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A B S T R A C T   

This study presents an evaluation of the energy exergy and thermo-economics of a hybrid power generation 
system that simultaneously produces power, heat, and hydrogen using solar and biomass energy. The system 
employs a polymer membrane electrolyzer for hydrogen production, with heat exchangers utilized to attain the 
desired water temperature instead of conventional heaters. The steam turbine section is heated using exhaust gas 
from the combustion chamber and heated water from the condenser. Simulation of the system’s thermodynamic, 
exergy, and exergy-economic analyses was conducted using the ESS tool. Analytical assessments were performed 
based on the provided data. The system achieves a power output of 25 MW, marking the highest level for solar- 
based systems. The results showed that the cost of the solar section, which constitutes around 68 % of the overall 
cost, rises with the number of mirrors. The exergy destruction rate of the entire system decreases from 25.71 MW 
to 24.95 MW. The total cost of operating the system increases by 175.5 dollars per hour at the highest tem-
perature and decreases by 173 dollars per hour at the lowest temperature. The power consumption of electro-
lyzers directly affects the overall cost of the system, with a range of 0.05 to 0.07 MW resulting in total cost 
changes of 1.52 USD per hour. The transition to the work requiring the most energy by the electrolyzer causes a 
loss of 0.27 MW of exergy.   

Introduction 

The increase in energy consumption plays a pivotal role in the 
advancement of human societies, and scientists contemplate the utili-
zation of energy resources [1–3]. This issue poses a threat to a variety of 
issues, including environmental concerns, water conflicts, and even the 
survival of humans [4,5]. In point of fact, one of the problems that arises 
as a consequence of an excessive reliance on non-renewable fuels and 
resources is the escalation of severe environmental conditions that were 
already present, such as urban flooding, drought, and climate change [6, 
7]. In contemporary industrial societies, in addition to the peril of the 
swift exhaustion of fossil resources, the emissions stemming from these 
resources have resulted in irreversible repercussions for the planet 
[8–10]. Energy consumption is projected to rise in recent future [11]. 
The primary factors contributing to this phenomenon are the global 
population growth, the aspiration for greater societal well-being, and 
the rise in per capita gross domestic product worldwide [12]. This 
process presents a misleading portrayal of the world in the near future, 

compelling humans to seek a resolution for this predicament. Research 
indicates that there are two primary approaches to address this issue: 
enhancing energy efficiency and augmenting the proportion of clean and 
sustainable energy sources in the global energy, where renewable en-
ergies derived from natural sources are included, wind, tides, waves, 
sun, and biomass [13,14]. Nowadays, biomass and solar energy have 
garnered significant interest from researchers due to their environ-
mental benefits [15]. Some of the benefits include ample resources, 
enhanced safety, decreased greenhouse gas emissions, and contributing 
to global warming [16,17]. 

Biomass is a carbon-based mixture consisting of organic molecules, 
which contain hydrogen, oxygen, nitrogen, as well as trace amounts of 
alkalis and heavy metals [18]. As biomass grows, it sequesters carbon 
dioxide from the surroundings and stores it as carbon. However, when 
biomass is burned, it releases the stored carbon dioxide back into the 
environment. In contrast, the combustion of fossil fuels contributes to 
environmental pollution [19,20]. Gasification is a method of utilizing 
biomass energy by converting it into flammable gases [21]. Hydrogen 
energy, being an environmentally friendly fuel, is the foremost 
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alternative for substituting fossil fuels worldwide in the future [22,23]. 
Numerous developed nations have made significant strides towards 
utilizing this energy, and there is a rapid push to globalize and 
commercialize it. Nevertheless, hydrogen is not naturally occurring in 
isolation and lacks the inherent capability for direct production [24]. 
Additionally, a substantial amount of energy is required to separate it. 
Given that the primary energy source for hydrogen production still relies 
on fossil fuels, it is imperative to shift towards non-fossil fuel sources and 
leverage the potential of renewable energy sources for hydrogen pro-
duction [25]. 

Hydrogen, the most prevalent element in the universe, is widely 
anticipated to serve as humanity’s primary fuel source in the future [26, 
27]. Hydrogen, similar to fossil fuels and natural gas, is not easily 
accessible in its natural state [28]. Consequently, its production neces-
sitates financial investment and the utilization of primary energy, which 
should be obtained plentifully and at a competitive cost from specific 
sources [29]. Hydrogen gas undergoes combustion with optimal effi-
ciency, resulting in a relatively thorough completion of the combustion 
reaction. The application of hydrogen as an energy source is highly 
significant due to its crucial economic and environmental implications 
[30]. The water electrolysis method, which follows the natural gas 
reforming method, is widely recognized as one of the most prominent 
techniques for producing hydrogen from non-fossil sources [31]. 
Generating hydrogen on a large scale necessitates a substantial input of 
energy, either in the form of electricity or heat. The electrolysis of water 
has been employed as one of the earliest techniques for hydrogen pro-
duction [32]. Electrolysis is the procedure by which water is decom-
posed, necessitating the application of heat and electricity to isolate 
hydrogen and oxygen from one another. Typically, hydrogen, due to its 
value, is stored in reservoirs for future utilization [33]. 

Recently, researchers have prioritized discovering novel methods for 
energy provision that emphasize the efficient utilization of current re-
sources and safeguarding the environment [34–37]. Bai et al. [38] 
presented and investigated a new hybrid power generation system 
aimed at maximizing the use of renewable energies. By receiving and 
concentrating solar radiation, those flat collectors raise the temperature 
of the heat transfer fluid (synthetic oil) to 319 ◦C, where it becomes 

steam as it passes through the heat exchangers. It is manufactured at a 
temperature of 371 ◦C. Solar energy now has a net annual return on 
investment of 13.18 %. Furthermore, biomass consumption has 
increased by 53.22 % when compared to the normal biomass power 
generation cycle. Taner et al. [39] developed a system that utilizes 
advanced technology to generate energy from hydrogen. Additionally, 
they produced hydrogen gas energy through the process of electrolytic 
chemical reaction. Moreover, to optimize the performance and effi-
ciency of the electrolysis cells, exceptionally powerful magnets were 
attached to their external surfaces. The hydrogen gas production was 
found to be six m3 per hour. Tukenmez et al. [40] carried out an ex-
amination of a facility that utilizes solar and biomass power sources to 
generate ammonia and hydrogen over the course of several generations. 
The process of integration has yielded numerous valuable commodities, 
including hydrogen and electricity. It was determined that the total 
electrical energy output of the plant was 20.125 kW, with respective 
energy and exergetic efficiencies of 58.76 % and 55.64 %. Burulday et al. 
[41] investigated the integration of a biomass-based hydrogen genera-
tion system with a solar energy power facility in their study. The primary 
objective of the proposed facility is to supply the energy required for 
both the hydrogen synthesis procedure and the generation of electrical 
power. The power generation systems and the hydrogen production 
procedure each have exergy efficiencies of 39.6 % and 55.8 %, respec-
tively. The net power generation of the system is ascertained to be 38.89 
MW. Shamsi et al. [42] developed a method for producing hydrogen 
from tars produced during the gasification of lignocellulosic biomass. To 
maximize the production of hydrogen and enhance energy efficiency. 
According to the results, the process of producing hydrogen from inte-
grated biomass gasification tars is carbon neutral. Wang et al. [43] 
developed a multi-criteria evaluation method for an innovative biomass 
fuel and solid oxide fuel cell-based multigeneration cycle. The outcomes 
indicate that the proposed multigeneration cycle has the capability to 
compete effectively with the preponderance of biomass-powered sys-
tems. Furthermore, significant reductions in carbon dioxide emissions 
are achievable when compared to conventional power plants that rely 
on fossil fuel. 

From a thermodynamic perspective, this study evaluated the energy- 
economic exergy of a system that simultaneously produced hydrogen, 
electricity, and heat using solar and biomass energy. Hydrogen is 
generated within this system by means of a polymer membrane elec-
trolyzer. Heat exchangers were employed in lieu of heaters in order to 
attain the intended water temperature. The steam turbine component is 
heated by utilizing exhaust gas from the combustion chamber and 
heated water from the condenser. The ESS tool was utilized to simulate 
the thermodynamic, exergy, and exergy-economic analyses of the 
investigated system. 

Materials and methods 

The electrolysis of water is generally regarded as being among the 
most important processes that can be carried out, right after the method 
of reforming natural gas, which is one of the most important processes 
that can be carried out. It is necessary to make use of either thermal 
energy or electrical energy in order to convert hydrogen into significant 
quantities of energy during the process of mass production. This is the 
case regardless of whether the energy in question is thermal or electrical. 
The process of electrolysis involves the use of an electric current in 
conjunction with heat energy to separate water into its component parts, 
hydrogen and oxygen, respectively. This is accomplished by breaking 
the water molecule down using an electric current. The investigation 
into the process that is responsible for the production of hydrogen is 
made easier by the utilization of a system that is comprised of polymer 
membrane electrolyzers. In a polymer membrane electrolyzer, water 
molecules and protons must travel across the electrolyzer’s membrane in 
order to get from the anode to the cathode. When the membrane reaches 
the anode of the battery, it deteriorates into oxygen, protons, and 

Nomenclature 

H Enthalpy 
S Entropy 
T Temperature of the electrolyzer (◦C) 
R Universal constant of gases 
n Number of electrons that have been traded 
F Faraday constant 
PH2 Pressure of hydrogen (Pa) 
PO2 Pressure of oxygen (Pa) 
PH2O Pressure of water (Pa) 
Vact Activation voltage drop (v) 
Vohm Ohmic voltage drop (v) 
J0,i Anode/Cathode current exchange density (A/cm2) 
Jref

i Anode/Cathode reference current exchange density (A/ 
cm2) 

Eact,i Activation energy (kJ/mol) 
LHV Low heating value of hydrogen 
ṄH2 ,out Hydrogen output from the electrolyzer 
Welec Energy input to the electrolyzer 
Exheat,pem Thermal energy input rate to the electrolyzer (kJ/mol) 
K1 and K2 Equilibrium constants (Associated with the Gibbs 

function) 
ΔG0

1 and ΔG0
2 Gibbs function variation  
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electrons. In order to help facilitate the release of electrons from the cell, 
an external circuit is used. A combination reaction involving protons and 
electrons takes place at the cathode in order to produce hydrogen gas. 
This reaction is the result of the production of hydrogen gas. As can be 
seen in Eq. (1), the polymer membrane electrolyzer’s cathode and anode 
are the locations in which the subsequent reactions take place [44]. 

H2O→2H+ +
1
2
O2 + 2e− Andes

2H+ + 2e− →H2 ;Cathode

H2O(l)→H2(g) +
1
2

O2(g) Overall

(1) 

The cycle has undergone thermodynamic analysis using EES soft-
ware. The approach considers the following assumptions.  

• The varying in potential and kinetic energy have been disregarded.  
• The system operates in a consistent and steady manner.  
• Only the chemical exergy of the polymer membrane electrolyzer is 

taken into account. 

System description 

The intended cycle is made up of three distinct parts that all work 
together. The first step is gasification, followed by the use of solar en-
ergy, and finally by the use of a steam turbine. In the first stage of the 
process, biomass is used as a renewable energy source. After being 
introduced into the combustion chamber, the biomass gasification pro-
cess serves as a fuel that is burned. The spent fuel from the combustion 
chamber is fed into the high-pressure turbine to generate power. During 
the second phase of the cycle, solar energy is used to heat the exhaust gas 
produced by the high pressure turbine. The combustion gas is routed to 
the low pressure turbine after it has been heated to produce energy and 
passed through the first turbine. Furthermore, the turbine exhaust gas is 
used to pre-heat the water before it enters the electrolyzer. The elec-
trolyzer is in charge of converting water into hydrogen, which is then 
used by the steam turbine to generate power (Fig. 1). 

Polymer membrane electrolyzer 

The electrolyzer exhibited exceptional energy efficiency by con-
verting electrical energy into chemical energy, which is then stored in 

the form of hydrogen [45]. The utilization of polymer membrane tech-
nology enabled the effective exchange of protons, thereby enabling the 
separation of hydrogen and oxygen gases. The electrolyzer’s low oper-
ating temperatures minimized energy losses and enhanced overall sys-
tem efficiency [46]. The exergy analysis indicated that the polymer 
membrane electrolyzer played a substantial role in the exergy flow 
within the system. The electrolyzer produced a significant amount of 
hydrogen gas as a result of receiving a high-quality energy input, which 
contributed to a substantial exergy output [47]. This demonstrates the 
efficiency of the electrolyzer in harnessing energy for practical purposes. 

The electrolyzer’s ability to operate at low temperatures and convert 
energy efficiently makes it a financially advantageous component in the 
hybrid system [48]. The analysis took into account the expenses related 
to electricity, maintenance, and other operational costs associated with 
the electrolyzer. The polymer membrane electrolyzer showed encour-
aging results in the hybrid system for generating hydrogen. Due to its 
high energy efficiency, efficient proton exchange, and economic 
viability, it is a suitable option for sustainable hydrogen generation. 
Additional research and optimization endeavors can improve the effi-
ciency and economic feasibility of this technology [49–51]. 

Table 1 lists the fixed parameters that were employed during the 
modeling process of polymer membrane electrolyzers [52]. Utilizing the 
Gibbs free energy of the reaction, it is possible to calculate the reversible 
voltage of the electrolyzer. The voltage that is specified is indicative of 
the theoretical electrolyzer cell functioning under conditions of revers-
ibility and isothermality. Fuel cells generate electrical energy through 
the efficient movement of electrons, which is conveniently accessible 
through an external circuit . The electrolyzer operates on the principle of 
minimizing energy loss while maximizing the utilization of the gener-
ated motive power for hydrogen production. The reversible voltage is 
supplemented with the residual voltage decreases. An examination of 

Fig. 1. Hybrid system scheme.  

Table 1 
Parameters for polymer membrane electrolyzer 
modeling.  

Parameter Value 

PH2, PO2, PH2O 1 bar 
T 253 K 
L 180 μm 
Eact,a 75.2 kJ/mol 
Eact,c 18.5 kJ/mol 
LHV 225 kJ/mol  
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the impact of concentration is conducted with respect to both the 
equation and concentration reductions. Nevertheless, this article 
exclusively examines ohmic and activation dips, excluding any discus-
sion of concentration drops. The Gibbs free energy of a reaction is 
denoted as Eq. (2): 

ΔG = ΔH− TΔS (2) 

ΔH is the enthalpy variation and ΔSis the entropy variation. Under 
ideal circumstances, the thermal energy produced by the reaction is 
consistently extracted from the system, resulting in a constant temper-
ature of the system. The energy released is directly proportional to the 
product of the entropy changes of the reaction occurring at the fuel cell’s 
operating temperature. Eq. (3) calculates the reversible potential [53]. 
Using the Nernst equation (Eq. (4)), one can calculate the open circuit 
voltage of the polymer membrane electrolyzer [54]. 

V0 = −
ΔG
2F

(3)  

V0 = 1.229 − 0.9 ∗ 10− 3(T − 298) +
RT
nF

ln

(
PH2P0.5

O2

PH2O

)

, (4)  

where, T denotes the temperature of the electrolyzer, R denotes the 
universal constant of gases, n denotes the number of electrons that have 
been traded, F denotes the Faraday constant, PH2 denotes the pressure of 
hydrogen, PO2 denotes the pressure of oxygen, and PH2O denotes the 
pressure of water in terms of its electrical charge. The equation for 
determining the voltage of the electrolyzer is given in Eq. (5). 

V = V0 + Vact + Vohm, (5)  

where, Vact is the activation voltage drop in the anode and cathode and 
Vohm is the ohmic voltage drop. 

Activation voltage losses 

The reduction in activation voltage demonstrates that the electrons 
are now prepared to participate in the electrochemical reaction that is 
currently taking place. Because electrons are transferred from the elec-
trode surfaces during the chemical reaction, some of the voltage that is 
supplied to the electrolyzer is lost (Eq. (8)). In order to make an estimate 
of the activation energy on both the cathode and the anode sides, the 
Butler-Volmer equation (Eq. (7)) is applied as a result of the activation 
voltage drop that occurs. 

Vact,i =
RT
F

sinh− 1
(

J
2J0,i

)

(6)  

J0,i = Jrefi EXP
(
− Eact,i

RT

)

i = a, c. (7)  

where J0,irepresents the anode/cathode current exchange density in A/ 
cm2, Jref

i represents the anode/cathode reference current exchange den-
sity in A/cm2, and Eact,i represents the activation energy in kJ/mol. The 
amount of exchange density is affected by a variety of factors, including 
the type of material and porosity of the electrodes, the concentration, 
size, and distribution of catalyst particles on the electrodes, as well as 
the temperature at which the device is being operated. The anode cur-
rent exchange density for electrodes containing a platinum catalyst falls 
somewhere in the range of 10− 5 to 10− 8 A/m2, while the cathode current 
exchange density falls somewhere in the range of 10− 1 to 10 A/m2 [55]. 
In this study, the anode current exchange density is 10− 3 A/m2 and the 
cathode current exchange density is 10 A/m2 [56]. 

Ohmic voltage losses 

The ohmic voltage drop is the result of the resistance that is created 

against the flow of electrons as well as the electrical resistance of the 
polymer membrane electrolyzer. The kind of polymer membrane elec-
trolyzer and electrodes being used will determine the magnitude of this 
voltage drop. A linear relationship exists between ohmic voltage drop 
and current density. The resistance of the electrolyzer against the 
transfer of protons is denoted by "L" in Eq. (8), and the ohmic voltage 
drop that is caused by membrane resistance. The ionic conductivity of 
the ion exchange membrane (σmem) in 1/Ω.cm and current density (in 
terms of A/cm2) are defined as Eq. (9) [57]. 

Vohm =
L

σmem
J (8)  

σmem = (0.005139λ − 0.00326)EXP
[

1263
(

1
303

−
1
τ

)]

. (9) 

Because water molecules are used to transfer protons across the 
membrane’s surface, the water content (λ) has a significant impact on 
the ionic conductivity of the membrane. The determination of λ is 
essential in fuel cells due to the fluctuating humidity of the membrane; 
however, in polymer membrane electrolyzers, the entire membrane can 
be considered wet due to the abundance of water on the anode side (also 
on the cathode side due to the transfer phenomenon). λ typically falls 
between 14 and 21 [55]. The total energy required is the theoretical 
energy required to electrolyze water without losses. Real systems, 
however, experience some loss, and system performance is defined by 
energy and exergy efficiency (Eqs. (10) and 11). 

ηpem =
ṄH2 ,out⋅LHVH2

Welec + Qheat,pem
(10)  

ψpem =
ṄH2 ,out⋅ExH2

Welec + Exheat,pem
, (11) 

LHV is the low heating value of hydrogen, ṄH2 ,out is the amount of 
hydrogen output from the electrolyzer, Welec is the amount of energy 
input to the electrolyzer, and Exheat,pem is the rate of thermal energy 
input to the electrolyzer. Eqs. (12) to 14 are used to calculate the amount 
of hydrogen, oxygen, and water output from the electrolyzer. 

ṄH2 ,out =
J

2F
= ṄH2o,reacted (12)  

NO2 ,out =
J

4F
(13)  

ṄH2O,out = ṄH2O,in − ṄH2O,reacted = ṄH2O,in −
J

2F
(14)  

Welec = JV. (15) 

The water flow rate entering the electrolyzer is assumed to be 0.005 
kg/s. Exergy of hydrogen is defined as Eq. (16): 

ExH2 = ExphH2
+ ExchH2

. (16) 

Both the chemical and the physical exergies of hydrogen are equal to 
236 kJ/kmol [58], with Exph

H2
representing the chemical exergy of 

hydrogen and Exch
H2 

representing the physical exergy of hydrogen. Irre-
versibility in the polymer membrane electrolyzer as a consequence of 
heat brought about by the generation of entropy. The entropy produc-
tion is represented by the Eq. (17) [52]. 

σ = 2F
(
Vact,a +Vact,c +Vohm

)
. (17) 

If σ ≥ TΔS is either equal to or greater than the heat required for 
decomposition, and the polymer membrane electrolyzer does not 
require any additional heat from the outside, Qheat,em = Exheat,pem = 0. It 
should be noted that the excess heat produced by it is assumed to be 
released into the environment via radiation. If σ< TΔS, the heat 
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produced is less than the heat required, requiring additional heat. Eqs. 
(18) and 19 are used to calculate the electrolyzer’s inlet heat. 

Qheat,pem = [TΔS − σ]NH2 O, reacted = [TΔS − σ] J
2F

(18)  

Exheat,pem = Qheat,pem

(

1 −
T0

T

)

. (19)  

Biomass gasification modeling 

During the initial stages of the modeling process, an examination is 
conducted on the biomass fuel source by considering the mass compo-
nents of carbon, hydrogen, oxygen, nitrogen, and sulfur. Additionally, 
the moisture content in terms of mass percentage, the structural 
composition of the fuel, and the molar moisture content are determined. 
The molar amount of gasifying agent is determined by comparing the 
ratio of fuel to gasifying agent, and the total enthalpy of the reactants is 
computed. By employing Gibbs free energy minimization and deter-
mining the equilibrium constants of the gas composition generated 
during the gasification process, an estimation can be made in the sub-
sequent stage. The Newton-Raphson method is employed to iteratively 
refine the results. By equating the enthalpy of the gases produced during 
gasification with the enthalpy of the biomass fuel and moisture, and 
considering the reaction temperature, the composition of the resulting 
gases can be determined. The computed temperature serves as an 
essential input for the subsequent step of approximating the composition 
of the resultant gases, and this progression persists until the conditions 
of thermodynamic and chemical equilibrium are attained. The deter-
mination of the final composition of the resulting gases and the corre-
sponding temperature of the reaction allows for the determination of the 
calorific value of the resulting gases and the efficiency of the process. 
Gasification will be quantifiable. Fig. 2 illustrates the configuration of a 
biomass gasification model that relies on a balance-based approach. 

The gasification process is an intricate process comprising of 
numerous chemical reactions that have been characterized by two 
overarching methods: thermodynamic equilibrium and reaction rate 
modeling. While the modeling method utilizing reaction rates offers 
valuable insights into reaction rates and mechanisms, its reliance on 

numerous parameters hinders its application in power system simula-
tions, which are essential for understanding these systems. It restricts the 
movement of the hand. Conversely, there exists a thermodynamic 
equilibrium that is not influenced by the specific configuration of the 
reactor. During thermodynamic equilibrium, the system reaches its most 
stable state, characterized by maximum entropy or minimum Gibbs free 
energy. This study employs the equilibrium thermodynamic method to 
simulate the gasification process, focusing only on the reactions that 
involve substantial quantities of gaseous components. Research has 
demonstrated that all constituents of biogas generated are in the gaseous 
state. Biogas primarily consists of chemical components with lower 
molecular weight, notably carbon monoxide, carbon dioxide, water 
vapor, hydrogen, nitrogen, and methane [59]. For biomass fuel, the 
gasification reaction with steam is as Eq. (20) [60]. 

CHaOb + wH2O + m(H2O)→nH2H2 + nCOCO + nCO2CO2 + nH2OH2O

+ nCH4CH4 + nCC(s). (20) 

The biomass chemical formula is CHaOb, where a represents the 
number of moles of hydrogen (H) and b represents the number of moles 
of oxygen (O) obtained from the final analysis of biomass. In this 
context, w represents the moisture content of biomass, while m repre-
sents the ratio of kilomoles of steam to kilomoles of biomass, which can 
also be expressed as the molar ratio of steam to biomass. This variable, 
which represents the mass ratio of steam to biomass (STBM), is defined 
as Eq. (21) [60]. 

STBM =
MH2O × m

(Mbiomass + MH2O × w)
(21) 

The coefficients nH2 to nC are determined by applying the molar 
balance for carbon (C), hydrogen (H), and oxygen (O). Eqs. (22) and 23 
undergo reactions during the gasification process, in the presence of 
steam [60].  

CH4+H2O↔CO+3H2;                                                                   (22)  

CO+ H2O↔CO2+H2.                                                                    (23) 

The moisture content per mole of biomass is defined as Eq. (24). 

Fig. 2. Gasification thermodynamic analyses process flowchart.  
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W =
Mbiomass × MC

MH2O × (1 − MC)
. (24) 

The molecular weights of water and biofuel are denoted as Mbiomass 
and MH2O, respectively. MC indicates the moisture content as well. Eqs. 
(25) and 26 represents the equilibrium constants for the methane 
decomposition reaction (Eq. (22)) and the gas-water transformation 
reaction (Eq. (23)) [60]. 

K1 =
nCOn3

H2

nCH4nH2O

(
P
/

Pref

ntot

)2

(25)  

K2 =
nH2nCO2

nCOnH2O

(
P
/

Pref

ntot

)0

. (26)  

where, equilibrium constants K1 and K2 are associated with the varia-
tions of the Gibbs function in the Eqs. (27) and 28 [60]. 

−
ΔG0

1

RT
= lnK1 (27)  

−
ΔG0

2

RTg
= lnK2. (28) 

The variables ΔG0
1 and ΔG0

2 represent the respective changes in the 
free Gibbs function of the gas-water transformation reaction and the 
methane decomposition equation. Under the assumption of adiabatic 
gasification at the specified temperature, the following energy balance 
equation (Eq. (29)) can be solved in order to determine the molar ratio of 
biomass to steam: 

h0
f− biomass + w ×

(
h0

f− H2O +Hvap

)
+ m ×

(
h0

f− steam

)

= nH2

(
h0

f− H2 +ΔhH2

)
+ nCO

(
h0

f− CO +ΔhCO

)
+ nCO2

(
h0

f− CO2 +ΔhCO2)

+ nH2O

(
h0

f− H2O +ΔhH2O

)
+ nCH4

(
h0

f− CH4 +ΔhCH4

)
+ n

× nC

(
h0

f− C(s) +ΔhC(s)

)
.

(29) 

The data required for modeling the biomass gasification process in 
the hybrid system with steam are presented in Table 2. 

Economic analysis 

As a powerful tool for the systematic study and optimization of en-
ergy systems, this type of analysis combines exergy analysis and cost 
calculation. Having knowledge of the exergy cost associated with the 
part allows for a comprehensive analysis of the part’s economic 
viability, taking into account factors such as design, repair and main-
tenance, and investment costs. Economic exergy analysis is a useful tool 
for determining the relationship between input costs such as fuel and 
investment costs, and production costs. The exergy cost for a system 
component with input current (i) and output current (e) is as Eq. (30). 

Ċ = cĖx, (30)  

where, c is the cost in the exergy unit in GJ/$, and E ̇x is the exergy rate. 
Eq. (31) defines the cost balance of the system for each component of the 
system. 

∑
Ċout,k + Ċw,k =

∑
Ċin,k + Ċq,k + Żk,PY, (31)  

where, 

Żk,PY = Z0
k ⋅
CIk,PY
CI0 . (32) 

In this regard, the total value of the outflows equals the total cost of 
inputs plus investment, maintenance, and other expenses. According to 
Eqs. (33) and 34, the total costs associated with the initial investment 
Z0,CI

k and maintenance costs Z0,OM
k are defined as a single parameter called 

Ż0
k . 

Ż0
k = Z0,CI

k + Z0,OM
k , (33)  

Ż0
k =

zk⋅CRF⋅φ
N

. (34) 

zk is the initial purchase price of the device k-th (calculated based on 
thermodynamic parameters), φ is the repair and maintenance coeffi-
cient, N is the annual operating hours at full load, and CRF is the cold 
return coefficient (Eq. (35)). The rate determines the rate of return on 
capital. The interest (ir) and the number of years of operation of the 
devices (n) are calculated according to the values of these two param-
eters. Accordingly, the interest rate is considered to be between 0.10 and 
0.12. 

CRF =
ir(1 + ir)n

(1 + ir)n − 1
. (35) 

The cost equations used in the economic assessments for system 
components are given in Table 3 [61]. 

Fig. 3a shows that the solar sector has the highest cost. Fig. 3b shows 
that the solar component accounts for approximately 67 % of the total 
cost. 

System overall efficiency 

Calculating the energy and exergy efficiency of each individual 
component of the solar hydrogen production system (Eq. (36) and 37) 
results in the determination of the overall energy and exergy efficiency 
of the system. 

ηenergy = ηsolar ∗ ηRE ∗ ηGEN ∗ ηpem (36)  

ψenergy = ψ solar ∗ ψRE ∗ ψGEN ∗ ψpem . (37)  

Exergy destruction 

As a necessary part of the second law analysis, the evaluation of 
exergy destruction or irreversibility in system components is important 
for finding out how much each component contributes to the overall 
exergy destruction. The majority of the exergy lost in the gasifier is the 
result of chemical reactions. It is the solar component that experiences 
the greatest exergy loss among all the elements comprising the heliostat 

Table 2 
Input data to the gasification reactor.  

Parameter Value 

Inlet steam temperature 500 ◦C 
Biomass temperature 24 ◦C 
Outlet gas temperature 800 ◦C 
Pressure 1 bar  

Table 3 
System components cost equations.  

Component Equation 

Gasification reactor 
Zgasifier = 1600 ×

(
ṁdrybiomass

[kg
h

])0.67 

Afterburner chamber 
ZAB =

( 46.08 × ṁ17

(0.955 − (P13/P4)

)

× (1 + e0.018T13 − 26.4)

Air compressor ZAC = 916 × (ẆAC/455)0.67 

Fuel compressor ZFC = 916 × (ẆFC/455)0.67 

Air heat exchanger ZAHX = 390 × (AAHX/0.093)0.78 

Fuel heat exchanger ZFHX = 130 × (AFHX/0.093)0.78 

AC-DC Inverter Zinv=100000×
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mirror system. The amount of exergy lost by each section is illustrated in 
Fig. 4a. The solar industry is characterized by the highest exergy 
destruction percentage. The exergy destruction is attributed to the solar 
component of the system, which accounts for 50 % of the total exergy 
destruction. The percentage of exergy destruction in each component of 
the system is illustrated in Fig. 4b. 

Results and discussion 

The results presented in this section outline the findings obtained 
from a comprehensive investigation. It is aimed at providing a succinct 
yet comprehensive overview of the outcomes derived from the con-
ducted experiments and analyses. The following outcomes shed light on 
the crucial insights garnered through meticulous data collection and 
rigorous statistical scrutiny, further contributing to the advancement of 
our understanding in the field. 

Model validation 

Electrolyzer model 
To ascertain the validity of the electrolyzer model examined in this 

article, experimental results [62] were compared with the outcomes 
presented in this article. Nafion is the electrolyte utilized in the exper-
iment. The electrode material employed on the cathode side is platinum. 
The electrolyzer’s polarization diagram is illustrated in Fig. 5. The 
thickness of the electrolyzer membrane was 50 μm in this assessment. 
The results of the modeling are in excellent agreement with the exper-
imental data (The root mean square error is 0.08 v). 

Biomass gasification model 
To verify the accuracy of the gasification model, a comparison was 

made between the percentage of gas components produced through 
gasification using steam agents and the findings reported in reference 
[63]. The strong concurrence among the values presented in Table 4 
validates the accuracy of the current model (RMSE = 0.1). 

Following that, the total energy yield, total exergy yield, total exergy 
destruction, and total cost of the system will be calculated by examining 

Fig. 3. a) The cost and b) percentage cost of the system main components.  

Fig. 4. a) The exergy destruction and b) exergy destruction percentage of the system main components.  

Fig. 5. Comparison of experimental data and numerical modeling results for 
electrolyzer model. 

K. Kuterbekov et al.                                                                                                                                                                                                                            



International Journal of Thermofluids 21 (2024) 100556

8

the system’s parameters. 

Heliostat mirrors 

After considering technical, practical, and economic factors, the 
range has been chosen. Within this range, a hybrid system is technically 
feasible, accounting for engineering challenges and logistical constraints 
beyond 450 mirrors. Additionally, the range is representative of modern 
solar power project scale, ensuring relevance to real-world applications. 
The emphasis on practicality is reflected in our study. The 250–450 
range exploration has been prompted by the size of solar fields in 
existing installations. By examining this range, the hybrid system’s 
behavior at a scale matching industry practices and allowing for future 
applications is aimed at being revealed. The investigation of the 
250–450 heliostat mirror range also sheds light on the hybrid system’s 
scalability. Understanding performance variations and cost implications 
within the specified range is required when assessing the system’s 
scaling potential for diverse applications. 

The changes in exergy efficiency, energy consumption, and total cost 
are illustrated in Fig. 6, which shows what happens when the number of 
mirrors is increased from 250 to 450. As the number of mirrors in-
creases, the amount of heat received from the heat source also increases. 
This leads to an increase in both the production power of the low- 
pressure gas turbine as well as the exergy destruction of the entire sys-
tem (Fig. 6a). The total energy yield and the exergy yield of the entire 

system are depicted in Fig. 6b. This figure demonstrates that the cost of 
the solar section rises with an increase in the number of mirrors, whereas 
the cost of the steam turbine section falls with an increase in the number 
of mirrors. The costliest aspect of the solar section of the system, which 
accounts for approximately 68 % of the overall cost. The solar field 
mirrors have the highest cost of any component in the solar industry; as 
the number of mirrors increases, so does the cost of the entire system 
(Fig. 6, c and d). Fig. 6d also depicts the effect of the number of mirrors 
on the destruction of the exergy of the entire system. It demonstrates 
that as the number of mirrors in the system increases, the amount of 
exergy that is destroyed by the entire system increases linearly and with 
a gentle slope. 

Inlet steam temperature 

A comprehensive examination of the power generation diagram, 
predicated on the steam turbine’s inlet temperature, unveils intricate 
dynamics deserving in-depth scrutiny. The ascending trend from 450 to 
650 ◦C (Fig. 7a) not only amplifies the power output of the steam turbine 
but also augments the overall power generated within the cycle. This 
nuanced interplay underscores the sensitivity of the system to changes in 
the steam turbine’s inlet temperature. Fig. 7b provides a profound 
insight into this relationship, illustrating a concurrent elevation in both 
energy yield and exergy as the overall system efficiency improves. The 
increase in both energy yield and exergy at the same time shows that the 
system is using its resources more efficiently, which highlights how 
important it is to have the right temperatures at the inlet of the steam 
turbine. In the system’s normal state, where exergy destruction remains 
constant at 25 MW, Fig. 7c delves into the economic ramifications. 
Operating at the highest temperature results in a substantial $175.5 per 
hour increase in operational costs, while operating at the lowest tem-
perature brings about a noteworthy $173 per hour decrease. This cost 
sensitivity underscores the economic implications of the steam turbine’s 
operating temperature, introducing a pivotal dimension to the analysis. 
Fig. 7d encapsulates the holistic changes throughout the system, 

Table 4 
Comparison of experimental data and numerical modeling results for biomass 
model.  

Production gas component reference [63] Current Study 

H2 46.57 43.10 
CO 25.84 22.59 
CO2 10.30 9.81 
H2O 17.11 17.05 
CH4 0.090 0.074  

Fig. 6. The Effect of the number of solar heliostats on a) power generation, b) system efficiency, c) solar and steam cost, d) total cost and exergy destruction.  
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Fig. 7. The Effect of the steam turbine’s inlet temperature on a) power generation, b) system efficiency, c) total cost, d) exergy destruction.  

Fig. 8. The Effect of the electrolyzer consumption work on a) power generation, b) system efficiency,.  
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particularly highlighting the consequential reduction in the exergy 
destruction rate from 25.71 MW to 24.95 MW when elevating the steam 
turbine’s inlet temperature from 450 to 650 ◦C. This shift is attributed to 
an overall decrease in the exergy destruction rate, emphasizing the need 
for meticulous control over operating temperatures for optimal system 
performance. The intricate relationship between temperature varia-
tions, system efficiency, and operational costs becomes further pro-
nounced, as indicated by the 0.75-MW difference in exergy destruction 
between the highest and lowest temperatures. This underscores the 
system’s sensitivity to temperature adjustments and the nuanced eco-
nomic considerations associated with such variations. 

Electrolyzer consumption work 

In Fig. 8a, the details of how the electrolyzer uses work are shown. It 
shows a very important relationship: the system’s overall power goes 
down in direct proportion to the electrolyzer’s work. This noteworthy 
correlation signifies that as the electrolyzer’s workload intensifies, the 
power of the entire system diminishes. The downstream effects are 
graphically depicted in Fig. 8b, showcasing the ensuing reduction in 
both energy efficiency and exergy of the entire system. 

Fig. 8c illuminates a direct and consequential correlation between 
the power consumption of electrolyzers and the overall cost of the sys-
tem. Under typical usage conditions, with an operational cost of $178 
per hour, the power consumption range of electrolyzers (0.05 to 0.07 
MW) precipitates notable total cost fluctuations amounting to $1.52 per 
hour. This cost sensitivity underscores the economic implications of the 
electrolyzer’s power consumption, presenting a critical facet for 
consideration in system optimization. 

Under heightened resource demands, the system experiences an in-
crease in wasted energy, as graphically depicted. The transition from the 
system’s normal state to the work requiring maximal electrolyzer energy 
usage results in a loss of 0.27 MW of energy (Fig. 8d). This delineates a 
crucial point of consideration, emphasizing the trade-off between 
resource demand and energy efficiency. c) total cost, d) exergy 
destruction. 

Conclusion 

The ongoing pursuit of sustainable and efficient energy solutions is 
pivotal in addressing global energy demand while mitigating environ-
mental impact. In this context, the hybridization of power generation 
systems has emerged as a promising avenue, offering simultaneous 
production of power, heat, and hydrogen. This study introduces a novel 
hybrid power generation system that combines solar and biomass energy 
sources, subjecting all system components to meticulous analysis from 
both the first and second thermodynamic perspectives. The solar 
component and the biomass segment, contributing to heat generation, 
synergistically yield a remarkable power output of 25 MW—represent-
ing the system’s maximum solar potential. Exergy destruction assess-
ments pinpoint the solar field as the primary contributor to exergy loss. 
The subsequent deployment of generated power in a polymer membrane 
electrolyzer effectively yields hydrogen. 

Key findings associated with mirror quantity reveal heightened heat 
intake and low-pressure gas turbine power production, along with 
increased overall exergy destruction. The solar section, constituting 
approximately 68 % of the overall cost, experiences an escalating cost 
trajectory with an increasing number of mirrors. Temperature variations 
in the steam turbine section showcase a delicate equilibrium between 
augmented power generation, heightened system efficiency, and asso-
ciated operational costs. Elevating the steam turbine’s inlet temperature 
enhances power generation and overall system efficiency, concomitant 
with a decrease in the exergy destruction rate from 25.71 MW to 24.95 
MW. Operating at the highest temperature incurs an increase of $175.5 
per hour in the total cost of system operation, while the lowest tem-
perature yields a decrease of $173 per hour. Furthermore, the study 

elucidates the impact of the electrolyzer’s workload on system dy-
namics. Increasing electrolyzer work correlates with decreased overall 
system power, resulting in diminished energy efficiency and exergy. 
Electrolyzer power consumption, within the range of 0.05 to 0.07 MW, 
precipitates total cost fluctuations of $1.52 per hour. The transition to 
the energy-intensive work mode causes a notable loss of 0.27 MW of 
exergy. 

This study contributes to a comprehensive understanding of the 
hybrid system’s performance, offering invaluable insights for advancing 
sustainable energy technologies in the quest for efficient and environ-
mentally conscious power generation. 
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