hydrogen with higher efficiency than PEM electrolyzer in all conditions and temperatures. 

For instance, SOEC produced 37 kg/hr of hydrogen with a total system efficiency of 23.8%, while 
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the PEM electrolyzer produced 27.4 kg/hr of hydrogen with an overall system efficiency of 

14.45%. In addition, the minimum hydrogen production cost for SOEC and PEM electrolyzers 

were 0.88 and 1.55 $/kg, correspondingly. Wang et al. [122] introduced a hybrid hydrogen storage 

system based on SOEC driven by solar photovoltaic (PV) and solar dish collector (SDC). They 

also used molten carbonate fuel cell (MCFC) for conversion of the stored hydrogen to power 

during peak demand times. The proposed system was found to be capable of producing 3.9 kg/day 

of hydrogen with electrical and round-trip efficiencies of 33.6% and 59.1%, respectively. 

Mohammadi et al. [123] proposed a novel design for hydrogen production by using the SOEC, 

powered by PTC and thermal energy storage (TES). They could reach an exergy efficiency of 

26.8% and a levelized cost of 4.43 $/kg for the produced hydrogen at optimal conditions. 

The SOFC is a reversible mode of SOEC and similarly operates at higher temperatures with 

higher reaction rates and conversion efficiency in comparison to other types of fuel cells. The fuel 

flexibility (hydrogen and hydrocarbons) of SOFC makes it an ideal choice for power generation 

by using a variety of available fuels for stationary applications. Many studies have substantiated 

the use of SOFC for power generation during periods of high demand. For instance, Yilmaz et al. 

[124] proposed an innovative schematic for hydrogen production based on a PEM electrolyzer. 

According to their design, a portion of the produced hydrogen was stored as compressed hydrogen 

for later use in SOFC for power generation during peak times, and the remaining hydrogen was 

converted to ammonia for sale. Considering a waste heat recovery unit, they achieved overall 

energy and exergy efficiencies of 61% and 57%, respectively. Zheng et al. [125] proposed and 

investigated a multi-generation system, including PTC, PEM electrolyzer, TES, and SOFC, which 

operates with an efficiency of 67.5%. Performing economic analysis, they concluded that the PEM 

electrolyzer is the most expensive component of their hybrid system and determined that the 
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system has a payback period of over 9 years. Wang et al. [126] proposed a novel solar-powered 

reforming unit for methanol production that incorporates a SOFC to generate power during peak 

times using the stored methanol as fuel. They achieved a maximum energy efficiency of 93% and 

48% in summer and winter, respectively.  

 

Figure 1.12: Graphical literature review about the use of SOEC, SOFC, or combined SOEC and SOFC for 

hydrogen production/usage and presentation of the novelties of this study. SOEC: Solid oxide electrolyzer cell; 

SOFC: Solid oxide fuel cell; PEME: Proton exchange membrane electrolyzer; PTC: Parabolic trough collector; 

TES: Thermal energy storage; SDC: Solar dish collector; RTE: Round-trip efficiency; ERTE: Exergy round-trip 

efficiency. 
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The recent studies have highlighted the simultaneous use of SOEC and SOFC for efficient 

hydrogen and power generation during off-peak and peak times. In addition, considering their 

operation in different periods, reversible SOEC/SOFC can be a promising solution to decrease the 

extra capital and operating costs associated with their stand-alone operation. In this regard, Barelli 

et al. [127] studied the effect of fuel utilization factor and anodic off-gas recirculation for 

hydrogen-fuelled SOFC for its application as reversible solid oxide technology. Based on the 

adjustments of these factors, they achieved an energy conversion efficiency of 68.6% which is 

remarkably higher than the best PEM performance recorded in the literature. Bianchi et al. [128] 

proposed an algorithm for the use of reversible solid oxide cells with a PV power plant for efficient 

balancing of the mismatch between power generation and demand at different times. They tested 

their proposed algorithm for two case studies in summer and winter to reach the best management 

strategy by minimizing the transition between SOEC and SOFC modes to reduce the cell 

degradation rate. They achieved an average round trip efficiency (RTE) of 49%, concluding that 

the significant power consumption required for steam generation in the SOEC is a substantial 

obstacle to achieving higher RTE. Cao et al. [129] proposed a hybrid system based on solar PV, 

SOEC, and SOFC for hydrogen storage applications. Performing a comprehensive investigation, 

they concluded that producing hydrogen at levels exceeding double the amount required by SOFC 

is not a cost-effective strategy. In addition, through the optimization of system operation, they 

reached an optimum exergy efficiency of 62%, a total cost rate of 1.3 $/hr, and a payback period 

of 7 years. 

It is anticipated that through further development of SOEC, the price of green hydrogen will 

be lower than the average price of hydrogen production through steam methane reforming by the 

year 2035 [130]. In addition, benefiting the potential of hydrogen storage by using reversible solid 
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oxide technology will further economize green hydrogen production [128]. Given the high 

operating temperature of the reversible solid oxide technology in both electrolysis and fuel cell 

modes, its integration with high-temperature solar thermal energy systems can signify a promising 

concept to reach a better temperature balance between the units to improve overall efficiency. 

However, no study has considered the combination of reversible solid oxide cells with high-

temperature heliostat solar field.  

1.4.3 Solar based methane pyrolysis 

Given the increasing demand for hydrogen, there has been considerable focus on the research and 

development of methane pyrolysis in molten salts in recent years, as illustrated in Figure 1.13.  

 

Figure 1.13: The main studies in literature about methane pyrolysis in molten salt. HTES: High-temperature thermal 

energy storage. 
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The initial proposition of the methane decomposition process within molten media was introduced 

by Tyrer in 1931 [131]. At a temperature of 1000°C, methane was introduced to molten iron to 

undergo decomposition into hydrogen and carbon. The expectation was that carbon would dissolve 

into the molten iron and form a floating layer on its surface. For a long period, this approach 

remained unexplored and no substantial investigations on methane pyrolysis in molten media were 

undertaken until the 1990s.  

A fundamental advancement in this domain emerged through the research conducted by 

Steinberg in 1996, focusing on the environmentally-friendly methanol synthesis [132]. This 

innovative method utilized hydrogen, generated through methane cracking in molten tin, and CO2 

captured from power plants as key reactants. The study concluded that the Carnol process held the 

potential to significantly reduce CO2 emissions while enhancing economic viability through the 

sale of the resulting carbon. In 2004, Adinberg et al. [133] investigated the viability of employing 

molten salt in biomass pyrolysis. Their findings substantiate that the incorporation of molten salt 

effectively reduces the required activation energy for the process, resulting in a noticeable 

enhancement in the conversion rate from initial biomass to syngas.  

Prior to 2018, there were very limited investigations on the methane pyrolysis in molten salt; 

however, this year marked the commencement of significant advancements to this particular 

domain. Parkinson et al. [134] employed a multi-layer system by introducing molten salt atop 

molten metal to facilitate the continuous collection of carbon at the salt surface, thereby preventing 

impurities in downstream flow. Conducting a techno-economic analysis, they determined that the 

incorporation of molten salt, resulting in the production of high-quality carbon byproduct, 

positions methane pyrolysis as a significant competitor against SMR. Rahimi et al. [135] 
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conducted experimental investigations on methane pyrolysis within a bubble column reactor. The 

reactor comprised a catalyst layer of molten alloy and an additional molten salt layer floating on 

the metal surface to eliminate contaminants from the carbon product. Their findings indicated that 

the introduction of molten salt as a secondary phase above the catalytic molten metal alters the 

structure of the resulting carbon, yielding a solid carbon product with metal contaminants 

comprising less than 0.1 wt%. Kang et al. [136] conducted experimental investigations on the 

utilization of a catalyst comprising a mixture of MnCl2-KCl salts for methane pyrolysis within a 

bubble column, reaching promising results. Through varying the molar ratio of the mixtures, they 

observed that the highest methane conversion occurred in the molten MnCl2-KCl mixture at a 

molar ratio of 67:33. Furthermore, this mixture exhibited the lowest reported activation energy 

among molten catalysts, surpassing even that of solid carbon catalysts. Notably, the use of MnCl2-

KCl mixture as a molten salt for methane pyrolysis offers additional advantages, including a 99% 

hydrogen selectivity, the production of high-quality carbon, and its facile separation. Palmer et al. 

[137] examined methane pyrolysis across various molten salts, including NaCl, NaBr, KBr, and 

KCl. Their findings led to the determination that KCl stands out as the optimal selection due to 

several advantageous factors, including a lower operating temperature and a higher methane 

conversion rate (MCR). Moreover, the study revealed that the MCR remains consistent in the 

presence of accumulating carbon particles within the reactor over time. Boo et al. [138] conducted 

a comprehensive study including both experimental and economic analyses of methane pyrolysis 

within a bubble column reactor containing KCl molten salt. Their experimental findings 

demonstrated no catalytic deactivation during a continuous operation of 40 hours. Through 

optimized operational parameters that minimized KCl loss and maximized carbon revenue (450 

$/ton), they achieved a hydrogen production cost of 2.13 $/kgH2, which is comparable to 
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SMR/ATR with CCS. Pruvost et al. [139] conducted a comprehensive techno-economic evaluation 

of molten salt pyrolysis utilizing MnCl2-KCl, with a focus on its medium- and long-term viability. 

The study systematically examined various parameters, including reactor temperature, MCR, and 

operating pressure. They concluded that to achieve a competitive price for blue hydrogen, the 

produced carbon should be priced at 400 ú/ton. Their findings underscored the considerable 

potential of molten salt pyrolysis, advocating for further research efforts directed toward 

demonstrating and scaling up this technology. Park et al. [140] introduced a numerical model 

designed for simulating methane pyrolysis within the bubble column reactor, applicable to both 

molten metal and molten salt. Validating their modelling results with the experimental data of 

Kang et al. [136] for MnCl2-KCl molten salt, they achieved a high degree of accuracy in their 

simulations. The proposed model holds significant importance in optimizing reactor performance 

and facilitating scale-up processes for turquoise hydrogen production. He et al. [141] proposed an 

innovative configuration by integrating molten salt methane pyrolysis with chemical looping 

combustion, and subsequently conducted a comprehensive techno-economic analysis. Considering 

a high MCR of 85% in a reactor temperature of 1050  and carbon sale price of 300 $/ton, they 

estimated a levelized cost of hydrogen (LCOH) of 1.12 $/kgH2, which is 33% and 52% lower than 

LCOH of SMR and SMR W/CCS. Angikath et al. [142] conducted a techno-economic assessment 

and comparative analysis of methane pyrolysis in various molten media, including Ni0.27Bi0.73, Ga, 

and KCl-MnCl2 (33:67), in comparison with alternative technologies. Their findings indicated that 

molten pyrolysis surpasses solid catalyzed pyrolysis in terms of efficiency, resulting in lower 

hydrogen production costs attributed to faster kinetics. In addition, the molten salt medium (KCl-

MnCl2) emerged as the most cost-effective plant process due to its economically advantageous 

procurement cost, while molten metal (Ni0.27Bi0.73) was identified as the most viable option for 
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sustained long-term operation. Comparing with proton exchange membrane electrolysis (PEME), 

they found that methane pyrolysis requires 21% of the energy required for green hydrogen 

production by PEME.  

1.4.4 Solar based SOEC vs solar-based methane pyrolysis 

As shown in Figure 1.14, the original concept of solar-based pyrolysis was first introduced by 

Antal et al. in 1983 [143]. Their experimentation with biomass feedstock led to the conclusion that 

the use of concentrated solar energy can be a promising approach for renewable-based pyrolysis. 

In 2005, Abanades et al. [144] pioneered the development and testing of the primary laboratory-

scale high-temperature solar thermal-based reactor, aimed at turquoise hydrogen production 

without catalyst employment. Utilizing a solar concentrator with a diameter of 1.5 m, they 

achieved a methane conversion rate (MCR) of 20%. Subsequently, through refinement of the 

nozzle geometry to optimize the fluid-wall reaction surface area and gas residence time, the same 

group enhanced their initial concept, achieving an MCR of 90% [145]. Additionally, Abanades et 

al. [146] demonstrated the capability to attain an MCR of 99% at a temperature of 1880 K through 

a double-walled reactor tube of thermal plasma or four double-walled tubes in parallel to receive 

concentrated solar radiation in a cavity receiver. Subsequently, in 2011, Parada et al. [147] 

proposed a numerical simulation of a tubular solar reactor for methane pyrolysis, noting a 

significant decrease in methane concentration within the reaction cavity when temperatures 

exceeded 1500 K. To reduce the operating temperature of the reactor, Paxman et al. [79] proposed 

an experimental and theoretical approach to solar-based methane pyrolysis utilizing molten media 

in 2014. They achieved an MCR of 69% employing molten metal (Sn) for methane pyrolysis at a 

temperature of 1373 K. Abanades et al. [148] also developed and tested a solar-based methane 

pyrolysis system with continuous carbon-based catalyst injection in a tube-type reactor in 2015. 
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Their findings revealed that maximizing the MCR involves elevating the temperature to 1623 K 

while reducing the gas flow rate to enhance residence time (exceeding 100 ms). Presenting a 

perspective of hydrogen generation through solar-driven methane pyrolysis, Boretti [149] showed 

that the process holds promise as the primary method for hydrogen production in the regions 

abundant in both natural gas and solar resources. He highlighted its potential to achieve a cost of 

less than 1 $/kgH2 by 2030. Msheik et al. [150] advanced an experimental analysis comparing 

solar-powered methane pyrolysis conducted in gas-phase versus molten media. The conclusions 

revealed that while the MCR in molten media is comparatively lower than that observed in the gas 

phase, the facilitation of carbon separation and the generation of high-quality carbon within molten 

media possess the potential to notably enhance the economic viability of methane pyrolysis. 

Abuseada et al. [151] introduced a roll-to-roll process as a scalable method for continuous solar-

driven thermal methane pyrolysis in 2023. Employing a parabolic dish collector, they achieved 

production rates of 6.7 and 17 g/h for hydrogen and carbon, respectively, with a solar-to-chemical 

efficiency of 3.75% during laboratory-scale experimentation. More recently, the authors 

introduced a pioneering approach to solar-based methane pyrolysis, circulating molten salt 

between solar and pyrolysis units [4]. Additionally, they integrated a high-temperature thermal 

energy storage mechanism to maintain continuous operation during times when solar energy is not 

available. Through a thorough technoeconomic evaluation, incorporating clean hydrogen tax 

incentives, they determined that the target set forth by the US hydrogen shot initiative (achieving 

hydrogen production at 1 $/kgH2) could be realized through a 20% reduction in costs related to 

renewable energy infrastructure, combined with the utilization of the US hydrogen tax incentives. 
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Figure 1.14: Overview of the studies about solar-based methane pyrolysis and solar-based water electrolysis. CSP: 

Concentrated solar power, PEM: Proton exchange membrane, PV: Photovoltaic, SOEC: Solid oxide electrolyzer, 

TES: Thermal energy storage. 

The initial design for a laboratory-scale solar photovoltaic (PV) based water electrolysis was 

presented by Lehman et al. in 1991 [152]. Subsequently, in 1997, Lehman et al. [153] documented 

the successful implementation of their system, achieving a total electrolyzer efficiency of 76.7%, 

a PV efficiency of 8.1%, and a hydrogen generation efficiency of 6.2%. Building upon this 

foundation, Gibson et al. [154] performed an optimization of solar PV-based green hydrogen 

production in 2008, elevating the optimized hydrogen production efficiency to 12%. Recognizing 

the significant water demand inherent in electrolysis processes, Saeed et al. [155] explored the 

viability of utilizing seawater for solar PV-based green hydrogen production in 2013. Their 

findings revealed that the percentage of hydrogen recovery from the feed mixture can vary between 
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15 to 95%, depending on factors such as the hydrogen content in the feed and the membrane 

temperature. Alzahrani et al. [156] employed concentrated solar power (CSP) and thermal energy 

storage (TES) to facilitate green hydrogen production via solid oxide electrolyzer cell (SOEC). 

Through thermodynamic analysis, they achieved an energy efficiency of 56.8% for heat and 

hydrogen production. Yadav et al. [157] conducted an economic assessment of green hydrogen 

production utilizing a combination of solar PV, CSP, and SOEC units. Their calculations projected 

a levelized cost of hydrogen (LCOH) of 6.5 $/kg by 2030, with a prospective reduction to 3 $/kg 

contingent upon a decrease in SOEC cost to 330 $/kW and PV cost to 200 $/kW. Wang et al. [158] 

introduced an innovative approach to green hydrogen production, integrating solar PV, photon-

enhanced thermionic emission cell, and SOEC. Achieving an energy efficiency of 77%, their 

research underscored the remarkable potential of solar-driven hydrogen production. Niaz et al. 

[159] conducted a dynamic optimization study of solar-based green hydrogen production, yielding 

a notable 24.6% increase in annual hydrogen output with a 39% reduction in startup occurrences. 

This highlights the importance of uninterrupted solar-based hydrogen production. In authorsô prior 

works, Razmi et al. [2,3], they proposed a comprehensive investigation of green hydrogen 

production based on the combination of high-temperature solar thermal energy with both proton 

exchange membrane (PEM) electrolyzer [2] and the SOEC [3]. Their findings indicated superior 

techno-economic viability for hydrogen production via SOEC, boasting an overall round-trip 

efficiency of approximately 74% and a competitive LCOH of 2.75 $/kgH2 [3]. Roy et al. [160] 

presented a comprehensive analysis including thermodynamic and economic aspects of green 

hydrogen production. Their study employed a combination of solar PV, CSP, and SOEC, 

culminating in an optimized LCOH of 1.02 $/kgH2 under optimal operating conditions. 
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1.4.5 Potential of hydrogen-based CHPs and their comparison 

The transition towards sustainable energy management in the commercial and residential sectors 

is becoming increasingly critical to meet decarbonization goals, improve energy efficiency, and 

reduce reliance on fossil fuels. Among various solutions, hydrogen-based CHP systems offer a 

promising solution by providing a dual-function approach: a) simultaneous generation of 

electricity and heat, b) Utilizing hydrogen as a clean energy carrier. These systems not only support 

a reduced carbon footprint, but also enhance energy efficiency, making hydrogen-based CHP 

systems an ideal fit for diverse building energy needs [161]. 

Among the available hydrogen-based CHP systems, SOFC-based CHP holds particular 

promise due to its high efficiency, fuel flexibility, and adaptability to various applications. SOFC-

based CHPs operate at high temperatures, which enables them to achieve superior efficiency by 

converting chemical energy directly into electricity and capturing heat as a by-product [162]. This 

captured heat can be utilized for space heating, hot water, or other thermal requirements, which is 

particularly beneficial in cold climates or high-demand settings. By offering decentralized energy 

production, SOFC-based CHP systems significantly reduce transmission losses and contribute to 

grid stability, making them an effective tool for advancing sustainable energy management in both 

commercial and residential sectors [3,163]. 

In recent years, several studies have highlighted the potential of SOFC-based CHPs for 

different applications. Marocco et al. [164] analyzed the environmental impact of using SOFC-

based CHPs in commercial buildings, focusing on their emissions performance under varying grid 

carbon intensities. Considering the unavailability of low carbon hydrogen, they found that even 

natural gas-fed SOFC systems become environmentally advantageous, in terms of CO  emissions, 
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when grid carbon intensity exceeds approximately 300 gCO /kWh. Gandiglio et al. [165] evaluated 

the long-term performance and emissions of commercial-scale SOFC modules (10ï60 kW) 

installed in European non-residential buildings, operating over thousands of hours. With system-

level electrical efficiencies of 51%ï61% and thermal efficiencies of 18%ï28%, they found that, 

given near-continuous operation with minimal on/off cycling, SOFC-based CHPs offer a best-in-

class solution for decentralized power generation in the tens to hundreds of kW range. Alns et al. 

[166] investigated the feasibility of installing SOFC-based CHP systems in commercial buildings 

in Qatar and Kuwait. Their findings indicate that SOFC-based CHP can achieve substantial 

emissions reductions, with up to 30% for CO , 90% for NO , and 90% for SO . Additionally, they 

estimated payback periods of 11 years for Qatar and 7.8 years for Kuwait, highlighting the 

economic viability of SOFC technology in the commercial sectors of these regions. Roy et al. 

[167] conducted a study on the feasibility of using hydrogen as a clean energy source for residential 

consumers in the UK via a low-carbon energy hub. They compared two configurations: a SOFC-

based CHP system and a SOFCïheat pump (HP) integrated CHP system, each powered by natural 

gas and hydrogen. Using actual electricity and heating demand data from a UK residential cluster, 

they found that the hydrogen-fuelled SOFC-CHP system achieved a higher energy efficiency of 

92.12% compared to 66.98% for the natural gas-fuelled system. Economically, the SOFCïHP 

system was more viable, with a hydrogen-powered levelized cost of energy (LCOE) of £0.2984 

per kWh. Their environmental assessment also indicated that the natural gas-powered SOFC 

system had levelized CO  emissions of 0.308 kg/kWh, while the SOFCïHP system reduced 

emissions to 0.213 kg/kWh. 

Hydrogen internal combustion engine (HICE)-based CHPs present a cost-effective alternative 

to SOFC-based CHP systems. While HICE-based CHPs generally exhibit lower electrical 
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efficiency (less than 40%) and can generate some NOx emissions, they provide a viable solution 

for applications where economic factors and higher heat demands outweigh the need for high 

electrical efficiency [168]. From an economic standpoint, HICE-based systems are typically less 

capital-intensive due to the long historical development of combustion engines and simpler 

manufacturing processes and lower material costs compared to SOFC systems, which require high-

temperature ceramic materials and advanced control mechanisms [169]. This makes HICE-based 

CHPs particularly suitable for sectors that prioritize cost-effective solutions with less emphasis on 

maximizing electrical output. Moreover, HICE-CHPs offer operational flexibility in applications 

with predominant thermal loads, making them ideal for environments where the primary 

requirement is to meet significant heat demand [170]. This characteristic aligns well with sectors 

such as industrial facilities, district heating, and residential applications that require more heat 

generation than electricity [171]. However, while NOx emissions from HICEs remain a challenge, 

ongoing advancements in exhaust after-treatment technologies, including selective catalytic 

reduction and exhaust gas recirculation, are increasingly enabling emission reductions [172,173]. 

The development of hydrogen-based CHPs holds paramount importance for Canada and 

specially Alberta, which has historically been a significant contributor to Canada's greenhouse gas 

emissions due to its reliance on fossil fuels [174]. Hydrogen-based CHP systems can not only 

provide a consistent and clean source of electricity but also generate heat for commercial and 

residential units, addressing the heating issue in frigid winters [175]. It offers advantages such as 

reduced greenhouse gas emissions, utilization of abundant hydrogen resources, energy security, 

improved air quality, job creation, increased energy efficiency, grid stability, remote applications, 

technology leadership, and compliance with environmental regulations, making it a promising 

solution for both environmental and economic sustainability in the region [176].  
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In this regard, the City of Edmonton has set an ambitious target to reduce community-based 

GHG emissions by 50% from 2005 levels by the year 2030 [177]. This commitment aligns 

completely with the strategic initiative to enhance local heat power generation by the SOFC-based 

CHPs in both commercial and residential sectors. In addition to the GHG reduction goal, the plan 

includes generating 10% of Edmonton's total electricity consumption locally. This local generation 

strategy supports the objectives for sustainable energy development and aligns with the city's 

broader environmental goals [177].  

As shown in Figure 1.15, the scope of these energy-saving and GHG emission reduction plans 

is extensive. It is projected that over 350,000 residential units and 11 million square feet of 

commercial space in Edmonton will be included by these initiatives [177]. These measures will 

not only contribute significantly to reducing the city's carbon footprint but also foster energy 

independence and resilience within the community. By integrating local power generation, 

Edmonton can leverage renewable energy sources, reduce reliance on external power grids, and 

enhance the overall sustainability of its energy infrastructure [177]. 

 

Figure 1.15. The plan of City of Edmonton to expand energy saving and GHG emission reduction for over 350,000 

residential and 11 million ft2 commercial sectors [177]. 
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Similarly, as shown in Figure 1.16, the City of Calgary has planned to achieve net zero GHG 

emissions in all sectors, including residential and commercial buildings [178]. These initiatives 

further highlight the critical role of efficient, standalone, and clean CHP systems in meeting the 

energy demands of various sectors through innovative, economically viable, and sustainable 

approaches. 

 

Figure 1.16. The plan of City of Calgary to reduce community-wide GHG emissions to net zero by 2050 [178]. 

University of Alberta (UofA) is also strategically advancing its energy management framework to 

foster sustainability, focusing on the integration of cutting-edge clean technologies. Central to the 

universityôs Master Energy Plan is a robust commitment to improving energy efficiency, reducing 

GHG emissions, and ensuring the campusôs energy demands are met through a diverse range of 

innovative solutions. This plan emphasizes the increased use of renewable energy sources and the 

exploration of hydrogen technologies, aimed at reducing dependency on traditional fossil fuels, 

thus contributing to Albertaôs energy transition. 
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1.5 Problem identification and proposed solutions 

Research on clean and economic hydrogen production plays a pivotal role in addressing the 

pressing challenges in this era, such as climate change and the transition to sustainable energy 

systems. By advancing the understanding of efficient and environmentally friendly methods for 

producing hydrogen, research efforts enable the widespread adoption of this clean fuel and 

contribute to a greener and more sustainable future. The importance of research in this area lies in 

unlocking breakthrough technologies and innovative processes that can make hydrogen production 

both cleaner and more economically viable. Currently, a significant portion of hydrogen is derived 

from fossil fuels, leading to carbon dioxide emissions and environmental degradation. By 

exploring alternative pathways, such as electrolysis and pyrolysis powered by renewable energy 

sources, cost-effective and sustainable methods for hydrogen generation can be developed. 

It is anticipated that through further development of high-temperature clean hydrogen 

production systems, the price of green hydrogen will be lower than the average price of hydrogen 

production through SMR by the year 2035 [130]. In addition, benefiting the potential of hydrogen 

storage by using reversible electrolysis/fuel cell will further economize green hydrogen production 

[128]. According to the literature review, very few studies have considered the combination of 

high-temperature solar thermal energy with reversible PEME/PEMFC and reversible solid oxide 

cells. Furthermore, despite the favourable prospects associated with utilizing a shared operating 

fluid for high-temperature solar thermal and methane pyrolysis (molten salt), this significant aspect 

has yet to be investigated in the literature. The main hypothesis of this thesis is to explore the 

potential of utilizing the thermal energy from concentrated solar fields to power water electrolysis 

and methane pyrolysis systems, potentially enhancing the overall efficiency, sustainability, and 
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economic feasibility of these processes. Based on the literature, the main research gaps for solar-

based hydrogen production are: 

¶ There is a lack of feasibility studies examining high-temperature solar thermal-based 

hydrogen production using PEME, a highly developed water electrolysis technology. 

Such research is imperative to enhance overall efficiency and attain economically 

viable hydrogen production. 

¶ Despite recent advancements in the development of solid oxide cells for reversible 

operations and the potential for achieving a favourable temperature balance with high-

temperature solar thermal energy, no study to date has explored the integration of solid 

oxide cells with a high-temperature solar thermal field. This represents a notable gap 

in the existing research literature and calls for further investigation to fully leverage the 

synergistic benefits of this promising combination.  

¶ Despite the significant potential and favourable conditions for utilizing the same 

operating fluid (molten salt) in methane pyrolysis and heliostat solar technologies, there 

remains a notable absence of studies exploring the coupling of these two approaches to 

achieve economically viable hydrogen production with low carbon intensity. This 

unexplored combination holds considerable promise for advancing sustainable 

hydrogen production and merits further investigation in the field. 

¶ No studies have been conducted to investigate the potential of energy storage 

technologies in facilitating continuous, full-time operation of solar-based methane 

pyrolysis systems. Given the constant availability of methane resources throughout day 

and night, this critical knowledge gap highlights the need to explore viable solutions 
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for uninterrupted system operation, thereby enhancing the economic feasibility and 

overall viability of the process. 

¶ There is a notable absence of a comparative study between high-temperature hydrogen 

production technologies with low carbon intensity (solid oxide electrolysis and 

methane pyrolysis) to determine their respective suitability in diverse locations with 

varying resource availabilities. Such a study is imperative to provide valuable insights 

into the optimal choice of technology for different geographic and resource contexts. 

1.6 Thesis contributions for the identified gaps in the literature 

A summary of the main contributions of this thesis are: 

1.6.1 Solar-based PEM electrolyzer and fuel cell 

There is a lack of studies about the potential of integrating the PEM electrolyzers and fuel cells 

with high-temperature solar thermal fields. This represents a significant gap in the current research, 

as such a combination could potentially offer enhanced system efficiency and improved thermal 

management by leveraging the synergies between PEM technology and concentrated solar energy. 

Exploring this innovative integration could unlock new pathways for optimizing renewable energy 

systems and advancing the decarbonization of energy-intensive sectors. The Chapter 2 of thesis 

aims to address the existing gap in the literature for assessing the feasibility of using a combination 

of a PTC with a coupled PEME/PEMFC for grid-scale and long-term energy storage to power the 

grid during on-peak times. The main new contributions are: 

¶ Introducing an environmentally-friendly design based on PTC, PEME, and PEMFC for 

hydrogen energy storage with the aim of peak power demand shaving; 
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¶ A comprehensive and parametric analysis of the proposed system from the energy, 

exergy, and exergoeconomic (3E) viewpoints; 

¶ Comparing five different types of thermal oil as the operating fluid in the solar unit and 

selecting the optimal option by using a combination of artificial neural network (ANN) 

with grey wolf optimization (GWO) algorithms to provide a trade-off between exergy 

efficiency and total cost rate; 

¶ Providing detailed exergy and exergoeconomic Sankey diagrams under optimal 

conditions to address the sources of exergy destruction and cost rates. 

The content of this study has been comprehensively detailed and presented in Chapter 2. This 

chapter provides a thorough exploration of the key findings, methodologies, and analyses, ensuring 

a complete and structured presentation of the research outcomes. 

1.6.2 Solar based SOEC and SOFC 

Due to the high operating temperatures of reversible solid oxide technology in both electrolysis 

and fuel cell modes, its integration with high-temperature solar thermal energy systems presents a 

promising approach for achieving better thermal synergy between the components, thereby 

enhancing overall system efficiency. However, no studies have yet explored the potential 

combination of reversible solid oxide cells with a high-temperature heliostat solar thermal field. 

To bridge the existing gap in the literature and provide a viable solution, Chapter 3 of this thesis 

presents an innovative and environmentally-friendly concept for green hydrogen production, 

storage, and utilization for power and heat production. The primary objective is to utilize solar 

thermal energy to supply the necessary heat for raising the inlet gas temperature of the SOEC and 

SOFC systems, thereby minimizing electricity consumption to the greatest extent possible. The 
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contributions of the present study are outlined as follows: 

¶ Proposing a novel design based on the hybridization of reversible solid oxide cells (SOEC 

and SOFC) with high-temperature heliostat solar thermal field for improving the RTE and 

ERTE of hydrogen production and utilization to 74% and 64% with near-zero carbon 

intensity; 

¶ Conducting an investigation into the economic feasibility of utilizing green hydrogen 

storage for peak demand shaving (less than 2 years) in comparison to a stand-alone 

hydrogen production unit for direct sales in hydrogen markets (over 17 years); 

¶ A thorough analysis of the proposed novel system from the energy, exergy, and economic 

(3E) points of view based on actual direct normal irradiance (DNI) and hourly electricity 

price for a real case study in the United States. 

The content of this study is thoroughly detailed and fully presented in Chapter 3. This chapter 

offers an in-depth examination of the key findings, methodologies, and analyses, ensuring a well-

organized and comprehensive presentation of the research results. 

1.6.3 Solar based methane pyrolysis 

Despite the recent advancements about methane pyrolysis in molten salt, there remains a lack of 

studies exploring its integration with REs. Considering the significant potential and unique 

opportunity for utilizing the same operating fluid (molten salt) in methane pyrolysis and heliostat 

solar technologies, combining these two technologies holds promise for achieving economically 

viable hydrogen production with low carbon intensity. This unexplored combination holds 

considerable promise for advancing sustainable turquoise hydrogen production and merits further 
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investigation in the field. In addition, no studies have been conducted to investigate the potential 

of energy storage technologies in facilitating continuous and full-time operation of methane 

pyrolysis systems. Given the constant availability of methane resources throughout day and night, 

this critical knowledge gap highlights the need to explore viable solutions for uninterrupted system 

operation, thereby enhancing the economic feasibility and overall viability of the process. The 

main new contributions of Chapter 4 are:  

¶ Proposing an innovative concept for the combination of methane pyrolysis with high-

temperature heliostat solar thermal unit to produce turquoise hydrogen with the lowest 

carbon intensity (~2 kgCO2/kgH2). 

¶ Investigating the potential of implementing high-temperature thermal energy storage 

(HTES) to ensure uninterrupted and sustained operation of the proposed system, during 

periods of solar energy unavailability, to enhance the economic feasibility of the 

system. 

¶ Initiating an assessment of the financial viability of turquoise hydrogen production, 

examining the feasibility of utilizing grid electricity versus solar renewable energy 

sources as the inputs for the HTES. 

¶ Conducting a comprehensive techno-economic assessment of the proposed system, 

incorporating critical parameters and accounting for carbon credits from both the 

United States and Canada. 

A comprehensive presentation of this study's content, featuring an in-depth analysis of the key 

findings and methodologies employed throughout the research will be presented in Chapter 4. 
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1.6.4 Solar based SOEC vs solar based methane pyrolysis 

High-temperature solar thermal-driven hydrogen production is predicted to make a substantial 

contribution to the ongoing transition towards clean hydrogen production. Despite recent 

advancements in this domain, a thorough comparison between high-temperature solar thermal-

based hydrogen production, utilizing pyrolysis and electrolysis methods, projected as future 

pioneering techniques, is notably absent in the existing literature. This gap represents a significant 

opportunity to progress and identify appropriate solar-based hydrogen production technologies for 

various conditions, necessitating further investigation in this domain. Consequently, this thesis 

presents a comprehensive comparative analysis between two innovative approaches: heliostat 

solar-driven hydrogen production via methane pyrolysis and water electrolysis. To enhance the 

economic viability of both systems, they are designed for uninterrupted operation throughout the 

day and night. The primary contributions of this study are: 

¶ Conducting a comprehensive comparative techno-economic analysis between solar-

based molten salt methane pyrolysis (SMSMP) and solar-based solid oxide electrolyzer 

cell (SSOEC).  

¶ Proposing an innovative design for the SMSMP combined with sensible TES for 

uninterrupted operation during solar unavailability. 

¶ Investigating the potential of implementing the SMSMP and the SSOEC for five case 

studies with different geographical locations, solar conditions, and natural gas and 

electricity prices. 

¶ Analyzing the technical and economic performance of the proposed systems under 

dynamic solar conditions, realistic electricity, and natural gas prices. 
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A detailed presentation of the comparison of the SMSMP and SSOEC, including parametric 

analysis of novel cycles and several case studies for different cities all over the world will be 

presented in Chapter 5. 

1.6.5 Potential of hydrogen-based CHPs and their comparison 

In addition to advancements in clean hydrogen production technologies, hydrogen-based energy 

management would play a crucial role in the transition to sustainable energy systems in the near 

future. Therefore, developing robust hydrogen-based energy management systems can optimize 

the supply chain, ensure energy security, and provide grid stability. The final chapter of this thesis 

is dedicated to evaluating the potential of hydrogen-based CHPs across various case studies, 

including those at the UofA, Alberta, and Canada. The objective is to provide projections for the 

potential of hydrogen-based CHP systems, thereby facilitating informed decision-making for 

energy policies and sustainable development initiatives across different sectors and regions. The 

primary contributions of this chapter include:  

¶ Conducting a comprehensive comparison between SOFC- and HICE-based CHP 

systems for the energy management of UofA to support the university's ambitious Master 

Energy Plan towards transition to a have sustainable campus. By evaluating the 

efficiency, economic viability, and environmental impacts of both systems, the study 

will provide insights to inform strategic decisions, enhance energy utilization, and 

contribute to the university's sustainability goals.  

¶ Conducting an investigation into the potential of SOFC-based CHP systems in the 

commercial and residential sectors of Alberta and Canada. The study will encompass 

market penetration forecasts, variations in capital and operational maintenance costs, the 

identification of opportunities for GHG emission reductions, and the potential for job 
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creation in Alberta and Canada over time, highlighting the socio-economic benefits 

associated with the adoption of SOFC technology.  

1.7 Thesis outline 

This thesis is organized into four main parts that are described in seven chapters. The four parts 

and chapters within each part are schematically shown in Figure 1.17. 

 

Figure 1.17. Thesis outline along with the publication outcomes from this study. CHP: Combined Heat and Power, ERTE: 

Exergy Round Trip Efficiency, GHG: Greenhouse Gases, HICE: Hydrogen Internal Combustion Engine, PEM: Proton Exchange 

Membrane, RTE: Round Trip Efficiency, SOFC: Solid Oxide Fuel Cell. 
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The main parts and chapters of this thesis are as follows: 

¶ PART I: Introduction and Literature Review  

V Chapter 1 provides introduction, background, literature review, problem identification, 

and main contributions of this thesis. 

¶ PART II: Techno-Economic Analysis of Different Technologies 

V Chapter 2 presents a novel design for solar-based PEM electrolyzer and fuel cell and 

comprehensive techno-economic analysis and optimization. 

V Chapter 3 proposes an innovative solar-based solid oxide cell with reversible operation 

as electrolyzer and fuel cell, a comprehensive techno-economic analysis, and case study. 

V Chapter 4 provides a novel design for solar-based methane pyrolysis in molten salt, 

techno-economic analysis, incorporating critical parameters and accounting for clean 

hydrogen tax incentives from both the United States and Canada. 

¶ PART III: Techno -Economic Comparison of Technologies and Case Studies 

V Chapter 5 provides a comprehensive techno-economic comparison of solar-based solid 

oxide electrolysis and solar-based methane pyrolysis, followed by a detailed case study 

for five cities all over the world by considering all the critical factors. 

V Chapter 6 provides a techno-economic comparison between HICE- and SOFC-based 

CHPs for the University of Alberta, followed by a techno-economic analysis for 
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development of SOFC-based CHP in commercial and residential sectors of Alberta and 

Canada. 

¶ PART IV: Conclusions 

V Chapter 7 provides a summary of conclusions of this thesis and suggestions for future 

work. 
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PART 2: Novel Designs and Comprehensive Investigation of 

Different  Solar-based Hydrogen Production Technologies 
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Chapter 2: Design and Techno-Economic Analysis of a Novel 

Solar-Based Proton Exchange Membrane Electrolyzer and 

Fuel Cell System1 

 

With the continuous penetration of renewable energy plants into energy markets and their surplus 

power generation during off-peak periods, the need for utility-scale energy storage technologies is 

globally prioritized. Among the existing large-scale energy storage technologies, hydrogen storage 

has appeared as a powerful alternative due to its environmental benefits and the ability to store a 

large amount of energy for several hours to months. The major objective of the proposed research 

is to introduce a novel configuration of green hydrogen production for power generation during 

peak demand periods. In this regard, an innovative hybridization of a solar unit based on a 

parabolic trough collector with a proton-exchange membrane electrolyzer and a fuel cell is 

introduced and analyzed from the thermodynamic and exergoeconomic perspectives. Moreover, a 

sensitivity analysis and a multi-objective optimization based on the combination of neural network 

and grey wolf optimization algorithms are conducted to select the best working fluid of the solar 

unit and ideal operating conditions according to the minimum cost rate and the maximum exergy 

efficiency. The results indicate that DowthermTM A synthetic oil is the best working fluid, and the 

proposed system can generate 9, 14.9, and 20.1 MW of power during off-, mid-, and on-peak times, 

respectively. The results also show that the proposed system operates with an exergy efficiency of 

17.6%, a cost rate of 492.4 $/hr, and a levelized cost of electricity of 62.6 $/MWh under the optimal 

conditions. 

                                                 
1 This chapter is based on [2]. 
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2.1 System description 

A graphical diagram of the proposed hybrid system is demonstrated in Figure 2.1. This system 

consists of four central subsystems: PTC, steam Rankine cycle (SRC)-thermoelectric generator 

(TEG), PEME, and PEMFC. As already mentioned, one of the main features of the present system 

is the power production and storage with the least environmental impact. Due to the fact that the 

electricity demand in the network is not the same at different times, the performance of the 

proposed system is described in two phases: baseload and peak load. 

 

Figure 2.1: General schematic of the new hybrid system based on PTC, SRC-TEG, PEME, and PEMFC. 

2.1.1 Baseload 

The main part of the proposed system generates the base load of the grid. This section includes 

two subsystems of parabolic trough collector (PTC) and steam Rankine cycle-thermoelectric 

generator (SRC-TEG). The reasons behind using TEG for waste heat recovery are its simple 
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structure and avoid adding more complexity to the proposed system, being environmentally-

friendly, low production cost, and high scalability [179]. As the sun rises, the sun's radiation is 

reflected and concentrated by the parabolic collectors on the oil flow through the center of the 

collectors. The passing oil temperature is increased by absorbing heat, exiting the collector at a 

high temperature (states 1 and 2). The hot oil then enters the evaporator and economizer (states 2 

and 3) and heats the working fluid of the SRC. 

In the SRC-TEG subsystem, water first enters the pump as a saturated liquid (state 7). High-

pressure water is pumped into the evaporator and economizer (state 8). The water temperature 

rises as it passes through the economizer and evaporator and enters the turbine as saturated steam 

(state 5). The inlet steam expands inside the turbine and exits at low pressure (state 6). The output 

stream from the turbine enters the TEG to recover the heat with usable energy density. Indeed, the 

TEG not only helps to change the water vapor phase, but also generates excess power by capturing 

the heat of the water vapor. Finally, the water exits the TEG as saturated liquid and re-enters the 

pump and this cycle is completed (state 7). 

2.1.2 Peak loads 

The consumed power during the day can be divided into three parts: off-, mid- and on-peak. During 

off-peak times, the additional power generated by the SRC and TEG is given to the PEME. The 

electrolyzer converts water flow into hydrogen and oxygen by the flow of electricity (states 12 and 

13). The produced hydrogen is compressed for later use by a compressor and stored in the tank 

(state 15). During on-peak times, the supplied hydrogen is exploited to run the PEMFC (states 16-

18). Reacting with oxygen inside the fuel cell, power and water are produced as the system 

products (states 19 and 20). Finally, the power generated by the PEMFC is transmitted to the grid 
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for peak shaving and load levelling. To better understand the performance of the SRC, a precise 

quantitative temperature-entropy (T-S) diagram is shown in Figure 2.2.  

 

Figure 2.2: Temperature-entropy qualitative diagram for the solar field and steam Rankine cycle (SRC). 

2.2 System modelling 

In order to provide a comprehensive evaluation of system performance, a precise investigation of 

the proposed system based on energy, exergy, and exergoeconomic assessments are done 

according to the design conditions and initial values listed in Table 2.1.  

Table 2.1: Design conditions and input values for the proposed system subsystems. 

Subsystem Parameter Abbreviation Value Unit 

PTC [180,181] Absorptivity of receiver a 0.96 - 

 Collector heat loss coefficient LU  3.82 W/m2.  

 Correction factor for diffuse radiation g 0.95 - 

 Effective transmissivity of PTC Pt  0.94 - 

 Heat transfer coefficient inside the receiver fih  300 W/m2.  

 Receiver inside diameter i ,rD  0.066 m 

 Receiver outside diameter o,rD  0.07 m 

 Single collector length L  12.27 m 

 Single collector width W  5.76 m 

 Solar collectors area a , pA  100,000 m2 

 Sun period Sunt  11 hr 

 Thermal conductivity of the receiver K  16 W/m. 
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 Total solar radiation bG  850 W/m2 

 Transmissivity of the cover glazing Ct  0.96 - 

     

PEME [182,183] Activation energy for anode act ,aE  76 kJ/mol 

 Activation energy for cathode act ,cE  18 kJ/mol 

 Charging period Cht  6 hr 

 Faraday constant F  96.486 C/mol 

 Membrane thickness D  100 ɛm 

 Partial pressure of H2 2HP  101.325 kPa 

 Partial pressure of O2 2OP  101.325 kPa 

 PEME temperature PEMT  80 ęC 

 Pre-exponential factor for anode 
ref

aJ  1.7  105 A/m2 

 Pre-exponential factor for cathode 
ref

cJ  4.6  103 A/m2 

 Water contents at the anode al  14 - 

 Water contents at the cathode cl 10 - 

     

PEMFC [100,184ï

186] 
Constant part of the resistance cR  0.0003 ɋ 

 Discharging period Dcht  3 hr 

 Empirical constant y 22 - 

 Fuel utilization factor FU  0.85 - 

 Heat of vaporization of water 
__

VH  40644 J/mol 

 Higher heating value of hydrogen  
2

______

HHHV  285.55 kJ/mol 

 Limiting current density of PEMFC FCI  1.5 A/cm2 

 Membrane thickness ml  0.00254 cm 

 Numeral of cells in stack celln  13,000  4 - 

 Numeral of electrons n  2 - 

 Operating temperature of PEMFC FCT  85  

 PEMFC active surface area FCA  232 cm2 

 PEMFC operating current density i  0.5 A/cm2 

 Specific heat capacity of hydrogen 
2

__

H
Cp  28.86 J/mol. 

 Specific heat capacity of nitrogen 
2

__

N
Cp  28.39 J/mol. 

 Specific heat capacity of oxygen 
2

__

O
Cp  29.72 J/mol. 

 Specific heat capacity of water 
2

__

H O
Cp  75.95 J/mol. 

 Universal gas constant uR  8.314 kJ/kmol. 

     

SRC [187] Figure of merit coefficient mZT  0.8 - 

 Isentropic efficiency of SRC turbines Turh  85 % 

 Isentropic efficiency of SRC pump Pumph  80 % 
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2.2.1 Energy analysis 

The following subsections provide the governing equations for modelling each unit from the first 

law of thermodynamics. The optimum sizing of each system component in Figure 2.1 is calculated 

based on the design conditions specified in Table 2.1 and the governing equations listed below. 

2.2.1.1 Parabolic trough collector 

The useful heat rate received by the collectors can be calculated as follows [180]: 

( )( ), , 0( )u CL P CL S R AR a r L riQ n n F S A A U T Tè ø= Ö Ö Ö Ö - Ö Ö -ê ú (2.1) 

where ,CL Sn , ,CL Pn , RF  and ARS  are the number of collectors in series and in parallel, heat removal 

factor, and absorbed solar radiation. Moreover, aA , rA , LU , riT , and 0T  are area of the aperture,  

area of the receiver, collector heat loss coefficient, receiver inlet temperature, and ambient 

temperature, respectively. In this regard, ARS , RF  and aA  can be defined as follows [99,182,188]: 

AR b rS G h= Ö (2.2) 

r C Ph g t t a= Ö Ö Ö (2.3) 

,

,

1 exp
CL P CL r L CL

R

r L CL P CL

m C A U F
F

A U m C

è øå õÖ Ö Ö
= Ö - -é ùæ öæ öÖ Öé ùç ÷ê ú

 (2.4) 

, , ,

,

1

1
ln

2

L
CL

o r o r o r

L fi i r

U
F

D D D

U h k D

=
å õ

+ + Öæ öæ ö
ç ÷

 
(2.5) 

,( )a CL o rA L W D= Ö -  (2.6) 

where, rh is the receiver efficiency. 
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2.2.1.2 Steam Rankine cycle 

The rate of heat received by the economizer and evaporator can be calculated by [189,190]: 

( ) ( )9 5 9 2 2 3EvapQ m h h m h h= Ö - = Ö - (2.7) 

( ) ( )8 9 8 3 3 4EcoQ m h h m h h= Ö - = Ö - (2.8) 

The isentropic efficiency and the amount of power generated by the steam turbine are equal to 

[191]: 

5 6

5 6,

ST

s

h h

h h
h

-
=
-

 (2.9) 

( )5 5 6STW m h h= Ö - (2.10) 

The power consumed by the pump (PW ) can be found by taking the isentropic efficiency (Ph ) into 

the consideration [192]: 

8, 7

8 7

s

P

h h

h h
h

-
=

-
 (2.11) 

( )7 8 7PW m h h= Ö - (2.12) 

2.2.1.3 Thermoelectric generator 

Due to the fact that a great amount of heat is always wasted in the condenser, the TEG unit has 

replaced the conventional condensers. In fact, the residual heat of the steam cycle in the turbine 

exhaust is recovered by the TEG for further power generation. The equation of energy balance, 

efficiency, and production capacity by the TEG unit can be expressed as follows [193]: 
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6 6 10 10 7 7 11 11 TEGm h +m h = m h +m h WÖ Ö Ö Ö + (2.13) 

1 1

1

m

TEG Carnot
C

m

H

ZT

T
ZT

T

h h
+ -

=

+ +

 
(2.14) 

7 8 7( )

TEG
TEG

W

m h h
h =

Ö -
 (2.15) 

here, mZT  is figure of merit coefficient and its value strongly influences the performance of the 

TEG system, so mZT  is an important parameter in design of the TEG. The auxiliary equations are 

as follows [194]: 

1- C
Carnot

H

T

T
h =  (2.16) 

7 11

2
H

T T
T

+å õ
=æ ö
ç ÷

 (2.17) 

6 10

2
C

T T
T

+å õ
=æ ö
ç ÷

 (2.18) 

here, HT  and CT  are the temperatures of the hot and cold sides, correspondingly. 

2.2.1.4 PEM electrolyzer 

The proton exchange membrane (PEM) electrolysis has been appeared as one of the most attractive 

methods for hydrogen production from water in recent years because of its insignificant 

maintenance costs and favourable environmental properties [195]. The chemical reactions in the 

PEME are as follows [196]: 
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Overall: 2 2 2

1
+ +

2
H O Energy H O½½­  (2.19) 

Cathode 22 + 2H e H+ -½½­  (2.20) 

Anode: 2

1
2 + 2

2
2H O H e O+ -½½­ +  (2.21) 

Moreover, the overall energy needed for chemical reactions within the PEME can be determined 

as follows [197]: 

H G T SD =D + ÖD (2.22) 

here, GD  and T SÖD show the Gibbs free energy change and required heat energy. In addition, 

the amount of hydrogen rate produced is found by [198]: 

2 2, ,
2

H out H O Reacted

J
N N

F
= =  (2.23) 

here, J  and F  are the current density and Faraday constant. In addition, the consumed electricity 

for generating hydrogen equals [199]: 

elect electEx E J V= = Ö (2.24) 

In Eq. (2.24), V  represents the overpotential, which is defined by: 

0 , ,act a act c ohmV V V V V= + + + (2.25) 

According to the Nernst equation, 0V , 
,act aV , 

,act cV , and ohmV  are calculated as follows 

[183,198,200,201]: 
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( )( )4

0 1.229 8.5 10 298PEMV T-= - ³ Ö - (2.26) 

2

1

,

0, 0, 0,

sinh ln 1 , ,
2 2 2

u u
act i

i i i

R T J R T J J
V i a c

F J F J J

-

è ø
å õ å õÖ Ö é ù= Ö = Ö + + =æ ö æ öæ ö æ öé ù
ç ÷ ç ÷é ùê ú

 (2.27) 

,

0, exp , ,act iref

i i

u

E
J J i a c

R T

å õ
= Ö - =æ ö

Öç ÷
 (2.28) 

0
1 1

0.5139 0.326 exp 1268
303

D

ohm

a c
c

dx
V J

x
D T

l l
l

= Ö
å - õ è øå õ å õ

+ - Ö -æ öæ öæ ö é ù
ç ÷ç ÷ ê úç ÷

ñ  
(2.29) 

2.2.1.5 PEM fuel cell 

Similar to PEMEs, the applications of PEMFC have been substantially grown in recent years and 

a promising future can be predicted for this technology for power generation [202]. During on-

peak times, to generate electricity for peak shaving, the stored hydrogen reacts with the air in the 

PEMFC, and power, heat, and water are produced based on the following equations [203]: 

Overall: 2 2 2

1

2
H O H O Energy+ ½½­ +  (2.30) 

Cathode: 2 2

1
2 2

2
H e O H O+ -+ + ½½­  (2.31) 

Anode: 2 2 2H H e+ -½½­ +  (2.32) 

The maximum voltage produced by a cell or Nernst voltage can be obtained as follows [184]:  
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( )( )

2 2
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2 2

2
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H O
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H O
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æ öæ öÖé ùç ÷ç ÷ê ú

 (2.33) 

here, 0GD , n , F , and uR  are Gibbs free energy changes in the standard condition (-237.17 

kJ/mol),  the quantity of electrons moving through the electrochemical reactions, the Faraday 

constant, and the global gas constant, respectively. Furthermore, FCT  is the working temperature 

of the PEMFC in terms of Kelvin and JP  is the operative partial pressure of the reactantJ , 

respectively. Losses in the fuel cell can be divided into three categories: loss of activation, 

concentration, and ohm. Activation losses (actV ) are associate with the onset of reactions that are 

considered as ignition sparks. Temperature, partial pressures, and the type of catalyst used on the 

electrodes are among the three parameters affecting the activation loss. A semi-empirical equation 

is used to calculate activation losses [17,185]: 

( )( ) ( )( )
2

0.948 0.000076 ln 0.000193 lnact FC O FC FCV T C T Ix= - - Ö Ö + Ö Ö (2.34) 

() ( )
2

4.38386 0.0002 ln 5 ln HA Cx= + Ö - Ö  (2.35) 

FC FCI i A= Ö  (2.36) 

2

2

6 498
5.08 10 exp

O

O

FC

P
C

T

=
å õ

Ö Ö -æ ö
ç ÷

 
(2.37) 

2

7 77
9.174 10 expH

FC

C
T

- å õ
= Ö Ö -æ ö

ç ÷
 (2.38) 
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here, 
2OC and 

2HC are the oxygen and hydrogen concentrations at the membrane/cathode and 

anode/membrane interfaces, correspondingly. Moreover, FCI and FCA  show the flow current from 

the cell and the active surface of the fuel cell, respectively. Concentration losses are the result of 

the fluctuations. Actually, the fluctuations cause a voltage drop across the input hydrogen 

concentration through the reactions on the surface of the electrode. To calculate the concentration 

losses, the following equation is used [100]: 

lnFC l
con

l

Ru T i
V

n F i i

å õÖ
=- Öæ ö

Ö -ç ÷
 (2.39) 

here, li  is the highest current density in PEMFC. Ohmic losses are caused by losses of electrical 

resistance in the fuel cell. This kind of resistance is common in all fuel cell equipment like ionic 

resistance in membranes, ionic and electron resistance in electrodes, and electronic resistance in 

bipolar plates and terminals. Based on the Ohmic law, Ohmic voltage is stated as [185,204]: 

( )ohm FC m CV I R R= Ö +  (2.40) 

m m
m

l
R

A

rÖ
=  (2.41) 

( )

2 2.5

181.6 1 0.03 0.062
303

4.18 3033
0.6343 exp

FC FC FC

m

FCFC

FC

i T i

A A

Ti

A T

r

y

å õå õå õ å õ å õ
Ö + Ö + Ö Öæ öæ öæ ö æ ö æ öæ öæ öç ÷ ç ÷ ç ÷ç ÷ç ÷=

Ö -å õÖå õ
- - Öæ öæ ö

ç ÷ ç ÷

 (2.42) 

here, CR , mR , ml , and mr  are the constant part of the resistance for each cell, the resistance of the 

internal cell, the thickness of the membrane, and the membrane specific resistivity against the flow 



65 

 

of hydrated protons, respectively. In addition, y is an empirical constant. Finally, the output power 

of PEMFC and its voltage value according to the losses are obtained by:  

FC Nernst act con ohmV E V V V= - - - (2.43) 

FC cell FCW N V I= Ö Ö (2.44) 

here, cellN  indicates the quantity of cells in the stack. According to the PEMFC electrochemical 

reactions, the molar rate equilibrium of the reactions can be defined as follows [100]: 

2 ,
z

H in

F

Z
n

U
=  (2.45) 

2 2, , H out H in zn n Z= -  (2.46) 

2 2 2, , ,H use H in H outn n n= -  (2.47) 

2 ,

02

z
O in

Z
n

U
=
Ö

 (2.48) 

2 2, ,
2

z
O out O in

Z
n n= -  (2.49) 

2 2 2, , ,

79

21
N in N out O inn n n= = Ö  (2.50) 

2

cellN i A
Z

F

Ö Ö
=

Ö
 (2.51) 

here, FU  and 0U   show the fuel and air utilization factor proportions. Moreover, zZ is the amount 

of molar conversion during the total reaction at the fuel cell. Moreover, the amount of water 

produced in PEMFC is: 
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2 ,
2

H O generate cell

I
n N

F
= Ö

Ö
 (2.52) 

According to the fuel cell energy balance relationship, the amount of heat generated can be defined 

as follows [185]:  

,net ch FC s lQ Q W Q= - -  (2.53) 

2 ,ch H useQ n HHV= Ö  (2.54) 

( ) ( )

( ) ( )

2 2 2 2 2 2

2 2 2 2 2

2

, , , 0 , , 0

, , 0 , 0

,

         

         

s l H H out FC H in O O out FC O in

N N out FC N in H O H O generate FC

H O generate v

Q Cp n T n T Cp n T n T

Cp n T n T Cp n T T

n H

= Ö Ö - Ö + Ö Ö - Ö

+ Ö Ö - Ö + Ö Ö -

+ Ö

 

(2.55) 

here, 
chQ  and ,s lQ  are the chemical energy produced in the electrochemical reactions and the latent 

heat, respectively. Moreover, 
2HpC , 

2OpC , 
2NpC , and 

2H OpC represent the specific heat capacity of 

oxygen, hydrogen, water, and nitrogen, respectively; and, vH  indicates the heat of evaporation of 

water. The electrical efficiency of the PEM fuel cell is found by: 

2 ,

FC
FC

H use

W

n HHV
h =

Ö
 (2.56) 

2.2.2 Exergy analysis 

Exergy represents the maximum work that can be done at each process of the system [205]. 

Considering the unavoidable irreversibilities in thermodynamic processes, each process leads to 

some exergy destruction [206]. Therefore, for modelling of thermodynamic systems, besides 
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examining the exchanged energy, the exchanged exergy in various processes should be examined 

as well. The exergy balance of each process is written as follows [207]: 

Q in out W DEx Ex Ex Ex Ex+ = + +ä ä  (2.57) 

( ) ( )( )0 0 0i i iEx m h h T s s= Ö - - Ö - (2.58) 

WEx W=  (2.59) 

01Q j

j

T
Ex Q

T

å õ
= -æ öæ ö

ç

Ö

÷
 (2.60) 

here, h  and s present the specific enthalpy and entropy, respectively, and the subscripts i  and 0  

show the number of flows and the reference conditions. Exergy destruction formula for different 

equipment are listed in Table 2.2. 

Table 2.2: Exergy destruction formula for the subsystems and equipment. 

Components Exergy destruction 

PTC ( ), 1 2D PTC Sun SunEx Ex Ex Ex t= + - Ö 

PTC pump ( ), 4 1

PTC PTC

D Pump Pump SunEx Ex Ex W t= - + Ö 

Evaporator ( ), 9 2 5 3D Evap SunEx Ex Ex Ex Ex t= + - - Ö 

Economizer ( ), 8 3 9 4D Eco SunEx Ex Ex Ex Ex t= + - - Ö 

Steam turbine ( ), 5 6D ST ST SunEx Ex Ex W t= - - Ö 

TEG ( ), 6 10 7 11D TEG TEG SunEx Ex Ex Ex Ex W t= + - - - Ö 

SRC pump ( ), 7 8

SRC SRC

D Pump Pump SunEx Ex Ex W t= - + Ö 

PEME ( ), 13 12D PEME PEME ChEx W Ex Ex t= - - Ö 

Hydrogen storage tank , 15 16D HST Ch DchEx Ex t Ex t= Ö - Ö 

PEMFC ( ), 17 19 20 18D PEMFC PEMFC DchEx Ex Ex Ex Ex W t= + - - - Ö 
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2.2.3 Exergoeconomic analysis 

In energy systems, part of the transmitted exergy is always lost due to irreversibilities. Hence, 

exergy determines the true amount of thermodynamic effects. The system costs can be determined 

based on exergy and are denoted as exergoeconomic costs. In exergoeconomic analysis, the cost 

rate at the state and the final cost rate of products are determined [208]. In this regard, the cost 

balance equation is defined as follows [209]: 

( ) ( )j K j
K ,in K ,out

C Z C+ =ä ä  (2.61) 

j j jC c Ex= Ö  (2.62) 

here, 
jc  and jEx  are the cost per unit of exergy ($/GJ) and exergy flow of j th stream (kW), 

respectively. 
KZ  is the levelized cost in Kth component [210]: 

K K ,CI K ,OMZ Z Z= +  (2.63) 

here,
K ,CIZ  is the levelized capital investment and 

K ,OMZ  represents the operating and maintenance 

costs of the kth component. Therefore, KZ  can be found as follows: 

K
K ,CI

CRF Z
Z

b

Ö
=  (2.64) 

K K
K ,OM

Z
Z

f

b

Ö
=  (2.65) 

here, KZ  is the purchasing cost of the component, b is the operating hours of the system during a 

year and Kf  indicates the operating and maintenance factor of the system, which is considered 

1.06 (annually 6% of KZ ). Moreover, CRF  is the capital recovery factor and is stated by [187]: 
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(1 )

(1 ) 1

S

S

n

R R

n

R

i i
CRF

i

+
=
+ -

 (2.66) 

here, 
Ri  is the interest rate and Sn  is the service year of the system. The investment cost functions 

of the equipment are given in Table 2.3.  

Table 2.3: Capital cost functions for estimation price of the proposed system components [193,211ï213]. 

Component Capital cost function ($) 

Condenser 1773Cond CondZ m= Ö  

Evaporator ( ) ( )
0.88 Evap 2

Evap Evap Evap Evap

Evap in

Q
Z 276 A ,   A ,   U 4.39 kW m K

U T
= Ö = = Ö

ÖD
 

Heat exchanger 

0 6

12000
100

.

Hex

Hex

A
Z

å õ
= Öæ ö

ç ÷
 

PEME 1000PEME PEMEZ W= Ö  

PEMFC 2500PEMFC PEMFCZ W= Ö  

PTC 240PTC PTCZ A= Ö  

Pump ( )
0 41

3500
.

Pump PumpZ W= Ö  

TEG 1500TEG TEGZ W= Ö  

Steam Turbine and generator ( ) ( )
0 7 0 95

4750 60
. .

ST ST STZ W W= Ö + Ö  

Furthermore, this balance can be applied to update the purchase cost of the equipment [214]: 

Cost index for the present year
Cost at present year =Original cost

Cost index for the year of original cost
Ö  (2.67) 

The economic and auxiliary formulas for each equipment are given in Table 2.4. Furthermore, the 

final cost rate of products and levelized cost of electricity (LCOE) by the proposed system are 

calculated as follows: 

SRC PTC

w ,ST w ,TEG Pump Pump w ,PEMFC w ,PEME

p SRC PTC

ST TEG PEMFC PEME Pump Pump

C C C C C C
c

W W W W W W

+ + + + +
=

+ + - - -
 (2.68) 

24

off peak mid peak on peak

p

off peak Net mid peak Net on peak Net

c
LCOE

t W t W t W
- - -- - -

=
+ +

 (2.69) 
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Table 2.4: Cost balance and auxiliary formula for the components of the reference system. 

Component Cost balance Auxiliary equation 

Hydrogen storage tank 15 16HSTC Z C+ =   

Evaporator 9 2 5 3EvapC C Z C C+ + = + 2 3c c=  

Economizer 8 3 9 4EcoC C Z C C+ + = + 3 4c c=  

PEME , 13W PEME PEMEC Z C+ =  , ,w PEME w STc c=  

PTC pump 4 , , , 1W PTC P PTC PC C Z C+ + = , , ,w PTC P w STc c=  

SRC pump 7 , , , 8W SRC P SRC PC C Z C+ + = , , ,w SRC P w STc c=  

PEMFC 17 19 , 19 18PEMFC W PEMFCC C Z C C C+ + = + + 19 0c =  

PTC 1 2Sun PTCC C Z C+ + = 0Sunc =  

Steam turbine 5 6 ,ST W STC Z C C+ = +  5 6c c=  

TEG 6 10 7 11 ,TEG W TEGC C Z C C C+ + = + +  6 7 10 ; 0c c c= = 

2.2.4 Performance criteria  

Finally, the exergy efficiency of the base-load and peak-load can be expressed as follows: 

SRC PTC

ST TEG Pump Pump

Ex

sun

W W W W

Ex
h

+ - -
=  (2.70) 

2.3 Results and discussions 

The proposed system is simulated by using MATLABÊ and Engineering Equation Solver (EES) 

software based on the design conditions (Table 2.1) and the methods mentioned in Section 2.2. In 

this regard, first, the simulated model is validated by the data from the literature. Then, using multi-

objective optimization by the grey wolf algorithm, the optimal working conditions and the most 

suitable thermal oil for the proposed system are determined. The results of energy, exergy and 

exergoeconomic analyses are reported under optimal conditions. Lastly, performing parametric 

analysis, the impact of the substantial factors on the system performance is determined. 



71 

 

2.3.1 Model validation 

The proposed system is a new power generation system that has not been investigated formerly; 

thus, the data achieved from the present model for each subsystem are separately verified by the 

correlated paper in the literature. The validation results are presented in Figure 2.3.  

 

Figure 2.3: Validation of (a) PEMFC, (b) PEME, (c) PTC subsystems. 



72 

 

In this regard, simulation results of the PEMFC subsystem by Saeed et al. [184], the PEME 

subsystem by Ioroi et al. [215], and the solar PTC unit by Al-Sulaiman et al. [216] are compared. 

It is obvious that there is a sensible variance between the simulation and experimental data. 

2.3.2 Multi -objective optimization 

In the present work, a combination of artificial neural network (ANN) and grey wolf optimization 

(GWO) algorithms is used to evaluate and optimize the system performance. The GWO algorithm 

is prioritized to other alternatives due to several advantages such as (a) easy implementation owing 

to its simple structure, (b) low storage and computational requirements, (c) fast convergence, (d) 

no need for a large number of decision variables and control parameters, and (e) high stability 

[217]. Given that the optimization process is a time-consuming process, the results of the 

simulation are trained by using the ANN to reduce the simulation time from a few hours to a few 

minutes. In this regard, the energy, exergy, and exergoeconomic analyses of the proposed system 

with the developed model are repeated 700 times, and 700 random data sets are generated. Then, 

these data are passed to ANN to get the target functions. The objectives of the optimization are 

reducing the total cost rate (Z ) and improving the exergy efficiency (exh ) of the referenced system 

as much as possible. After optimization, the technique for order of preference by similarity to ideal 

solution (TOPSIS) decision criterion is used to obtain the optimal amount and the most suitable 

thermal oil. To provide a comprehensive and optimal review of the reference system, the impact 

of five different types of thermal oils on the PTC subsystem is investigated. To better explain the 

goals and optimization method, a schematic diagram is given in Figure 2.4. 
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Figure 2.4: Schematic diagram of the optimization process to determine optimum thermal oil from the five options 

shown in connection with optimizer. 

In general, thermal oils are available in different properties and costs. The two main parameters 

for oil selection are their operating temperature ranges in the solar cycle and heat transfer 

coefficients. Here, the effect of various thermal oils on the system performance is scrutinized in 

the present study. The properties of the proposed thermal oils are given in Table 2.5. 

Table 2.5: Specifications of the proposed thermal oils [218]. 

Thermal oil MinT ( ) MaxT ( ) ( )PC J kg KÖ  

Dowtherm A 12 400 1501 

Syltherm 800 -60 400 1574 

Therminol 66 -3 345 1475 

Therminol VP1 12 400 1486 

Xceltherm LV1  7 371 1519 

Due to the use of ANN, the optimization time is remarkably reduced. As a result, optimization can 

be performed for different thermal oils by investing a reasonable time to select the most appropriate 

one based on the minimum total cost rate (Z ) and the maximum exergy efficiency (exh ). The 

critical parameters of the system as optimization decision variables along with their minimum and 

maximum values are listed in Table 2.6. 
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Table 2.6: Decision variables and their range for optimization. 

Parameter Lower bound Upper bound 

2T  ( ) 300 400, 371, 345 

5P  (kPa) 2000 3500 
Evap

PinchTD  ( ) 3 10 

MZT  0.3 1.5 

2.3.2.1 Artificial neural network model validation  

To validate the ANN model, a coefficient of determination (R2) for one of the studied oils (e.g., 

Dowtherm A oil) is used as shown in Figure 2.5. It is noted that the closer the value of R2 is to 

one, the more accurate the ANN predictions are. As shown in Figure 2.5, the R2 of the trained 

neural network model for exergy efficiency (exh ) and the total cost rate (Z ) are 0.99992 and 

0.99999, respectively, which confirms the high precision and consistency of the considered ANN 

model. 

 

Figure 2.5: Artificial neural network validation for Dowtherm A oil including a) Exergy efficiency (exh ), b) Cost 

rate (Z ). 
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2.3.2.2 Optimization results 

Multi -criteria optimization results for five types of thermal oils are shown in Figure 2.6. It is noted 

that a solar collector area of 100,000 m2 is considered for optimization. 

 

Figure 2.6: Distribution of Pareto frontier diagrams for five types of thermal oils based on the grey wolf 

optimization algorithm. 

According to Figure 2.6, all the points in this figure can be considered as an optimal point; thus, 

the TOPSIS decision method is used to obtain the ideal point. The selected points are marked with 

white symbols by the TOPSIS criterion. The specifications of these points are given in Table 2.7. 

Table 2.7: Specifications of TOPSIS points of different oils. 

Thermal Oil 
Design parameters  Objective functions 

2T  ( ) 5P  (kPa) Evap

PinchTD  ( ) MZT   exh  Z  ($/h) 

Dowtherm A 400 3500 8.81 1.06  17.64 492.42 

Syltherm 800 400 3500 10.0 1.21  16.80 486.63 

Therminol 66 345 3500 8.61 1.28  16.95 492.86 

Therminol VP1 400 3500 10.0 1.49  17.44 489.25 

Xceltherm LV1 371 3500 7.36 1.15  17.63 492.52 
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Since the behaviour of the five oils is similar in Figure 2.6, a separate figure (Figure 2.7) is 

demonstrated to provide a better understanding of their operation values and ranks. Based on the 

results, Dowtherm A oil has the best TOPSIS point and can be used as the most suitable thermal 

oil in the system. 

 

Figure 2.7: Ranking of TOPSIS points of each thermal oil. 

For more clarification, the optimization population dispersion of Dowtherm A is shown in Figure 

2.8. According to Figure 2.8 (a), most of the points are at the highest value for the collector outlet 

temperature, but due to the oil temperature limitation, it is not possible to increase more than the 

allowable value (the maximum allowable temperature of each oil is given in Table 2.5). In addition, 

the optimal point distribution for the inlet pressure of the steam turbine in Figure 2.8 (b) and the 

pinch point temperature difference at the evaporator in Figure 2.8 (d) are more focused on the end 

of the optimization interval. In this regard, the optimum pressure at the steam turbine inlet pressure 

is 3500 kPa and the optimal pinch point temperature difference in the evaporator is 10 . But, 
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Figure 2.8 (c) shows that the optimal points of the figure of merit coefficient (MZT ) are 

consistently distributed in the range of 0.3 to 1.5.  

 

Figure 2.8: Population dispersion for decision variables: a) 2T , b) 5P , c) MZT , and d) Evap

PinchTD . 

The thermodynamic and exergoeconomic characteristics of the reference system streams based on 

the optimal conditions are shown in Table 2.8. In addition, the results of thermodynamic and 

exergoeconomic analyses, using the governing equations presented in the section 2.2 and the 

optimal conditions specified, are tabulated in Table 2.9. 

Table 2.8: Thermodynamic and exergoeconomic characteristics of solar cycle currents for the optimal point of Dowtherm A. 

State ( )m kg s  ( )P kPa  ( )T C̄  ( )h kJ kg  ( )s kJ kg KÖ  ( )Ex kJ s  ( )c $ GJ  ( )C $ h  

0  101.3 25      

1 139.8 250 162.8 260.9 0.726 6110 3.452 75.92 

2 139.8 250 400 811.4 1.722 41586 3.188 477.2 

3 139.8 237.5 251.4 447.5 1.114 16022 3.188 183.9 

4 139.8 225.6 162.3 260.9 0.7237 6200 3.188 71.15 

5 29.02 3500 242.6 2803 6.124 28503 4.236 434.7 
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6 29.02 90 96.69 2321 6.45 11710 4.236 178.6 

7 29.02 90 35 146.7 0.5051 20.17 4.236 0.3076 

8 29.02 3500 35.18 150.5 0.5063 120 9.814 4.241 

9 29.02 3500 242.6 1050 2.725 7026 5.032 127.3 

10 1480 101.3 25 104.9 0.3672 0 0 0 

11 1480 101.3 35 146.7 0.5051 1046 48.88 184 

 

Table 2.9: Results of thermodynamic and exergoeconomic analysis based on the optimal 

conditions with Dowtherm A oil. 

Parameter Value Unit 

Circulation pump power 0.140 MW 

Cost rate of products 492.42 $/h 

Levelized cost of electricity 62.6 $/MWh 

Economizer heat transfer rate 26.1 W 

Evaporator heat transfer rate 50.9 MW 

Mid peak power 14.9 MW 

Off peak power 9.00 MW 

On peak power 20.1 MW 

Overall exergy efficiency 17.64 % 

Ratio of excess hydrogen to the produced hydrogen 2.30 - 

Steam pump power 0.11 MW 

Steam turbine power 14.0 MW 

TEG power 1.20 MW 

To better understand the results of exergy and exergoeconomic analysis, Sankey diagrams for 

various components and streams of the system are given in Figure 2.9 and Figure 2.10. Figure 2.9 

shows the exergy flow in the system, as well as the amount of exergy destruction that happens at 

each process. The thickness of the flows drawn in the Sankey diagram is proportional to the exergy 

values. Initially, 84.51 MW of solar radiation is received by the PTC collectors. Due to the 

significant exergy destruction in solar collectors, 41.59 MW of the input exergy is transferred to 

Dowtherm A thermal oil, and the rest of the input exergy (49.12 MW) is lost. The temperature 

difference between the sun and oil is the primary reason for exergy destruction in solar collectors. 
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In the following, the thermal oil transfers its heat to the steam by passing through the evaporator 

and economizer. Water vapor enters the turbine with an exergy rate of 28.50 MW and generates 

power through the expansion process. Exergy destruction in turbines, evaporators, and 

economizers are 2.57, 4.10, and 3 MW, respectively. Due to the fact that the output stream from 

the steam turbine has significant exergy, the TEG produces 1.2 MW of useful exergy by recovering 

the residual heat. In total, out of the 84.51 MW of exergy input by the sun, 15.17 MW is converted 

to power, and 68.29 MW is destructed. In addition, 1.05 MW of hot water is produced by the 

condenser. The most share of exergy destruction happened in the PTC solar collector, TEG 

thermoelectric, and evaporator, respectively. 

 

Figure 2.9: Sankey exergy diagram for the PTC and SRC-TEG subsystems under optimal conditions, the values are 

in MW. 

Figure 2.10 shows the cost rates associated with the PTC and SRC-TEG subsystem streams. Due 

to the high cost of solar technology, 82% of total system costs are related to solar collectors. 
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Considering free access to solar radiation, its input cost rate is zero. Moreover, the output streams 

of the collector, evaporator, and turbine have the highest cost rates. 

 

Figure 2.10: Exergoeconomic Sankey diagram for PTC and SRC-TEG subsystems under optimal conditions. 

One of the influential parameters in energy systems is cost rate. The total cost rate distribution of 

different units of the reference system is presented in Figure 2.11. As mentioned earlier, the 

performance of the proposed system is divided into two parts, the baseload, and the peak load. The 

baseload unit is responsible for 61% of the total cost rate; 82% of which is related to PTC. The 

peak load generation unit includes PEME and PEMFC, which together cover 39% of the total 

system cost, most of which are associate with the fuel cell. The parameter affecting the cost rate 

of fuel cell and electrolyzer is the input cost rate of the electrolyzer. The more the input electricity 

cost rate, the higher the cost rate of electrolyzer and fuel cell, which will be discussed in detail in 

the next section. 
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Figure 2.11: The cost rate of different subsystems and their percentage. 

2.3.3 Sensitivity analysis 

The performance of the hybrid systems can always change under the influence of various factors. 

Therefore, the evaluation of critical parameters is of great importance which is scrutinized in this 

section. 

2.3.3.1 Direct normal irradiance 

The amount of direct normal irradiance (DNI) is one of the most important parameters affecting 

the power generation of the solar field during the base load, which is a function of the time and 

position of the system. Hence, the effect of DNI on the performance of the reference system is 
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evaluated in Figure 2.12. It is obvious that more heat is received by thermal oil at higher DNIs. 

Therefore, the energy density of thermal oil is increased, resulting in an improvement in the 

amount of heat received by the evaporator and economizer. Consequently, increasing the heat input 

enhances the production capacity of the SRC-TEG subsystem. The exergy efficiency and the 

amount of power transmitted to the electrolyzer during the off-peak time will be improved at higher 

production capacities of the SRC-TEG unit. It means that the ratio of excess to the produced 

hydrogen (ETP) is decreased at higher DNIs. All the mentioned points and the free access to solar 

energy around the world cause a cost reduction of products at higher DNIs. 

 

Figure 2.12: Impact of direct normal irradiance (DNI) on the ratio of excess hydrogen to the produced hydrogen 

(ETP), system power output, exergy efficiency, and product cost rates. 

2.3.3.2 Charging and discharging time 

In general, power distribution networks are divided into three periods based on consumption: off-

, mid- and on-peak. During off-peak times, the extra power generated by the SRC-TEG subsystem 

is given to the PEME, where hydrogen is produced and stored in special tanks. Then, at mid-peak 
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times, all the electricity generated by the SRC-TEG subsystem is transmitted to the grid. Finally, 

at on-peak times, due to the need for excess electricity, stored hydrogen is transferred to the 

PEMFC subsystem for further power generation to help grid stability, peak shaving, and power 

scarcity. According to Figure 2.13, the most effective parameters at on-peak time are the discharge 

period and the amount of power required. As the peak time increases, the amount of the required 

hydrogen is linearly increased, resulting in an enhancement at ETP. To shed light on this issue in 

the proposed system, four different scenarios are considered for the share of power generation by 

the PEMFC, which are 20, 30, 40, and 50% of the power generated by the SRC-TEG subsystem. 

According to Figure 2.13, the amount of excess hydrogen required is increased with increasing 

discharge period (TDischarge) and share of the power provided by the PEMFC. The differences 

between ETP values at various discharge periods are written in separate lines above columns to 

indicate their linear alteration. 

 

Figure 2.13: The effect of discharge time and PEMFC power generation on the required excess hydrogen ratio. 
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Charging time and the amount of power input to PEME are among the other important parameters 

affecting the PEME performance. As shown in Figure 2.14, when the charging time increases, the 

amount of hydrogen produced by the PEME is improved, while the amount of required excess 

hydrogen and ETP are decreased. However, against the discharging period, there is no linear 

relationship between the alterations of ETP at different charging periods. 

 

Figure 2.14: Effect of charge time and amount of power input to PEME on the ratio of excess hydrogen required. 

2.3.3.3 Fuel cell temperature 

Figure 2.15 and Figure 2.16 show the effect of temperature and current density on PEMFC 

performance. As shown in Figure 2.15, enhancing the temperature of the fuel cell improves its 

performance, because as the temperature increases, the exchange current density rises, and the 

losses in the PEMFC is decreased. Furthermore, as the fuel cell temperature rises, the polarization 

curve in the current density region decreases, indicating an improvement in the PEMFC 
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performance at higher temperatures. On the other hand, at low flow densities, if the fuel cell 

temperature is more than the humidification temperature (70 ) and kept constant at that 

temperature, the membrane material in the catalyst layer would not be entirely hydrated. Therefore, 

this can reduce the active level of the catalyst. But if the current density increases, the membrane 

material in the catalyst layer will become more hydrated; therefore, the active surface of the 

catalyst layers increases. This is because the amount of water produced by the PEMFC at high 

current densities increases and improves the performance of the fuel cell. 

 

Figure 2.15: The effect of fuel cell temperature on current density and voltage under the PEMFC system. 

As shown in Figure 2.15, the current density of PEMFC increases with increasing fuel cell 

temperature. Therefore, the amounts of penetration and mass transfer are increased at higher 

temperatures. Hence, because of the rise in conductivity of the PEMFC membrane at higher 

temperature and current density, the polarization curves will be towards higher voltages. The effect 

of temperature and current density on the power generation of the PEMFC is shown in Figure 2.16. 

As shown in Figure 2.15, higher current densities will reduce voltage levels and increase voltage 
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losses in PEMFCs. But, according to Figure 2.16, the power generated in the PEMFC is improved 

by increasing the current density. However, at current densities above 1.25 A/cm2, the effect of 

voltage drop on PEMFC performance is dominated and output power decreases. 

 

Figure 2.16: Influence of fuel cell temperature on flow density and output power under PEMFC system. 

2.4 Summary of chapter 

In this chapter, an innovative combination of PEME, PEMFC, and PTC solar power units was 

presented. The main purpose of this work was to supply extra power generation of the solar field 

during off-peak periods for peak shaving, without any greenhouse gas emissions. Another 

objective was to introduce a new concept for green hydrogen production. The developed model 

was first validated with the experimental data in literature and then the proposed system was 

thoroughly studied in terms of thermodynamics and exergoeconomic. Moreover, the system 

performance was optimized with the help of an artificial neural network and multi-objective 

optimization with a new grey wolf algorithm. The major findings of this study are as follows: 
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(1) The DowthermTM A was found as the ideal choice for working fluid of the solar unit among 

five different alternatives with various properties by considering a trade-off between the 

minimum cost rate and the maximum exergy efficiency. 

(2)  The proposed system can produce 9, 14.9, and 20.1 MW of power during a cycle, at off-, 

mid-, and on-peak times to the distribution grid, respectively. This is accomplished by the 

ratio of the excess hydrogen to the produced hydrogen of 2.3. 

(3) The exergy efficiency of the proposed system is 17.64%. A total exergy destruction of 

68.29 MW happens in the whole PTC-SRC-TEG subsystem, most of which are associated 

with the PTC unit. 

(4) The results of the exergoeconomic analysis show that the PTC subsystem accounts for 

nearly 82% of the total cost of the baseload part. In addition, the peak load components 

including the electrolyzer and fuel cell are responsible for around 39% of the total cost rate. 

The optimal cost rate of the system products and levelized cost of electricity are 

respectively 492.42 $/hr, and 62.6 $/MWh. 

(5) The sensitivity analysis based on fuel cell temperature, DNI, charge, and discharge periods 

showed that the system performance highly depends on DNI. The better the system location 

(higher DNI), the higher the system performance and economic feasibility. The parametric 

analysis also indicated that lower additional hydrogen will be needed in cases of higher 

charging temperature or lower discharging temperature. 
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2.5 Uncertainty consideration  

In this analysis, key economic parameters, including capital investment, operating and 

maintenance costs, and interest rates, were considered as per common practice in the literature. 

However, more detailed cost elements, such as those related to engineering, installation, insurance, 

and other ancillary expenses, have been excluded from the scope of this study. These exclusions 

introduce a degree of uncertainty to the presented calculations. Future analyses should aim to 

address these uncertainties by incorporating a comprehensive set of cost factors, supported by up-

to-date and reliable cost functions as they become available. Such refinements would enhance the 

robustness and reliability of the economic analysis, aligning it more closely with real-world 

conditions.  
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Chapter 3: Design and Techno-Economic Analysis of a Novel 

Solar-Based Solid Oxide Electrolyzer and Fuel Cells System1 

 

Green hydrogen production is facing challenges in balancing economic feasibility with 

sustainability. Employing efficient hydrogen production designs and benefiting from the potential 

of hydrogen storage provide two promising strategies to mitigate the economic constraints 

associated with green hydrogen production. This chapter proposes a novel hybrid design for green 

hydrogen production/utilization based on efficient high-temperature thermal units, including 

heliostat solar field, solid oxide electrolyzer cell (SOEC), and solid oxide fuel cell (SOFC). The 

proposed system is comprehensively investigated from thermodynamic and economic 

perspectives, along with conducting a case study based on hourly electricity prices and actual solar 

data. The system demonstrates a hydrogen production rate of 7.76 ton/day using the SOEC and a 

power generation of 54.3 MWh in the SOFC for peak demand shaving, yielding an overall round 

trip efficiency of 74.2%. The case study results indicate that the economic feasibility is 

significantly compromised if all the produced hydrogen is sold at prices below 2.75 $/kg; while, 

implementation of hydrogen storage for peak shaving can yield a promising payback period of less 

than 2 years. The hydrogen and hourly electricity prices, along with the duration of peak times, 

are the other critical factors that affect economic viability. 

 

                                                 
1 This chapter is based on [3]. 
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3.1 System description 

The schematic diagram of the proposed novel design for green hydrogen production, storage, and 

utilization is shown in Figure 3.1.  

 

Figure 3.1: Schematic diagram of the proposed system based on heliostat solar, SOEC, SOFC, and Kalina cycle for 

green hydrogen storage. 

The proposed system comprises four primary units, including heliostat solar field, SOEC, SOFC, 

and Kalina cycle, each of which serves a distinct function that will be elaborated in detail in the 

following paragraphs: 
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The cycle operation initiates with the absorption and storage of solar energy within the heliostat 

unit during periods of sunlight. The cold molten salt is pumped to the central receiver of the 

heliostat tower, where the solar energy is achieved through the precise reflection of the sunlight 

by the controlled mirrors within the field (point 2). The high-temperature thermal energy is 

transferred to the molten salt as it passes over the receiver, following which the produced hot 

molten salt is stored in an isolated tank for future utilization (point 3). The implementation of a 

molten salt storage tank as a sensible TES system mitigates the fluctuations inherent in solar energy 

dynamics, providing a more stable and consistent thermal output for the SOEC and SOFC units. 

During the off-peak period, low-cost surplus power generated by renewable energy sources, in 

conjunction with a fraction of the supplied molten salt, are employed to run the SOEC and 

compressor. The water, with the ambient temperature, undergoes vaporization and superheating 

within two heat exchangers, utilizing the waste heat of the SOEC (points 8 to 9) and a fraction of 

the stored solar heat (points 9 to 10). The high-temperature vapor subsequently enters the SOEC 

(point 10), wherein electrochemical reactions take place, resulting in hydrogen (point 11) and 

oxygen (point 12) production. After heat recovery in heat exchanger 2, the produced oxygen is 

stored in the oxygen tank with the ambient pressure (point 14), while the green hydrogen is 

pressurized to 300 bar through passing a three-stage compressor (points 16 to 17). The required 

hydrogen for power generation during peak demand periods is stored in the hydrogen tank, while 

the surplus amount is sold in the hydrogen market. The lower the temperature of hydrogen in the 

compressor inlet (point 16), the lesser the compressor power consumption. In addition, hydrogen 

compression is accompanied by heat generation in the compressor outlet. Therefore, two heat 

exchangers (HE3 and HE4) have been designed to exploit this extra heat for district heating 

purposes. 
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During peak demand periods, the supplied oxygen and hydrogen are utilized to run the SOFC 

after undergoing heating in two heat exchangers. Initially, hydrogen and oxygen are preheated by 

the exhaust gases of the SOFC through passing the heat exchanger 5 (HE5). Subsequently, the 

desired temperature in the SOFC inlet is achieved by using the supplied high-temperature molten 

salt in the heat exchanger 6 (HE6). After power generation in the SOFC for peak demand shaving, 

the outlet high-temperature gasses are recovered to minimize heat loss to the environment as much 

as possible. Although a significant amount of the waste heat can be recovered in HE5, there is still 

high energy density in point 26, which is recovered through two additional steps. Given the 

correlation between waste heat generation and peak demand periods, a Kalina cycle has been 

designed to generate more power for peak demand shaving. The Kalina cycle is selected because 

of its environmentally-friendly working fluid as a mixture of ammonia and water for extra power 

generation during peak times. Finally, the remaining low-quality waste heat is recovered as much 

as possible in the heat exchanger 8 (HE8) for district heating applications. 

3.2 System modelling 

In this section, the governing equations for thermodynamic analysis, including energy and exergy 

analyses, along with the economic analysis, are presented in detail. The design conditions and 

input values of different units are presented in Table 3.1: 

Table 3.1: Design conditions of different units for the modeling of the proposed system. 

Subsystem Parameter Value Unit 

Heliostat solar Concentration ratio 1000 - 

[191,219,220] Direct normal irradiance 700 W/m2 

 Emissivity coefficient 0.8 - 

 Inlet diameter of the receiver tube 3.75 cm 

 Number of the heliostat 150 - 

 Optical efficiency 75 % 

 Outlet diameter of the receiver tube 4 cm 

 Reflectivity coefficient of the receiver surface 0.04 - 

 Stephan-Boltzmann constant  5.67×10-8 W/m2.K4 
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 Solar time duration 8 hrs 

 Speed of the wind 5 m/s 

 Surface area of the mirrors 121 m2 

 Temperature of the cold molten salt 600  

 Temperature of the hot molten salt 1100  

 Temperature of the sun 5504.85  

 Thermal conductivity of the receiver tube 24.5 W/m.K 

 Thermal conductivity of the tube-insulation 0.03 W/m.K 

 Thickness of the tube-insulation 10 cm 

 View factor 0.8 - 

Solid oxide cells Air utilization factor 0.4 - 

[206,221ï224] Activation energy of cathode 142000 J/mol 

 Activation energy of anode 140000 J/mol 

 Anode thickness 500 µm 

 Average length of grain contact 0.6 µm 

 Average pore diameter of electrodes 3 µm 

 Average grain size of electrodes 1.5 µm 

 Cathode thickness 20 µm 

 Current density 8000 A/m2 

 Cell active area 0.04 m2 

 Charge-transfer coefficient 0.5 - 

 Compressibility factor of hydrogen 1.2 - 

 Electrode porosity 48 % 

 Electrolyte thickness 10 µm 

 Tortuosity 5.4 - 

 Faraday constant 96486 sA/mol 

 Fuel utilization factor 0.8 - 

 Interconnect thickness 3 mm 

 Isentropic efficiency of the hydrogen compressor 88 % 

 Low heating value of hydrogen 119.9 MJ/kg 

 Number of cells 34000 - 

 Operating temperature of SOEC 850  

 Operating temperature of SOFC 900  

 Pressure of the hydrogen storage tank 300 bar 

 Pre-exponential factor for cathode  2.35×109 A/m2 

 Pre-exponential factor for anode 6.5×109 A/m2 

 Steam utilization factor 0.6 - 

 Life time of solid oxide cells 40000 hrs 

 Annual operating and maintenance costs 22 % 

 Universal gas constant 8.314 J/mol.K 

Kalina cycle Condenser efficiency 80 % 

[192,225] Evaporator efficiency 80 % 

 Evaporator concentration 0.8 - 

 High pressure of Kalina cycle 40 bar 

 Isentropic efficiency of the Kalina turbine 85 % 

General Annual operating and maintenance costs 6 % 

[207,226ï229] Ambient pressure 1.01 bar 

 Ambient temperature 20  

 Charging time period 19 hrs 

 Discharging time period 5 hrs 

 District heating cold temperature 20  

 District heating warm temperature 60  
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 Heat exchangersô efficiency 80 % 

 Interest rate 5 % 

 Isentropic efficiency of the pumps 80 % 

 Standard chemical exergy of H2 236.09 kJ/mol 

 Standard chemical exergy of H2O (g) 9.49 kJ/mol 

 Standard chemical exergy of H2O (l) 0.9 kJ/mol 

 Standard chemical exergy of O2 3.97 kJ/mol 

 Standard chemical exergy of NH3 337.9 kJ/mol 

 Service time of the system 20 yrs 

The flowchart depicting the system modelling process is presented in Figure 3.2. Initially, solar 

DNI data is acquired and serves as input to the solar unit. Next, the solar heliostat unit is designed 

and modelled based on the available DNI and desired amounts of products. Ultimately, the hot 

molten salt production rate and corresponding storage amount are determined. The available hot 

molten salt is exploited to drive either the SOEC or SOFC unit, depending on whether it is an off-

peak or peak time. The rates of hydrogen and oxygen production are calculated based on the SOEC 

unit design, the utilized molten salt, and the duration of the off-peak period. Then, based on the 

remaining molten salt in the tank and the duration of peak times, power generation and hydrogen 

consumption rates in the SOFC can be computed. The rates at which district heating can be 

generated during both off-peak and peak times are calculated by considering waste heat 

temperatures and flow rates. Likewise, additional power is generated through the Kalina cycle by 

utilizing downstream waste heat parameters. Finally, a comprehensive investigation of the system 

performance is conducted by taking into account energy, exergy, and economic (3E) analyses. The 

rates of heat transfer, power generation, and consumption in different equipment are the most 

important findings of energy analysis. The sources of exergy destructions, inefficiencies, and 

irreversibilities are identified by the exergy analysis. Additionally, the economic analysis is 

performed to calculate the capital cost of units and components, as well as determining the system 

profitability and payback period. 



95 

 

 

Figure 3.2: Flowchart of the system modeling process and the applied methodologies. 

3.2.1 Energy analysis 

The energy analysis is based on the first law of thermodynamics, which states that energy can 

neither be generated nor destroyed, but can only be transformed from one form to another form, 

or transferred from one system to another. The mass, concentration, and energy conversion 

equations for different components can be written as follows [230]: 

in outm m=ä ä  
(3.1) 

in in out outm X m X=ä ä  
(3.2) 

in in out outm h Q m h W+ = +ä ä  
(3.3) 
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In the following subsections, the governing energy equations for different units and components 

are presented in detail. The optimum sizing of each system component in Figure 3.1 is calculated 

based on the design conditions specified in Table 3.1 and the governing equations listed below. 

3.2.1.1 Heliostat solar unit  

The heliostat unit comprises a heliostat field, heliostat tower, cavity receiver, and high-temperature 

thermal storage. The amount of energy emitted from the sun to the heliostat field can be calculated 

as follows [231]: 

Sun Sun Hel HelQ I A N= Ö Ö (3.4) 

where HelN , HelA , SunI  indicate the number of mirrors in the heliostat field, the area of each 

mirror, and the level of DNI. The rate at which solar energy is reflected the cavity receiver is a 

function of the heliostat optical efficiency, calculated as follows [232]: 

Rec
Hel

Sun

Q

Q
h =  

(3.5) 

where, Helh  and 
RecQ are the heliostat optical efficiency and the reflected solar energy to the cavity 

receiver. A portion of the energy that enters the receiver is lost by conduction, convection, 

radiation, and reflection mechanisms, and the remaining is absorbed by the molten salt passing 

through the receiver. The energy balance in the receiver can be calculated by [233]: 

,Rec Abs Loss RecQ Q Q= +  
(3.6) 

,Loss Rec Cd Cv Rad RefQ Q Q Q Q= + + +  
(3.7) 
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where, 
AbsQ  and ,Loss RecQ are the heat absorbed and lost in the receiver. In addition, the subscripts 

Cd, Cv, Rad, and Ref denote the conduction, convection, radiation, and reflection. 

The energy balance in the receiver can also be found based on the average temperatures of the 

receiver surface ( ),Rec surT  and the molten salt ( )MST  within the receiver tube [220]. The convective 

heat transfer coefficient of molten salt can be calculated from the DittusïBoelter equation [234]. 

( ),

,

,

ln

Rec sur MSRec
Rec

Rec sur O O O

i MS i Rec tube i

T TQ
q

A d d d

d hc d K d

-
= =

å õå õ
+æ öæ öæ öÖ Öç ÷ç ÷

 

(3.8) 

0.8 0.40.023 Re PrMS i
MS MS MS

MS

hc d
Nu

K

Ö
= = Ö Ö 

(3.9) 

,

4
Re

. . .

MS
MS

Rec tube i MS

m

N dp m

Ö
=  

(3.10) 

Pr MSMS P

MS

MS

C

K

m Ö
=  

(3.11) 

2

HMS CMS
MS

T T
T

+
=  

(3.12) 

where, di and do are the inlet and outlet diameters of the receiver tube, K is thermal conductivity, 

hc is convective heat transfer coefficient, and µ is dynamic viscosity. In addition, Nu, Re, and Pr 

show Nusselt, Reynolds, and Prandtl numbers. 
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Concentration ratio ()C  and view factor ( )Fr  are two key parameters for determining the 

required surface and aperture areas of the receiver, and the number of heliostats. To simplify the 

calculations, it is supposed that the width of the receiver aperture ( )W  is half its height ( )H [220]. 

,

,

Rec ap

Rec sur

A
Fr

A
=  (3.13) 

2

,
2

Rec ap

H
A H W= Ö =  (3.14) 

, ,

Field Hel Hel

Rec ap Rec ap

A A N
C

A A

Ö
= =  (3.15) 

Another important parameter to be calculated is the radiative heat loss between the receiver surface 

and the surrounding [233]: 

( )

( )

4 4

, ,

1

W Rec sur Rec sur Amb

Rad

W
W

A T T
Q

Fr

e s

e
e

å õ
æ öÖ Ö Ö -
æ ö=

å õæ ö+ -æ öæ ö
ç ÷ç ÷

 (3.16) 

where s is StefanïBoltzmann's constant (5.67×10-8 W.m-2.K-4) and We  presents the receiver 

surface absorptivity coefficient. The reflection of aperture escape incident rays is another source 

of heat waste in the receiver, which is calculated by [235]: 

Ref RecQ Q Fra= Ö Ö 
(3.17) 

Convection heat loss in the receiver is based on both natural and forced convections, which are 

determined by [220]: 
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, ,Cv N Cv F CvQ Q Q= +  
(3.18) 

( )
1.426

, , ,0.81N Cv Rec sur Rec sur AmbQ A T T= Ö Ö -  
(3.19) 

( ), , , ,F Cv F Cv Rec ap Rec sur AmbQ hc A T T= Ö Ö - 
(3.20) 

, 0.8 0.333

, ,0.0287 Re Pr
F Cv

F Cv F Cv Air

Air

hc H
Nu

K

Ö
= = Ö Ö  

(3.21) 

,Re Air Wind
F Cv

Air

V Hr

m

Ö Ö
=  

(3.22) 

Pr AirAir P

Air

Air

C

K

m Ö
=  

(3.23) 

where, VWind is the wind speed (m/s). 

The smallest share of the heat losses in the receiver belongs to conductive heat transfer, which 

mostly happens in the insulation layers and the support material [236]. Considering the dominancy 

of heat waste in the insulation layers, conduction heat loss is defined by [220]: 

( ) ( ),

, ,

Ins Rec sur

Cd Rec sur Ins Mix Rec sur Ins Amb

Ins

K A
Q T T hc A T T

d

Ö
= Ö - = Ö Ö - 

(3.24) 

, ,Mix Air fc Air nchc hc hc= +  (3.25) 

( )
0.333

, 1.24Air nc Ins Ambhc T T= Ö -  
(3.26) 

0.2

, 0.805 0.45

, ,0.02657 Re Pr
Air fc Ins

Air fc Air fc Air

Air Amb

hc H T
Nu

K T

Ö å õ
= = Ö Ö Öæ ö

ç ÷
 

(3.27) 

It is noted that KCl-MgCl2 molten salt with the molar fraction of 68% KCl, and 32% MgCl2 was 

utilized as heat transfer fluid in the heliostat solar unit because of its better fit with the operating 
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temperature of SOEC and SOFC to avoid crystallization in the pipes [237]. The rate at which 

thermal energy is absorbed by the molten salt in the receiver can be calculated by [220]: 

( )2 3 2
1000

AbsQ
m h h= Ö - 

(3.28) 

3.2.1.2 Solid oxide electrolyzer 

The cell voltage is the most critical factor in the SOEC, which is calculated based on Nernst 

voltage, Ohmic, activation, and concentration polarizations as follows [238]: 

, , ,SOEC Nernst SOEC Ohm Act i Con iV E V V V= + + +  (3.29) 

2 2

2

0 0 1/2

0

, 0
ln

2

H OSOEC
Nernst SOEC

H O

P PRT
E E

F P

å õ
= + æ ö

æ ö
ç ÷

 (3.30) 

0 41.253 2.4516 10 SOECE T-= - ³  (3.31) 

where, 
0E and 

0P  are the standard cell potential and partial pressure of hydrogen, oxygen, and 

water. 

Ohmic loss is a type of overpotential loss in the SOEC which is associated with the resistance 

of cell components (anode, cathode, and electrolyte) and calculated by [224]: 

( ).Ohm An An Ca Ca Elc Elc Int IntV L L L L jr r r r= + + +  (3.32) 

1
79.5 10 1150

.expAn

cell cellT T
r

-

è øå õ å õ³ -
=é ùæ ö æ ö
ç ÷ ç ÷ê ú

 (3.33) 

1
74.2 10 1200

.expCa

cell cellT T
r

-

è øå õ å õ³ -
=é ùæ ö æ ö
ç ÷ ç ÷ê ú

 (3.34) 
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1

10300
28400.expElc

cellT
r

-

è øå õ-
=é ùæ ö

ç ÷ê ú
 (3.35) 

1
69.3 10 1100

.expElc

cell cellT T
r

-

è øå õ å õ³ -
=é ùæ ö æ ö
ç ÷ ç ÷ê ú

 (3.36) 

where, ɟ (ɋ.cm) and L (cm) are the electrical resistivity and thickness of the cell components. 

The activation loss is the voltage required to overcome the energy required to start the 

electrochemical reactions, which is calculated based on cell microstructure as follows [222]: 

1 1

0, 0,2 2
Act

An Ca

RT j j
V Sinh Sinh

F j j

- -
å õ

= +æ ö
æ ö
ç ÷

 (3.37) 

where, j0 is the exchange current density, presenting the ability of the electrodes (anode and 

cathode) to proceed with electrochemical reactions. Therefore, the greater the j0, the quicker the 

electrochemical reactions. The values of J0 for the cathode and anode are a function of different 

microstructure and operating factors, calculated as follows [222]: 

( )

( )
2 2

0 0

,

0,
2 2 2

0 0

72 . .
exp

. 1 1

Ave Pore Pore Grain H H O Act An

An An

cell
Pore Grain Ave

X r r d P P E
j k

P P RTr d X

e e å õ å õè ø- + å õê ú= ³ ³ ³ -æ ö æ öæ öæ ö æ ö
- - ç ÷ç ÷ ç ÷

 
(3.38) 

( )

( )
2

0

,

0,
2 2 2

0

72 . .
exp

. 1 1

Ave Pore Pore Grain O Act Ca

Ca Ca

cell
Pore Grain

X r r d P E
j k

P RTr d

e e

a

å õè ø- + å õê ú= ³ ³ -æ ö æ öæ ö
- - ç ÷ç ÷

 
(3.39) 

where k, XAve, Ŭ, and Ů show the coefficient of the exchange current density, the average length of 

grain contact, symmetrical charge-transfer coefficient, and porosity of electrodes, respectively. In 

addition, EAct, rPore, and dGrain show the activation energy of the electrodes, average pore radius, 

and average grain size.  
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The resistance in transporting reactants and products to or from the reaction sites of the 

electrodes results in concentration losses. The purities of fuel and oxidant gases, as well as the 

microstructure parameters, are responsible for a substantial portion of the concentration 

overpotential, calculated as follows [222,239]: 

2 2 2

2 2 2

0 0

0

.
ln ln

2 . 4

TPB

H H O Ocell cell
Con TPB TPB

H O H O

P P PRT RT
V

F P P F P

å õ å õ
= +æ ö æ ö

æ ö æ ö
ç ÷ ç ÷

 (3.40) 

where, TPB

iP is the triple-phase boundary pressure of the species, achieved by [239]: 

2 2

2

2 2

2

2 2

2

0

0

0

. . .

2 .

. . .

2 .

. . .
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TPB An cell
H O H O eff

H O
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P P

F D

j L R T
P P

F D

j L R T
P P

F D

ë
= +î

î
î
î

= -ì
î
î
î = -
îí

 (3.41) 

where, eff

iD  represents the effective diffusion coefficient, outlined as follows [240]: 

2

2 2 2
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2 2 2
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2 2 2
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1 1

1 1
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H O
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H
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î å õî

= +æ öì æ ö
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= +æ öî æ ö
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 (3.42) 

where, Di and Di-j are Knudsen and binary diffusions, which can be calculated by [222,239]: 
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( ) ( )
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2
1/3 1/30.5
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0.00143cell
i j

i j i j

T
D

P M v v
-

-

=
è ø+
é ùê úä ä

 
(3.43) 

0.5

97 cell
i pore

i

T
D r

M

å õ
= æ ö

ç ÷
 (3.44) 

where, Mi is the molecular weight of species i and vä  is the diffusion volume (which is 16.3 for 

O2, 13.1 for H2O, 6.12 for H2, and 18.5 for N2). In addition, Mi-j can be found by the following 

equation [239]: 

1

1 1
2i j

i j

M
M M

-

-

å õ
= +æ öæ ö
ç ÷

 (3.45) 

Another important parameter in the SOEC is the steam utilization factor, which is obtained as 

follows: 

2 ,

S

H O in

U
n

g
=  (3.46) 

. .

2

SOEC SOEC SOECj A N

F
g=  (3.47) 

where, Us and g are the steam utilization factor and the consumed vapor in the SOEC. 

Finally, calculating different types of overpotential losses and the cell voltage, the power 

consumption of the SOEC stack can be calculated by [241]: 

. . .SOEC SOEC SOEC SOEC SOECW N A V j=  (3.48) 

where N and A are the number of cells and the active area of each cell. 
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The power consumption and isentropic efficiency of the hydrogen compressor are: 

( )17 17 16ComW m h h= Ö -  
(3.49) 

17, 16

17 16

s

Com

h h

h h
h

-
=

-
  

(3.50) 

3.2.1.3 Solid oxide fuel cell 

The principal equations for calculating the overpotential losses of the SOFC is similar to those of 

the SOEC. The only difference is the calculation of the SOFC voltage, in which the overpotential 

losses are subtracted from the Nernst voltage [223]: 

, , ,SOFC Nernst SOFC Ohm Act i Con iV E V V V= - - -  (3.51) 

2 2

2

0 0 0.50

0

.
=- ln

2 2

H OSOFC

H O

P Pg RT
E

F F P

ë ûD î î
+ ì ü
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(3.52) 

2 2 2

0 0 0 00.5H O H Og g g gD = - -  (3.53) 

0( ) ( , )i i SOFC SOFC i SOFCg h T T T s T T P P= = - = = (3.54) 

where, h, s, g, and R are specific enthalpy, specific entropy, and specific free Gibbs energy, and 

universal gas constant, respectively. 

The hydrogen consumed by the SOFC, x (mol/s), can be calculated by the cell characteristics 

as follows [120]: 

SOFC SOFCj A
x=

2F
 (3.55) 
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In addition, fuel and air utilization factors for the SOFC are defined by [242,243]: 

2

consumed

supplied ,

Fuel
=

Fuel
f

H in

x
U

n
=  (3.56) 

2

consumed

supplied ,

Air 2=
Air

a

O in

x

U
n
=  (3.57) 

Finally, the power generation of the SOFC stack is calculated by: 

 . . .SOFC SOFC SOFC SOFC SOFCW N A V j=  (3.58) 

3.2.1.4 Kalina cycle 

The remaining heat is recovered in the evaporator, according to the following equations [244]:  

( )32 32 41EvapQ m h h= Ö -   
(3.59) 

( ) ( )27 26 27 32 32 41m h h m h hÖ - = Ö -  
(3.60) 

Finally, the isentropic efficiency and power generated in the Kalina turbine are presented as 

follows [244]: 

33 37

33 37,

Tur

s

h h

h h
h

-
=

-
  

(3.61) 

( )33 33 37TurW m h h= Ö -   
(3.62) 

3.2.1.5 District heating 

The capacities of district heating in different heat exchangers can be calculated by:  
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( ) ( ), , , ,DH DH DH Hot DH Cold WH WH Hot WH ColdQ m h h m h h= Ö - = Ö -   
(3.63) 

3.2.2 Exergy analysis 

The exergy analysis, which is based on the second law of thermodynamics, is a method for 

evaluating the maximum beneficial work that can be attained from a system. It provides a more 

comprehensive assessment of the system operation by considering the quality and availability of 

energy, as well as irreversibilities and inefficiencies in the energy conversion processes. Therefore, 

exergy analysis provides a more accurate identification of potential zones and components to be 

improved and optimized for achieving greater efficiency with lower cost and environmental issues. 

The basic form of the exergy balance equation, which can be applied to all components, is 

presented below [245]: 

in in Q out out W Dm e E m e E E+ = + +ä ä  
(3.64) 

here, subscripts in and out show the inlet and outlet streams of the control volume and
DE , QE , 

and 
WE indicate the exergy destruction of the control volume, heat exergy, and work exergy. In 

addition, e shows the stream exergy, which is divided into physical (
Phe ) and chemical (

Che ) 

exergies (neglecting kinetic and potential exergy changes) [246]: 

01Q k

k

T
E Q

T

å õ
= -æ ö
ç ÷

 
(3.65) 

W kE W=  (3.66) 

Ph Che e e= +  (3.67) 
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( ) ( )0 0 0

Ph

i i ie h h T s s= - - - 
(3.68) 

()0 0

1 1

n n
Ch ch

i i ,i i i

i i

e x e RT x ln x
= =

= +ä ä  
(3.69) 

where subscript 0 and 
0

ch

,ie  relate to the reference condition and standard chemical exergy of 

substance i. 

3.2.3 Performance criteria 

Finally, the performance indicators of system operation are outlined in the present subsection. 

Given that the solar, charge, and discharge periods occur at different intervals and durations, 

conventional efficiency metrics are not able to evaluate the proposed system. Consequently, to 

address this issue, round-trip efficiency (RTE) and exergy round trip efficiency (ERTE) are 

defined as the performance criteria of the proposed system as follows: 

( ) ( )
( ) ( ) ( )
2 2 1 2 3

2 3 1 4 5

100
H ,Sale H SOFC Tur dch DH DH ch DH dch

SOEC Com ch Solar solar dch

m .LHV W W .t Q Q .t Q .t
RTE

W W P P .t Q P .t P P .t

+ + + + +
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+ + + + + + +
 

(3.70) 
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 (3.71) 

3.2.4 Economic analysis 

The net present value (NPV) method is a financial approach for analyzing the economic feasibility 

of a system, which evaluates the profitability and payback period of a project by calculating the 

current value of its projected cash flows (inflows and outflows) over time, converted to the present 
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using a specific rate of return. The NPV signifies the variance between the current value of the 

projected cash inflows and outflows. A positive NPV indicates that the project or investment is 

profitable and will generate value for the investor, while a negative NPV indicates that the project 

or investment is not financially viable. The net cash flow at the end of the year is discounted to its 

present value based on the interest rate according to the following equation [247]: 

20
1

0

(1 )N

N

NPV Y i-

=

= +ä  (3.72) 

where, N and i show the year and interest rate, and YN specifies the net cash flow at the end of Nth 

year. As mentioned in Table 2, an interest rate of 5% and a service time of 20 years are considered 

for the proposed system. It is noted that the service time of SOFC, and SOEC units are 40,000 

hours. In addition, it is presumed that the operating and maintenance (O&M) cost of each 

component is 6% of its capital cost (excluding solid oxide cells with an annual O&M cost of 22% 

of capital cost). The capital cost functions for different components are listed in Table 3.2. 

Table 3.2: Capital cost functions of different units and components [191,225,248]. 

Component Capital cost function ($) 

Condenser 
0 68000 ( )

100

.Cond Cond
Cond Cond

Cond Cond

A Q
Z A

U .LMTD
= Ö =  

Evaporator 
0 616000 ( )

100

Evap Evap.

Evap Evap

Evap Evap

A Q
Z A

U .LMTD
= Ö =  

Expansion valve 114 5 mEv inZ .= Ö  

Heliostat field land 8 9Land HEL HELZ . A N= Ö Ö  

Heliostat field mirrors 150Hel HEL HELZ A N= Ö Ö  

HE1, HE3, HE4, HE7, and HE8 
0 612000 ( )

100

.HE HE
HE HE

HE HE

A Q
Z A

U .LMTD
= Ö =   

HE2, HE5, and HE6 
0 6832800 ( )

80

.HE HE
HE HE

HE HE

A Q
Z A

U .LMTD
= Ö =  

Hydrogen compressor ( ) ( )44 71 1 0 95Com in Com out outZ . m / . P ln Phè ø= - ³ ³ê ú  

Hydrogen tank 
2 19300 3600H tank dchZ m t= ³ ³  



109 

 

Kalina turbine 0 76000 .

Tur TurZ W= Ö  

KCl-MgCl2 salt ( )0 62 485 0 38 382 3.6MS Solar MSZ . . t m= Ö + Ö Ö Ö Ö 

Mixer 
0 67114 5 .

Mix OutZ . m= Ö  

Molten salt pump 
7

0 26 0 51
2100 ( ) ( )

10

. .P P

P

P

W
Z

h

h

-
= Ö Ö  

Molten salt tanks 687 5 ( + )MST CST HSTZ . V V= Ö  

Oxygen tank 
( ) ( )

( )

2 2 2

2

1 218 2 631 1 3673 0 06309

1 Carbonsteel

O tank m O tank O tank

m

Z . f exp . . lnV . lnV

f

è ø= + -
é ùê ú

=
 

Pumps 
0 26 0 51

2100 ( ) ( )
10

. .P P
P

P

W
Z

h

h

-
= Ö Ö  

Receiver ( )79 42000Rec Rc,sur Rc,surZ A T= Ö Ö -  

Separator 
0 67114 5 .

Sep inZ . m= Ö  

Solid oxide electrolyzer  ( )2 96 1907SOEC SOEC SOEC SOECZ A N . T= Ö Ö -  

Solid oxide fuel cell  ( )2 96 1907SOFC SOFC SOFC SOFCZ A N . T= Ö Ö -  

3.3 Result and discussion 

The simulation results of the proposed hybrid system are outlined in three subsections of model 

validation, steady-state modelling results, and parametric analysis.  

3.3.1 Model validation 

The proposed hybrid system to produce and utilize green hydrogen using solar, SOEC, and SOFC 

is a novel design, which has not been previously studied. Hence, the accuracy of the modelling of 

each unit is verified individually with related data in the literature. The simulation results of the 

SOEC and SOFC units are compared with the measured data of Ebbesen et al. [249] and Zhao and 

Virkar [250] in Figure 3.3, respectively. Additionally, the precision of the simulation results for 

the heliostat solar unit and the Kalina cycle are validated with the reported data of Tehrani and 

Taylor [220] and Li et al. [251] in Table 3.3. As shown in Figure 3.3 and Table 3.3, there are 

negligible differences between the results of the present simulation and the related data in the 
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literature. Therefore, the model accuracy is deemed to be reliable, and the resulting data can be 

considered dependable.  

 

Figure 3.3: The validations of the SOEC and SOFC units with the measured data in the literature [249,250]. 

Table 3.3: Comparison of the present model with the respective articles [220,251]. 

Unit Parameter Present model Literature Error (%) 

Heliostat solar 

[220] 

Temperature of the receiver surface [K] 779.9 770.5 1.2 

Energy efficiency of the receiver [%] 90.6 89.0 1.8 

Exhaust heat of the receiver [MW] 143.9 142.0 1.4 

Heliostat field mass flow rate [kg/s] 349 343 1.7 

Kalina cycle 

[251] 

Energy efficiency [%] 7.7 7.8 1.3 

Heat input [kW] 161.1 164.1 1.8 

Net power generation [kW] 12.4 12.7 2.4 

 Kalina turbine temperature [ ] 344.1 344.5 0.2 
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3.3.2 Steady-state modelling 

In this section, the results of thermodynamic and economic analyses are presented based on the 

steady-state design conditions listed in Table 3.1. Initially, to more clarification of the system 

processes, the important thermodynamic properties of streams are outlined in Table 3.4. 

Table 3.4: Thermodynamic properties of different streams of the proposed hybrid system. 

State Working fluid P (bar) T (K) m  

(kg/s) 

h (kJ/kg) s (kJ/kg. K) 

1 KCl-MgCl2 1.01 873.2 7.78 201.3 0.257 

2 KCl-MgCl2 1.03 873.2 7.78 201.3 0.257 

3 KCl-MgCl2 1.01 1373 7.78 779.7 0.781 

4 KCl-MgCl2 1.01 1373 2.05 779.7 0.781 

5 KCl-MgCl2 1.03 1373 2.05 779.7 0.781 

6 KCl-MgCl2 1.01 873.2 2.05 201.3 0.257 

7 H2O 1.01 293.2 1.69 83.93 0.296 

8 H2O 1.03 293.1 1.69 83.93 0.296 

9 H2O 1.02 842.5 1.69 3638 9.015 

10 H2O 1.01 1123 1.69 4277 9.669 

11 H2-H2O 1.01 1123 0.79 5970 19.66 

12 O2 1.01 1123 0.90 841.8 1.327 

13 H2-H2O 1.01 373.2 0.79 3019 15.38 

14 O2 1.01 313.2 0.90 13.80 0.046 

15 H2O 1.01 303.2 0.68 125.8 0.436 

16 H2 1.01 303.2 0.11 4003 53.62 

17 H2 300 544.2 0.11 8113 55.19 

18 H2 300 318.2 0.11 4392 30.67 

19 H2 1.01 293.2 0.14 3860 53.14 

20 O2 1.01 293.2 2.25 -4.593 -0.015 

21 H2 1.01 757.1 0.14 10597 66.90 

22 O2 1.01 757.1 2.25 449.3 0.904 

23 H2 1.01 1173 0.14 16815 73.44 

24 O2 1.01 1173 2.25 896.9 1.375 

25 H2O 1.01 1173 2.39 2569 6.169 

26 H2O 1.01 473.2 2.39 1388 4.656 

27 H2O 1.01 350.0 2.39 218.8 1.430 

28 H2O 1.01 298.2 2.39 91.09 1.035 

29 KCl-MgCl2 1.01 1373 4.67 779.7 0.781 

30 KCl-MgCl2 1.01 1373 4.67 779.7 0.781 

31 KCl-MgCl2 1.01 873.2 4.67 201.3 0.257 

32 NH3-H2O 40.0 448.2 1.61 1763 4.947 

33 NH3-H2O 40.0 448.2 1.57 1793 5.018 

34 NH3-H2O 40.0 448.2 0.04 607.7 2.148 

35 NH3-H2O 40.0 313.9 0.04 -11.71 0.515 

36 NH3-H2O 9.41 314.6 0.04 -11.71 0.526 

37 NH3-H2O 9.41 387.5 1.57 1579 5.116 

38 NH3-H2O 9.41 387.0 1.61 1539 5.005 

39 NH3-H2O 9.41 303.2 1.61 0.023 0.401 

40 NH3-H2O 40.0 303.9 1.61 5.523 0.405 
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41 NH3-H2O 40.0 307.2 1.61 20.88 0.455 

42 NH3-H2O 1.01 293.2 14.8 83.93 0.296 

43 NH3-H2O 1.01 333.2 14.8 251.2 0.831 

a H2O 1.01 293.2 0.51 83.93 0.296 

b H2O 1.01 333.2 0.51 251.2 0.831 

c H2O 1.01 293.2 13.5 83.93 0.296 

d H2O 1.01 333.2 13.5 251.2 0.831 

e H2O 1.01 293.2 1.83 83.93 0.296 

f H2O 1.01 333.2 1.83 251.2 0.831 

In addition, applying the design conditions in Table 3.1 and the governing equations, a 

summary of important results of the proposed system is presented in Table 3.5. The SOEC unit is 

capable of producing 7.76 ton H2/day while consuming 11.89 MW of power during 19 hrs of off-

peak periods. The produced hydrogen is subsequently pressurized to 300 bar via a compressor 

utilizing 2.31 MW of power. About 2.55 ton of the produced hydrogen is exploited to generate 

10.86 MW power during 5 hours for peak shaving, while the remaining 5.21 ton is sold to hydrogen 

markets. Recovering the produced waste heat for district heating productions of 2.35 and 0.31 

during off-peak and peak periods and extra power generation of 0.34 MW in the Kalina cycle in 

peak hours, an RTE and ERTE of 74.21 and 64.15% are achieved.  

Table 3.5: Summary of important thermodynamic results of the proposed system. 

Parameter Unit Value 

RTE % 74.21 

ERTE % 64.15 

2,H SOECm  ton/day 7.76 

2,H Salem  ton/day 5.21 

2,H SOFCm  ton/day 2.55 

AbsQ  MW 4.50 

CondQ  MW 2.47 

EvapQ  MW 2.80 

1HEQ  MW 1.08 

2HEQ  MW 6.01 

3 1
&HE DHQ Q  MW 0.09 

4 2
&HE DHQ Q  MW 2.26 

5HEQ  MW 3.01 
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6HEQ  MW 2.70 

7HEQ  MW 0.03 

8 3
&HE DHQ Q  MW 0.31 

SunQ  MW 12.71 

&CMS HMSV V  m3 130 

2H tankV  m3 410 

2O tankV  m3 30000 

ComW  MW 2.31 

SOECW  MW 11.89 

SOFCW  MW 10.86 

TurW  MW 0.34 

In addition, a comprehensive exergy Sankey diagram of the novel system is presented in Figure 

3.4 (units are in Megawatts hour, MWh). This diagram is really helpful for understanding the 

sources of exergy losses and waste within the system, which provides an inclusive picture of the 

systemôs inefficiencies. These information can be used to identify areas for improvement and 

optimization, resulting in higher efficiencies and lower waste and operating costs. As shown in 

Figure 3.4, the thickness of the arrows represents the quantity of exergy flows between different 

components. In addition, the black arrow shows the rate at which exergy is destructed at each 

component. 
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Figure 3.4: Sankey exergy diagram of the proposed hybrid system. 

As shown in Figure 3.4, the SOEC, solar receiver, and SOFC are responsible for the highest rates 

of exergy destruction, respectively. The internal irreversibilities and their significant temperature 

difference with the ambient temperature are the most important reasons for high exergy 

destruction. It should be noted that the greater exergy destruction in the SOEC associates with the 

longer operation per cycle. 
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The capital cost of different units and their components is another important aspect of complex 

energy systems. Accurate estimation and representation of the costs can help decision-makers to 

evaluate and select the optimal design for their applications. In this regard, the capital costs of 

different units of the proposed system and their contribution to total capital cost is shown in Figure 

3.5. 

 

Figure 3.5: Capital costs of different units and components and their contribution to total capital cost. 
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As shown, the solar unit is the most expensive part, which costs about 48% of the total capital cost. 

Solar heliostat and receiver are responsible for 88% of the total cost of the solar unit. On the other 

hand, considering the identical capacity of the SOEC and SOFC stacks, they have almost the same 

price with a small difference because of their different operating temperature and resulting 

degradation rate. It is also noted that 26% percent of the SOEC unit associated with hydrogen 

storage tank because of its expensive material to avoid leakage and embrittlement in high pressure. 

Finally, the Kalina cycle, due to its small size for operation as a waste heat recovery unit, is the 

cheapest unit, with about 4% of the total capital cost of the system. 

3.3.3 Parametric analysis 

In this section, a detailed parametric analysis is carried out to assess the impact of key factors on 

the performance of the hybrid system. It is worth noting that all parameters, except the under-study 

parameter, are kept constant as per the specifications listed in Table 3.1.  

The effect of DNI and solar exposure duration on critical parameters are shown in Figure 3.6. 

As shown in Figure 3.6 (a), greater DNI and longer solar exposure durations result in higher 

quantities of supplied molten salt within the tank. Consequently, leveraging the increased capacity 

of the molten salt can lead to higher capacities for the SOEC and SOFC. Assuming equivalent 

operational scales for the SOEC and SOFC, this improvement leads to corresponding 

enhancements in their consumption and production rates. The increased operational scales of the 

SOEC and SOFC yield more waste heat production and district heating, as represented in Figure 

3.6 (b). 
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Figure 3.6: The effect of direct normal irradiance and solar time on a) power consumption and generation of SOEC 

and SOFC, b) charge and discharge district heating capacities. 

Furthermore, Figure 3.7 (a) illustrates the impact of DNI and solar exposure duration on daily 

hydrogen sales and the capacity of the hydrogen compressor. As deducted from Figure 3.6 (a), the 

capacity of SOEC is increased at high DNIs and solar exposure durations, resulting in greater 

hydrogen production and sales to hydrogen markets. In addition, as per Eq. (3.49), the greater the 

hydrogen production in the SOEC, the higher the power consumption of the hydrogen compressor. 
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Figure 3.7: The effect of direct normal irradiance on a) hydrogen sale to the market and power consumption of 

hydrogen compressors at various solar times, b) RTE, ERTE, and heat absorption in the solar unit. 

Finally, how solar DNI alters RTE, ERTE, and heat absorption in the solar unit is presented in 

Figure 3.7 (b). Heat absorption within is directly proportional to DNI and escalates at higher DNI 

levels. In addition, both RTE and ERTE exhibit a rising trend up to an optimal DNI threshold of 

approximately 800, beyond which a marginal decline can be observed. 
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Additional noteworthy parameters to assess are the current densities and temperatures of the 

SOEC and SOFC units, which are illustrated in Figure 3.8 and Figure 3.9. 

 

Figure 3.8: The effect of current density and operating temperature of SOEC on a) power consumption and 

generation of SOEC and SOFC, b) RTE, ERTE. 

As presented in Figure 3.8 (a), a reverse trend is observable between the power consumption of 

the SOEC and the power generation of the SOFC at higher current densities of the SOEC. This 
























































































































































































































































































































































