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Abstract. Clean and sustainable energy sources are needed to meet global energy demand. Geothermal Power Plants
(GPPs) may generate power from Earth's heat. However, GPPs release hazardous hydrogen sulfide (H.S) gas. To
overcome this problem and maximize on resource potential, researchers have investigated converting GPP-emitted
H.S into hydrogen (Hz). The Fe-Cl hybrid indirect electrolysis technique is used to analyze the thermodynamics of
hydrogen synthesis from H,S in GPPs. Electrolysis electricity, hydrogen generation rate, and electrolyzer energy and
exergy efficiency are examined in the thermodynamic analysis. The foundation parameters show that the electrolysis
process uses 20.57 kwWh of power every kilogram of H, generated. Energy and exergy efficiencies of the electrolyzer
are 89.89% and 97.72%, respectively, exhibiting system efficiency. The research also examines how H.S mass flow
rate and electrolysis temperature affect energy efficiency, exergy efficiency, and power consumption. Optimizing
hydrogen generation and system performance requires these elements. This study analyzes the thermodynamics of
hydrogen synthesis from H,S in GPPs to create sustainable and ecologically friendly energy options. H2S emissions
from GPPs might be used to efficiently produce hydrogen as a renewable energy source with more research.
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INTRODUCTION

Climate change, caused by rising global temperatures, is a global concern. It results in altered rainfall patterns,
the loss of habitable coastal land due to rising sea levels, and the thawing of ice sheets and glaciers [1]. In addition,
climate change poses health hazards, such as heat-related problems and respiratory illnesses [2]. Consequently, there
is an increasing demand for innovative energy transition toward sustainable alternatives, hydrogen (H>) being one of
them.

Hydrogen is considered an environmentally beneficial energy source due to the fact that it emits only water and
oxygen [3], [4]. Hydrogen's ability to convert to and from secondary energies such as electricity and heat, its ability
to store energy efficiently with a high energy density, and its low flash point, which requires a simple combustion
system, are notable advantages [5]. Hydrogen cannot be found naturally because it is extremely reactive and creates
covalent bonds with other elements rapidly. Consequently, a production procedure is required.

Hydrogen is utilized in numerous industrial sectors, such as cryogenics, oil and gas, petrochemicals, nuclear
power generation, hydrocarbon-based fuel production, aerospace, automotive, and telecommunications [6]. Several
methods exist for the production of hydrogen, including natural gas reforming, electrolysis, liquid reforming, nuclear
high-temperature electrolysis, high-temperature thermo-chemical water-splitting, photo-biological, and photo-
electrochemical processes [7]. Approximately eighty percent of the world's hydrogen production is still dominated by
fossil fuels [8]. To remedy this, there is a need for innovation and the production of green hydrogen from renewable
energy sources [9]. This strategy not only reduces environmental contamination, but also encompasses the entire
production process, storage, distribution, and utilization [10].

In the context of geothermal power plants (GPP), hydrogen can be produced by electrolyzing the GPP's residual
water with electricity. Through the liquefaction process, hydrogen can be efficiently stored, facilitating easier
distribution and making geothermal energy more economically viable [11]. Extensive research has been conducted on
the production of hydrogen from GPP, with an emphasis on the development of technological methods that are
efficient and economically viable. Some researchers have also investigated the possibility of producing hydrogen from
hydrogen sulfide (H2S). Approximately 7.72 million tons of H,S are emitted annually from a variety of sources,
including natural processes, biological activities, and industrial processes [12]. Utilizing H.S in the production of
hydrogen and other products with added value can contribute to sustainability and a circular economy. In addition,
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the energy cost and voltage requirements for H,S decomposition and electrolysis are considerably less than those for
water decomposition [13]. There have been studies on the potential for hydrogen production from H,S in integrated
gasifier combined cycle (IGCC) power facilities [13], the electrolysis of H,S in Black Sea water [14], and the
exploitation of H,S from geothermal geothermal areas [15]. These studies demonstrate the economic viability of using
H.S from geothermal sources in the production of hydrogen.

As geothermal fluids contain various non-condensable gases (NCG) in both dissolved and gaseous states, H.S
represents a significant portion of GPP emissions. The NCG is a mixture of carbon dioxide (CO,), hydrogen sulfide
(H2S), hydrogen (Hy), nitrogen (N2), methane (CH.), and argon (Ar) [16]. When turbine steam residue moves towards
the condenser, these gases accumulate in the flash and steam systems' condensers, and their presence increases back
pressure at the turbine outlet, thereby diminishing turbine performance. Thus, these gases must be released [17]. The
NCG and H2S can be released through the chimney and used for hydrogen production.

Modeling study on the production of hydrogen from H.S in a GPP equipped with AMIS (abatement for mercury
and hydrogen sulfide) technology has been conducted [18]. In the AMIS unit, the captured H,S is subjected to an
electrolysis procedure to break it down into hydrogen and sulfur. This process yielded energy and exergy efficiencies
of 27.8% and 57.8%, respectively, under H,S feed conditions of 150°C. In addition, the required electrical power
decreases from 73.7 kW to 58 kW as the H,S temperature rises from 300 K to 800 K, whereas it rises as H,S mass
flow rates increase. Huang et al., (2019) conducted an additional study on H»S removal via an indirect electrochemical
process employing an acid solution of Fe3*/Fe?* as the electrochemical intermediate. The results indicated an H,S
absorption process efficiency of greater than 99%, with hydrogen production proportional to the amount of H,S
absorbed.

To gain a more thorough understanding of the potential for hydrogen production from H,S, particularly in GPPs,
additional research is required. The purpose of this paper is to examine the effect of H,S mass flow rate and electrolysis
temperature on a variety of factors, including electricity consumption, exergy destruction, entropy generation rate,
energy and exergy efficiency, and hydrogen production. We believe that this study will serve as a foundation for future
research on hydrogen production from H,S.

MATERIAL AND METHOD

A. Hydrogen generation from hydrogen sulfide at GPP

Geothermal energy is a renewable and eco-friendly energy source, characterized by its purity [6] and
sustainability. This is due to the fact that only a small portion of the available geothermal heat is extracted [20].
However, the use of high enthalpy geothermal systems results in the emission of non-condensable gases (NCG), such
as carbon dioxide (CO,), hydrogen sulfide (H2S), hydrogen (H>), nitrogen (N2), methane (CH4), and argon (Ar). The
amount of non-condensable gases (NCG) in a geothermal system varies based on variables such as the temperature
and chemical composition of the soil/rock, fluid circulation rate, and the technology employed [15], [17]. CO, remains
the predominant gas, followed by H.S, despite the fact that the proportions of these gases vary among geothermal
fields.

In the geothermal power plant (GPP) under study, the NCG content ranged from 0.05% to 0.5% by weight, with
a gas composition consisting of 60-70% CO,, 20-25% H,S, 0.3-0.7% NHs;, 4-10% N, and 0.2-0.5% Ha. HS is an
odorless gas with a distinct odor resembling rotting eggs. At specific concentrations, H»S can be hazardous to human
health, causing respiratory, nervous, and metabolic disorders. In severe circumstances, it can even be fatal [21], [22].
Nevertheless, by utilizing H,S, we can mitigate its detrimental effects on the environment and human health. During
the GPP process, the H,S released as part of the NCG can be utilized for hydrogen production.

The GPP analyzed in this study utilizes a combination of flash steam system (steam expander) and binary cycle
(brine ORC and steam ORC) technologies. The wet steam ORC is primarily responsible for emissions. Through the
NCG vent, the NCG, which includes H,S, is released into the atmosphere. In order to reduce the negative
environmental effects of gas emissions, these gases are captured and converted to hydrogen through an electrolysis
process.

There are three methods for electrolyzing H»S into hydrogen: the direct method, the indirect method, and the
high-temperature [23]. In this study, it was determined that the indirect electrolysis technique, specifically the Fe-Cl
hybrid method, was the most effective [24]. Since H>S is one of the gases present in the NCG, it must be isolated from
other gases in order to prevent interference with the electrolysis process and maximize hydrogen production. The Fe-
Cl hybrid method desulfurizes H,S-containing gas by absorption in a highly acidic iron solution, followed by
electrolysis to regenerate the absorbent and produce hydrogen [25].
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Figure 1. Flowchart for separating H.S in NCG in an indirect electrolysis process [19]

The following reactions occur throughout the process [19]:

Absorption reaction:
2Fe3* + H,S — 2Fe?*+ 2HY + S|

Electrolysis reaction:

Anode: 2Fe?t — 2Fe3t + 2e~
Cathode: 2H* + 2¢~ - H, 1T
Overall reaction: H,S -» H, T+S!

The procedure includes three major steps: chemical absorption of H.S, separation of sulfur precipitates, and
electrolysis to regenerate the absorbent and produce hydrogen. Hydrogen sulfide gas from the NCG reacts with Fe3*
ions in an acid solution to produce sulfur precipitates and H* ions in the absorption reactor. Fe** ions are
simultaneously reduced to Fe?* ions. At the optimal temperature of 70°C, approximately 99% of H.S can be removed
from the material [24], [25]. Due to the 30°C temperature of the NCG emitted from the GPP's NCG exhaust, a heat
exchanger unit is required for optimal separation results. Sulfur can be separated using either physical or chemical
techniques.

During electrolysis, Fe?* ions are oxidized to Fe3* ions at the anode, while hydrogen protons travel through the
proton exchange membrane and are reduced to hydrogen at the cathode. Given the intensely acidic conditions of the
reaction, the electrode of the electrolytic cell must be composed of acid-resistant materials such as graphite or carbon
fiber [25]. The quantity of hydrogen produced is theoretically equal to the amount of H.S absorbed [19].

Electrolysis of H.S was performed with a PEM (Proton Exchange Membrane) electrolyzer. This type of
electrolyzer utilizes a dense membrane that separates the anode and cathode chambers and facilitates proton
conduction. PEM electrolyzers are renowned for their high productivity and efficiency [18]. Typically, they rely on
renewable energy sources to store and provide energy on demand or to transport energy in the form of hydrogen over
long distances [26].

B. Thermodynamic Analysis

By calculating energy and exergy, the thermodynamic performance of the electrolyzer is quantitatively analyzed.
The analysis is performed on the basis of the following assumptions:

e Itis presumed that the ambient temperature (To) and pressure (Po) are 25°C and 101.32 kPa, respectively.
Throughout the procedure, all fluxes and components maintain constant temperature and pressure.
It is presumed that the system is in a steady-state and steady-flow condition.
Potential and kinetic energy fluctuations are considered negligible.
All gases are presumed to behave as ideal gases.
There is negligible heat transfer between the system and its environs.
Additional components are adequately insulated and able to conduct electricity without incurring losses.
It is assumed that the percentage of H,S in the NCG is stable, extending from 20% to 25%.

During electrolysis, Fe?* ions are oxidized to Fe** ions at the anode, while hydrogen protons travel through the
proton exchange membrane and are reduced to hydrogen gas at the cathode. The quantity of hydrogen produced is
theoretically equal to the amount of H,S absorbed [19], as described by the previously mentioned chemical reaction.
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Analyzing mass, energy, and exergy balances for chemically reacting steady-flow systems constitutes the
thermodynamic analysis of the hydrogen production process. The following equations are utilized in these
calculations, which are founded on the aforementioned assumptions.

The mass balance of the electrolysis operation for producing hydrogen from H.S can be expressed as follows:

ZﬁRZZﬁP (1)

Ngpecr, + Mo = Npect, T Ny, (2)

Before writing the energy balance equation, the enthalpies of the components involved in a system's reaction must
be stated. The enthalpy of a component is expressed in mole basis units as follows [27]:

Enthalpy = K'f + (h— k") (kJ /mol) (3)

R'f is the standard enthalpy of formation at 25°C and 1 atm, whereas (h — R°) is the enthalpy relative to the
standard reference state.

Since the changes in kinetic and potential energy are negligible, the steady-flow energy equilibrium relationship
Ein = Eout Can be expressed in the energy balance for a steady-flow system that reacts chemically more explicitly as:

Npect, (B f + h— h)pecy, + ﬁHCl(_Eofj' h— R)ue T WPEM_ _ (4)
= Npeci,(B f + h— h)peci, + Ny, (R f + h— h)y,
The molar flow rate (1) can be defined as:
. _m (5)
n= Mr
Where m and Mr are mass flow rate and molecular weight, respectively.

After formulating the energy balance equation for the process, the enthalpy values for FeCl,, FeCls and H. can
be calculated using the following Shomate equation:

h—h AT+BTZ+CT3+DT4 E1+F H (6)
ST 2 3 4 T

T is 1/1000 of the compound temperature for the compound (in K) and A, B, C, D, E, F, G, and H are constants
for FeCly, FeCls and H; as presented in Table 1.

Table 1. Enthalpy of formation, standard entropy and Shomate constant for FeCl,, FeCls and H;

Compound
FeCls (aq) FeCl; (aq) H2 ()
h°s (ki/mol)  -362.82 -311.34 0
s? (kJ/mol K) 0.20066 0.13988 0.13068

A 133.888 102.1733 33.066178
B 0 -1.07882E-09  -11.363417
C 0 8.42401E-09 11.432816
D 0 -2.09674E-09 -2.772874
E 0 -1.84636E-10 -0.158558
F -402.7343 -341.7989 -9.980797
G 362.6829 263.5223 172.707974
H -362.8156 -311.3365 0

Source: [28]
Enthalpy value of HCI (aqg) can be calculated using the following equation [29]:

L T (7)
R I s
Treff
In the electrolysis process, the rate of formation of H, gas can be defined as follows [30]:
. ] (8)
nHz = ﬁ
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Jand F are the electric current density and Faraday's constant, respectively. The rate of electrical energy required
by the electrolizer can be calculated by following equation:

WPEM = Jpem - Vpeu (9)
The voltage (Vpgy) can be calculated using the Nernst Equation:

RT
Vegm = E°cen — 2,303 ﬁlogQ (10)

E°_.y; value in this electrolysis process is 0.8 V [31]. n is moles of electrons exchanged in an electrochemical
reaction, while Q denotes reaction quotient.
Based on the predetermined energy balance, energy efficiency can be calculated using the following equation:
Npeci, (R'f+ h— EO)FeCl3 + ny, (R'f+ h— EO)HZ (11)
Npect, (B f + h— h)pect, + e f + h— By + Wpey

NpEm =

The steady flow entropy balance equation can be written as follows:
Npect,Srect, T NHciSher + S’;Ef{’ = NpeciySrect; T NHySH, (12)
Seen and s are increase in the entropy rate of the system and specific entropy, respectively.

Specific entropy values for each compound FeCl,, FeCls and H; can be calculated using the Shomate equation as
follows:

AN+ BT+ 4Dkt s 6 (13)
s =AIn(T) 2 3 Uor2

T is 1/1000 of the compound temperature for the compound (in K) and A, B, C, D, E, F, G, and H are constants
for FeCl,, FeCls and H; obtained from Table 1.

Specific entropy value of HCI (aq) can be calculated using the following equation [29]:
T T 14

s=s"+ f Cp In (14)

Treff Treff

Exergy associated with a process under certain circumstances is the sum of physical exergy and chemical exergy,
as shown in the following equation:

ex = exP" + ex“? (15)

Ignoring the specific kinetic and potential exergy of the compound, the specific exergy can be calculated by the
following equation:

ex = (h— hy) — Ty(s — sq) + ex<t (16)

The chemical exergy value is based on the reference exergy under standard conditions with the environment, Ty
= 25°C and Py = 1 atm, which is called standard chemical exergy. Standard chemical exergy for FeCl,, FeCls, HCI
and H; can be seen in Table 2.

Table 2. Standard chemical exergy for FeCl,, FeCls, HCl and H; at To = 298.15 K and Po = 1 atm

ach
Compound (ki/mol)
FeCl, 193,1
FeCls 225,6
HCI 84,5
H, 236,1

Source: [32]
The exergy of the destruction (Ex5EM) can be calculated as follows:
BB = Ty X $y0n (17)

The exergy balance for a chemically reacting steady-flow system is more explicitly stated as:
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; : S W ; > .-PEM
Npect,@Xpect, + Nuci€Xuct + EXppy = Npeciy€Xpeci, + N, exy, + Exp (18)
Expim = Ween (19)
The exergy efficiency of the electrolyzer can be calculated as follows:

Nrecly €XFecty T NH,€XH, (20)

Npect, €Xrect, t Nuci€Xuct + Wppn

Yoem =

Furthermore, the hydrogen energy produced (Ep;4r0gen) Can be calculated by the following equation:

Ehidrogen = mHZ X LHVHZ (21)

RESULT AND DISCUSSION

Production of hydrogen from H,S through the indirect electrolysis method, Fe-Cl hybrid was analyzed
thermodynamically using some assumptions described previously. The thermodynamic analysis of the electrolyzer
was carried out using the mass, energy and exergy balance equations for chemically reacting steady flow systems as
described in the previous section. Thermodynamic calculations are performed manually using Microsoft Excel to
determine the effect of several predetermined independent variables on the required electrical energy, energy
efficiency and exergy, entropy generation rate, and exergy destruction. H.S mass flow rate data was obtained through
direct measurements at one of the GPP located in North Sumatra Province, Indonesia.

A. Effect of H2S mass flow rate and electrolysis temperature on the electricity required

Electricity required to produce hydrogen from H,S is 20.57 kWh/kg Hz. This shows that the energy required to
decompose H,S is less than to decompose water [13], [15] which theoretically requires energy of 32.68 kWh/kg H>
[9], [33]. As the mass flow rate of H.S rises, so does the demand for electricity (Figure 2a). This is due to the fact that
a higher H,S mass flow rate reduces mass transfer resistance and increases mass transfer rate. These alterations
quicken the reaction rate, resulting in a higher demand for electricity. The mass flow rate of H.S is the quantity of H,S
supplied per unit of time to the electrolysis process. It has an immediate impact on the quantity of electricity required
for the electrolysis reaction. When more H2S is introduced into the electrolyzer, more H,S molecules must dissociate
into hydrogen and sulfur ions [34]. This dissociation process requires the addition of electrical energy to disrupt the
H2S molecules' chemical bonds [35]. As a result, an increased flow rate of H,S necessitates a higher electrical current
to facilitate the dissociation reaction, resulting in a greater demand for electricity.

In contrast, as the electrolysis temperature rises, the amount of electricity required decreases progressively (Figure
2b). The electrolysis temperature plays an important role in determining the quantity of electricity required for the
process. Electrolysis is an endothermic process that requires the addition of electrical energy [36]. The electrical
energy requirement is directly affected by the temperature of the electrolysis system. In electrolysis systems, higher
temperatures can reduce the quantity of electrical energy required for the reaction. This is due to the fact that higher
temperatures increase the thermal energy of the system, resulting in increased ion mobility and a quicker rate of
reaction [37]. Consequently, the ions involved in the electrolysis process are able to move more readily, allowing the
desirable chemical reactions to take place with less electrical input. In addition, as the temperature of the electrolyzer
raises, the migration of ions within the electrolyzer increases, resulting in an increase in solution conductivity and a
decrease in electrolytic cell resistance [19]. As a result, less electricity is required for the process. It is essential to
note, however, that there is an optimal temperature range where significant electricity savings can be realized. Further
temperature increases beyond this range may not result in substantial electricity savings or may even be detrimental
due to increased resistive heating and other energy losses. In order to accomplish efficient electrolysis and reduce
energy consumption, it is essential to strike the proper equilibrium and operate within the optimal temperature range.
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Figure 2. Effect of a) H.S mass flow rate and b) electrolysis temperature on the electricity required

B. Effect of H2S mass flow rate and electrolysis temperature on the exergy destruction

The mass flow rate of H,S influences the exergy destruction during the electrolysis procedure. A greater mass
flow rate results in a greater exergy destruction (Figure 3a). This is because the electrolyzer is supplied with a greater
number of H,S molecules per unit of time. These H>S molecules must be dissociated into hydrogen and sulfur ions
during electrolysis, a procedure that requires the application of electrical energy. Inefficiencies and losses within the
electrolysis procedure contribute to exergy loss. With a greater H,S mass flow rate, there is a greater demand for
electricity and, as a result, a greater electrical current in the electrolyzer. This increased current can lead to greater
resistive losses and inefficiencies, resulting in greater exergy loss. In addition, a higher mass flow rate of H,S may
increase mass transfer resistance and reduce the overall efficiency of the electrolysis process [19], thereby contributing
further to exergy destruction. The rate of exergy destruction provides insight into the efficacy of the system [38]. By
identifying the sources of exergy loss and working to reduce them, the system's effectiveness can be enhanced. Even
with the most advanced technology, exergy destruction and losses are inevitable in a system. Exergy annihilation is
caused by irreversible effects such as chemical reactions, the mingling of materials with various compositions or
states, and friction [39]. Frictional effects become more significant as the mass flow rate increases, thereby
accelerating the rate of exergy loss [40].

The electrolysis temperature influences the exergy destruction during the electrolysis procedure. Within a certain
optimal temperature range, exergy destruction typically decreases as electrolysis temperature rises (Figure 3b). Higher
temperatures have a number of beneficial effects on the system, resulting in enhanced efficacy and decreased losses.
Enhanced ion mobility and accelerated reaction rates constitute a significant advantage of higher temperatures. This
increased mobility permits the ions involved in the electrolysis process to move more readily, thereby reducing
resistive losses and enhancing the performance of the electrolytic cell [41]. The higher temperature also enhances the
system's thermal energy, which increases ionic mobility and accelerates reactions. Consequently, less electrical energy
is squandered, resulting in less exergy destruction. In addition, higher temperatures can enhance the electrolyte's
conductivity and the system's kinetic rate, thereby decreasing system losses [19]. This contributes further to the
reduction of exergy loss. It is essential to note, however, that there exists an optimal temperature range beyond which
further increases may result in diminishing returns or even be detrimental to the system. Extremely high temperatures
can result in additional losses, including an increase in resistive heating, thermal radiation losses, and material
degradation [42], [43]. These factors may outweigh the benefits of enhanced ion mobility, leading to an increase in
exergy destruction. Therefore, it is essential to discover the optimal temperature range for electrolysis in order to
maximize efficiency and prevent excessive temperature-related losses.
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Figure 3. Effect of a) H,S mass flow rate and b) electrolysis temperature on the exergy destruction
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C. Effect of H2S mass flow rate and electrolysis temperature on the entropy generation rate

An increase in mass flow rate generally results in an increase in the entropy generation rate (Figure 4a). When
the mass flow rate of H,S is higher, more H,S molecules are supplied per unit of time to the electrolysis process. This
increases the quantity of H.S molecules that must dissociate during the electrolysis reaction into hydrogen and sulfur
ions. The dissociation process requires the input of electrical energy, and any inefficiencies or losses contribute to the
generation of entropy. A greater mass flow rate of H.S results in a greater demand for electricity and, as a result, a
greater electrical current in the electrolyzer. This increased current can lead to greater resistive losses and
inefficiencies, which contribute to an increase in entropy production. In addition, a higher mass flow rate of H,S may
also increase the mass transfer resistance and decrease the overall efficiency of the electrolysis process, contributing
further to the generation of entropy [19], [44]. The increased rate of mass transfer and reactions at higher mass flow
rates can generate more irreversible processes, resulting in an increased rate of entropy production.

The effect of electrolysis temperature on the rate of entropy production is more complex. In general, the rate of
entropy generation decreases as the electrolysis temperature rises up to a certain optimal range (Figure 4b). Higher
temperatures can improve the mobility of ions, the conductivity of the electrolyte, and the reaction rates. This increased
mobility and reaction rate results in increased efficiency and decreased entropy production [37], [44]. At higher
temperatures, the system's thermal energy increases, allowing for greater ionic mobility and quicker reactions. This
increased mobility allows the ions involved in the electrolysis process to move more readily, thereby reducing resistive
losses and enhancing the performance of the electrolytic cell. As a consequence, less electrical energy is lost, resulting
in decreased entropy production. Beyond the optimal temperature range, however, further increases in electrolysis
temperature may enhance the rate of entropy production. Extremely high temperatures can result in additional losses,
such as increased thermal radiation losses and material degradation, which can outweigh the benefits of enhanced ion
mobility [42], [43]. These variables may contribute to an increase in entropy production and a decrease in efficiency.
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Figure 4. Effect of a) H,S mass flow rate and b) electrolysis temperature on the entropy generation rate

D. Effect of H2S mass flow rate and electrolysis temperature on the energy and exergy efficiency

Despite an increase in the H.S mass flow rate, the electrolyzer's consistent energy and exergy efficiencies of
89.89% and 97.72%, respectively, indicate that the electrolysis process is operating efficiently within the investigated
range of H,S flow rates (Figure 5a). The observed consistency in efficacy suggests that the electrolyzer is likely
operating near its optimal H.S flow rate conditions. It implies that the system has been designed and optimized to
accommodate a range of H,S discharge rates without compromising its overall efficacy. Through meticulous design
and engineering of the electrolyzer's components and system parameters, it is possible to attain optimal operating
conditions. This may involve the selection of suitable materials, electrode configurations, and operating parameters
such as temperature and pressure. Despite variations in the H,S mass flow rate, the electrolyzer can maintain high
efficiency by operating close to optimal conditions.

Increasing the temperature of electrolysis has a positive effect on the energy and exergy efficiencies, resulting in
greater efficiency values (Figure 5b). The complex relationship between electrolysis temperature and energy or exergy
efficiencies hinges on a number of variables. In general, increasing the electrolysis temperature increases both energy
and exergy efficiencies within a certain optimal range [18]. Increased temperature increases the mobility of ions and
accelerates reaction rates, resulting in increased efficiency [37]. The system's higher thermal energy enables greater
ionic mobility, which facilitates more efficient ion movement during the electrolysis process [42]. This reduces
resistive losses and increases the electrolytic cell's overall efficacy. Consequently, there is less electrical energy waste,
resulting in greater energy and exergy efficiencies. The observed decrease in the rate of exergy destruction as the
electrolyzer temperature increases confirms the decrease in system losses, which contributes to the system's increased
efficiency. Compared to energy efficiency, exergy efficiency indicates a greater quality of energy utilized by the
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system [45]. This demonstrates the enhanced sustainability of the system, as exergy analysis provides a comprehensive
evaluation of energy degradation and precisely measures the actual work performed by the system [46].
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Figure 5. Effect of a) H.S mass flow rate and b) electrolysis temperature on the energy and exergy efficiency

E. Hydrogen production in various Hz2S mass flow rate

During electrolysis, the H,S mass flow rate has a direct correlation with hydrogen production [18]. Greater H,S
emissions from a gas processing plant (GPP) can lead to increased hydrogen production. As depicted in the diagram
below, an H>S mass flow rate of 5.70 g/h at the location of the studied GPP can produce approximately 0.01 kW of
hydrogen energy. The discharge rate of H,S gas has a significant impact on the production of hydrogen during
electrolysis. In this procedure, H,S gas is introduced into an electrolysis cell with submerged anode and cathode
electrodes. H,S is oxidized at the anode, releasing electrons and forming sulfur, while water is reduced to produce
hydrogen vapor. The discharge rate of H,S affects the supply of H.S molecules for oxidation at the anode. Higher
flow rates increase the H,S concentration at the anode, resulting in a greater number of reactant molecules and possibly
a quicker reaction rate [19]. However, excessively high flow rates can limit mass transport and lead to concentration
polarization [19]. When the diffusion rate of H,S to the electrode surface becomes a limiting factor and slows the
reaction rate, mass transport limitations occur. Concentration polarization is caused by the accumulation of reaction
products near the anode's surface, which impedes contact with fresh H,S and slows the reaction rate. Determining the
optimal H.S flow rate necessitates harmonizing the reaction rate, taking mass transport and other variables such as
electrode material, cell voltage, temperature, and electrolyte composition into account [19], [25]. To minimize these
effects and maximize the hydrogen production efficiency of a given system, it is vital to optimize the electrolysis cell
design.
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Figure 6. The relationship between the amount of hydrogen energy produced and the H,S mass flow rate

CONCLUSION

This study examined the thermodynamic analysis of producing hydrogen from HS via indirect electrolysis.
Analyses were conducted on the effects of H.S mass flow rate and electrolysis temperature on various parameters. It
was discovered that the mass flow rate of H,S had a direct effect on the amount of electricity required for the
electrolysis process. Higher flow rates increased the demand for electricity because more H,S molecules required
dissociation into hydrogen and sulfur ions. Increasing the electrolysis temperature, on the other hand, decreased the
amount of electricity required because higher temperatures enhanced ion mobility and reaction rates. Electricity
required to produce hydrogen from H,S is 20.57 kWh/kg H,. To avoid excessive losses, it is essential to operate within
an optimal temperature range. The mass flow rate of HS also influenced the rates of exergy destruction and entropy
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production, with higher flow rates resulting in greater exergy destruction and entropy production. In contrast,
increasing the electrolysis temperature within the optimal range decreased exergy destruction and entropy production.
Regardless of variations in the H,S mass flow rate, the electrolyzer's energy and exergy efficiencies remained constant,
indicating efficient operation within the investigated range. The energy and exergy efficiency of the electrolyzer are
89.89% and 97.72% respectively. Elevating the electrolysis temperature increased energy and exergy efficiencies
even further. Hydrogen production was found to be directly proportional to the H.S mass flow rate, with higher flow
rates resulting in greater hydrogen production. For maximizing the efficiency of hydrogen production, it is essential
to optimize the electrolysis cell design, considering variables such as electrode material, cell voltage, temperature, and
electrolyte composition.
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