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ABSTRACT: This research aims to introduce an efficient power cycle that simultaneously produces
power and hydrogen in PEM electrolyzer. This cycle is driven by geothermal energy. Comprehensive
thermodynamic modeling (energy and exergy) has been performed to compare four different
operating fluids' performance in the proposed system. EES software was used for modeling.
A parametric study has also been applied to investigate the effect of important parameters on the system's
energy and exergy performance. As a brief novelty statement, the unique model can be mentioned in which
both power and chemicals can be produced, and hydrogen output can be used as a storage system
that transforms energy into an energy carrier. The results showed that R245fa operating fluid
with 3.5% and %67.6 of energy and exergy efficiency had the highest performance. The operating
fluids R114, R600, and R236fa are also in the next ranks of performance characteristics. As the geothermal
fluid temperature increases, the production of power and hydrogen increases, but the energy
and exergy efficiency decrease. Also, it can be noted that the hydrogen unit significantly increases
the exergy efficiency of the plant. As an example, in the R245fa case, it increases from 36% to 67.6%.

KEYWORDS: Geothermal energy; Organic Rankin cycle; Organic fluids; Proton membrane
exchange electrolyzer; Hydrogen production.

Vol. 41, No. 5, 2022

INTRODUCTION

Today, the energy supply issue from renewable
methods has become a basic need, and many countries
are looking for renewable methods to produce energy due to
the depletion of fossil fuel resources. Geothermal energy
is a renewable method with an economically high capacity
to generate electricity [1, 2]. Although high-temperature
geothermal sources are more economical because most

geothermal sources are in the low-temperature range,
it is predicted that the next generation of geothermal power
plants will use more low-temperature sources [3]. The Organic
Rankine Cycle (ORC) is a power generation cycle that
can be started using low-temperature energy sources due to
low boiling point organic fluids [4].

Hydrogen is considered a clean energy carrier for
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environmentally friendly energy production, mainly used
in the power plant and chemical industries [5, 6]. Besides,
it can be effectively converted to electricity in fuel cell
systems with negligible greenhouse effects [7, 8]. Today,
hydrogen can be produced through fossil fuel sources,
hydrocarbon reforming processes, and water electrolysis.
But due to limited fossil fuels and changing climatic
conditions due to the release of carbon dioxide and other
pollutants, attention has been placed on renewable
hydrogen production methods[9]. Meanwhile, water
electrolysis is an accepted technology for large-scale
hydrogen production. Hydrogen production by electrolysis
through proton membrane exchange (PEM) has many
advantages, including very low environmental effects and
easy maintenance [10]. Cogeneration is one of the best
ways to conserve and store energy, allowing efficient
energy resources and preserving the environment.

Among different energy sources, geothermal energy
has significant potential for hydrogen production. All or
part of a geothermal power plant's output power can produce
hydrogen through the water electrolysis process. It seems
that hydrogen production based on geothermal energy
and water electrolysis operation will undeniably affect
the economy of hydrogen production [1].

In a combined geothermal cycle using carbon dioxide
gas as a heat transfer fluid, Ahmadi et al. used electrically
decomposing water to produce hydrogen. They performed
technical, economic, and environmental analyses on the
system and concluded that the electrical system has
the highest cost share with more than 90% of the total cost.
The cost of hydrogen production is also $ 8.24/kg [5].

Rahmouni et al. worked on a system based on
geothermal and solar energy to produce hydrogen. They
used solar energy to produce hydrogen and heat and
geothermal energy to produce power and cooling. By
performing energy, exergy, and parametric analyses on
their system, they concluded that at 210 °C, geothermal
water, energy, and exergy efficiencies could reach 10.8
and 46.3%, respectively [7]. Balta et al. Performed exergy,
energy, economic, and mass analyses on a copper-chlorine
thermochemical water decomposition system combined
with geothermal energy to produce hydrogen. The results
showed that the cost of hydrogen production is directly
and very closely related to the power plant's capacity
and exergy efficiency [9]. In a study, Qiong et al. examined
the optimal methods for controlling hydrogen production
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when an electrolyzer is connected to an alternating
renewable energy source and compared the methods'
efficiency [10]. In a hydrogen production system with
a geothermal source, Alhamid et al. Used four different
models and two reversible and irreversible modes and
performed exergy analysis for all four systems. They
concluded that the exergy efficiencies of models 1, 2, 3
and 4 are 28.5%, 29.9%, 37.2% and 16.1%, respectively [1].
In a study by Mahmoudan et al. [11], a novel integrated
energy system based on a geothermal heat source, and
a liquefied natural gas heat sink is proposed for providing
heating, cooling, electricity power, and drinking water
simultaneously. The arrangement is a cascade incorporating
a flash-binary geothermal system, a regenerative organic
Rankine cycle, a simple organic Rankine cycle, a vapor-
compression refrigeration cycle, a regasification unit,
and a reverse osmosis desalination system. Energy, exergy,
and exergoeconomic methods are employed to analyze
the suggested system. In research by Hoseinzadeh et al. [12],
the integrated carbon dioxide power cycle with the
geothermal energy source to supply the necessary reverse
osmosis desalination power for freshwater production is defined.
The cycling power is consumed by the desalination system
and sodium hypochlorite generator. EXxergoeconomic
analysis and optimization are studied. Exergoeconomic
analysis shows that the desalination system, sodium
hypochlorite generator, carbon dioxide turbine, and natural
gas turbine have the highest rate of capital gain and exergy
destruction cost.

Research done by Sohani et al. [13] studied solar
irradiation in hot-arid climatic countries results in increased
temperatures, one of the major factors affecting the power
generation efficiency of monocrystalline photovoltaic (PV)
systems, posing performance and degradation challenges.
In this paper, the efficiency of a water-flow cooling system
to increase the output of a monocrystalline PV module with
a rated capacity of 80 W is studied from both energy and
exergy perspectives. The energy and exergy tests are performed
for each season of the year, with and without cooling.
The energy and exergy efficiencies and the commodity
exergy values are used to compare the photovoltaic device
with and without cooling.

In another study by Hoseinzadeh and Heyns [14],
Energy, Exergy, and Environmental (3E) analysis of
a 400 MW thermal power plant is investigated. First,
the power plant components are examined in terms of energy
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consumption, and subsequently, energy losses, exergy
destruction, and energy efficiency are obtained.

In a study by Kariman et al. [15], desalination systems
are considered promising solutions to deal with the water
scarcity problem. Among different kinds of desalination
systems, having the advantages like using low-grade
thermal resources, the multi-effect type is getting more
popular. Considering the mentioned issues, in this study,
a high-performance Multi-Effect Desalination (MED)
system is introduced and the enhancement potential is
evaluated in detail. The introduced and reference designs
are compared together from different points of view.

In a study by Ghazvini et al. [16], a concise summary
of present and advancing hydrogen production technologies
are presented, and secondarily a comprehensive review of
research associated with hydrogen production based on
geothermal energy is provided. Thirdly, the process
descriptions of geothermal-assisted hydrogen production
and its technical, economic, and environmental aspects
are addressed. Finally, comparative assessments of costs
and environmental aspects of hydrogen production based
on different energy sources have been performed.

In a paper, Ahmadi et al. [17], an analysis of energy
and exergy thermodynamics and the exergy-economic
analysis of the proton exchange membrane (PEM-type)
electrolysis process for hydrogen production, which
derives its driving power from ground-based power,
has been carried out.

In a study by Ahmadi et al. [18], a transcritical Carbon
dioxide power cycle has been coupled to a liquefied natural
gas to work either as the cold source or enhance further
to generate electricity. A detailed thermodynamic analysis
is performed to investigate the effect of key parameters
on the cycle performance. Also, heat exchangers are measured
to find the heat transfer surface area for economic evaluation.

A study by Sadaghiani et al. [19] proposes a new
power generation plant to convert the trapped energies
of geothermal hot water and Liquid Natural Gas streams
to usable power. The combined power plant consists
of 7 units, each unit includes three discrete cycles of Kalina
and two Organic Rankine power generation cycles to
produce power from its heat sources.

This research investigates power production by an
efficient organic Rankin cycle equipped with a heat
recovery exchanger (regenerator) and a heating fluid
heater. This cycle is driven by geothermal energy. Also
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used to produce hydrogen is a proton exchange membrane
whose power is supplied through the organic Rankine
cycle. The main objectives of this research are: Using
geothermal energy as a source of low-temperature energy
for the cogeneration of power and hydrogen; Using
a modified organic Rankine cycle with four different
operating fluids and comparing the introduced system's
energy and exergy performance for all operating fluids;
Parametric study to investigate the effect of an important
parameter on the performance of the hybrid system.

This paper's main novelty is the cycle's unique arrangement
and hydrogen production in low-temperature energy systems.
And using exergy analysis to investigate this system's
performance helps technical experts and policymakers make
optimal technology selection decisions [20-24].

THEORETICAL SECTION

In the present work, a modified organic Rankine cycle
(equipped with a regenerator and feed fluid heater) is combined
with a PEM electrolysis to produce power and hydrogen
simultaneously. Fig. 1 shows the schematic of the system
under consideration. To model, the system's energy, mass,
and energy conservation rules must be applied to each
component of the system. For this purpose, each element
is considered a control volume [25-30].

D.mi= ) me )
Q=W = meh — > mhy @

Exergy [24] is divided into physical exergy, chemical
exergy, kinetic exergy, and potential exergy. Due to small
changes in speed and altitude, and changes in the chemical
composition of flows, the terms kinetics, potential, and
chemical exergy have been omitted in this study (chemical
exergy is only considered during the fuel cell process).
Physical exergy is considered the maximum useful work
of the theory obtained by the system in interaction
with the environment in equilibrium conditions [25].
Considering the first and second laws of thermodynamics,
the exergy balance can be considered as follows.

Exq + Z m;ex; = Z meex, + Exiy+Exp 3)
i e

Indices i and e specify the input and output exergy to
the control volume. Exp represents exergy destruction, and
the other terms are determined by Eqs. (4-6).
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Fig. 1: Rankine organic cycle diagram equipped with heat recovery exchanger (regenerator) and feed fluid heater combined
with geothermal energy of proton membrane exchange electrolyzer.

T
Exy = (1 — ?0) Q; 4)
Exyy = W )
ex = expp = (h —hg) — To(s — o) (6)

The energy efficiency of the cogeneration system under
consideration is calculated based on Eq. (7) [25-29].

Wier + Qheating

Ny = (7
th QRecovery + QGeothermal

Qbrine = My(hyo — hg) + my; (hy; —hyy) (8)

Whet = Weurbine — Wpumps €))

The exergy efficiency of the cogeneration system is
obtained based on Eq. (10) [30].

EXp tot ) (10)

n =1—<
ex EXQGeothermal + EXRecovery

Tables 1 and 2 present the Rankine cycle exergy
equations and the absorption cycle [31-34].

The electrolyzer relationships are presented in Table 3.
To solve the system, first energy analysis and then exergy
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analysis is performed for it. EES software has been used
to solve thermodynamic equations.

RESULTS AND DISCUSSION

Validation of the present work using References [10]
and [22] was used for the organic Rankin cycle with
recovery and heating and electrolyzer systems. By
comparing the references and the present work presented
in Figs. 2 and 3, respectively, it can be seen that there is
a good match between the results of the calculated
parameters in the present work and the valid references.

Fig. 4 shows the performance characteristics of the
system. All these values are calculated for four different
operating fluids. It is observed that the operating fluid
R245fa has the highest energy and exergy efficiency with
3.5% and 67.6%, respectively. Operating fluids R114,
R600 and R236fa are also in the next categories in terms
of performance characteristics. This paper also shows the
lost exergy rate of system components for all operating
fluids. Examining the system's exergy based on the above
tables shows that the evaporator and the electrolyzer have
the highest Exergy destruction (heat degradation) because

1789



Iran. J. Chem. Chem. Eng.

Norouzi N. & Fani M.

Table 1: Exergy rates of fuel and Rankine cycle product
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/ Component name Fuel Exergy Product Exergy \
Turbine E; —E; Weur
Superheater E; —Eg Eio — Eg
Condenser Es —E; Ei, —Eiyq
Pump Whump E, —E;
Recovery heat exchanger Eis —Ei5 E; —E;
Economizer Ei; —Eig E; —E3
Evaporator Ei¢ —Eis E; —E;
k Super Heater Eis — Eig E; — E /
Table 2: Exergy rates of fuel and absorption cycle product.
/ Component name Fuel Exergy Product Exergy \
Condenser E;s — Eyg Ezs — E3s
Liquid-steam heat exchanger Ey6 — E3y Ezo — E39
Expansion valve Eys Esg
Evaporator Esg — Ejo Esy — Ez3
Absorber Ezo 4+ Ez; + Eyy Ey, + Es;
Pump Whump Ez3 — E,
Soluble heat exchanger Eig — Ey Eys —Eys
\_ Generator Eip +Ej4 Ey + Eiq + Epg J

Table 3: Relationships of proton membrane electrolyzers [20].

Parameter

Equation

Electrolyzer voltage

V=V, + vact,c + Vact,a + Vohm

Electrolyzer power consumption

Eelectric = ]Vr Eelectric = WORCT

. . . RT R ] ref _Eactc
Cathode activation potential Vacte = —sinh™* , Joc = f exp( - )
' F 2Jo,c ' ¢
) ) ) RT ] ref —E .
Anode activation potential V... =—sinh™! , = f (ﬂ)
p acta F sin (210"1) Joa X exp RT
Y JR R f b
ohm = JRpEmM) PEM — T YARY]
Ohmic potential o Opem[A()]

}‘a_}\c
D

Ax) =

x4y OppmAGO] = [0.5139A(x) — 0.326] X exp [1268( ! 1)]

303 T

Reversible potential

Vo = 1.229 — 0.00085(Tpgy — 298)

Molar flow rate of oxygen

Ni—lz,out = ﬁ = Nﬁzo,reacted

Molar flow rate of oxygen

. J
Noz,out = E

K Residual water flow rate

J

Nit,0,0ut = Niy0in — 2F

)

1790

Research Article



Iran. J. Chem. Chem. Eng. Energy and Exergy Analysis and Selection ... Vol. 41, No. 5, 2022

300

=) =(@)
250

200

150
100
5° il il
0 1 —

Evaporator load Condenser load Turbine output ~ Pump power Net power output Energy efficiency Mass flow rate of
(kW) (kW) power (kW) consumption (kW) (%) operating fluid
(kw) (kgls)

Fig. 2: Performance parameters of organic Rankine cycle with feed fluid recovery and heating
a) The present model b) Reference [22].
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Fig. 3: Performance parameters of PEM electrolyzer system a) The present model b) Reference [10].
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Fig. 4: Loss of exergy rate of different system components.
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Table 4: Changes in hydrogen production in terms of geothermal fluid temperature.

Vol. 41, No. 5, 2022

/ Taceo R236fa R600 R114 R245fa \
100 3.92 4.38 4.89 5.12
105 4.16 4.84 5.15 541
110 4.29 5.14 5.45 591
115 4.62 5.59 5.73 6.29
120 4.83 5.75 6.08 6.79
125 4.88 6.32 6.55 7.1
130 522 6.55 6.87 7.55
135 5.33 6.88 7.12 7.75
140 557 7.24 7.66 8.15
145 5.88 7.72 8.01 8.76
150 5.95 8.05 8.14 9.09
155 6.08 8.23 8.41 9.22
k 160 6.49 8.68 8.85 9.96 /
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Fig. 5: Exergy efficiency of the plant with and without the hydrogen production plant.

both fuels' exergy flow rate is very high. It is also observed
that with the change of operating fluid, as much as the exergy
loss in the evaporator decreases, the exergy loss in the
electrolyzer increases. This trend increases the power by
reducing the loss of exergy in the evaporator. Comparing the
operating fluids exegetically, it is observed that the
operating fluid R245fa has the lowest exergy loss and the
operating fluid R236fa has the highest extrusion loss in the
evaporator, while the opposite is true in the electrolyzer
(see Fig. 5). Therefore, it can be concluded that the operating
fluid with less exergy loss in the evaporator produces more
power and higher exergy loss in the electrolyzer.
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To study the effect of geothermal fluid temperature
changes on system performance, Table 4 shows the
changes in hydrogen production and system output power
in geothermal fluid temperature. It is observed that with
increasing the temperature of the geothermal fluid,
the system's output power shows a significant increase.
By increasing the temperature of the geothermal fluid at the
inlet of the evaporator, by keeping the outlet temperature and
mass flow rate of the geothermal fluid, the difference between
the enthalpy of the inlet and outlet increases, and by keeping
the temperature of the operating fluid at the inlet and outlet of
the evaporator, the mass flow rate increases. The output
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power of the system and consequently the output power of
hydrogen production also increases. Table 5 shows the
changes in exergy efficiency concerning the temperature
of the geothermal fluid. It is observed that with increasing
the temperature of the geothermal fluid, the energy
efficiency decreases. Although increasing the geothermal
fluid temperature increases the output power, this increase
also increases the system's heat and harms energy
efficiency, according to the model. Besides, it is observed
that the exergy efficiency also decreases. This trend is also
due to the increase in the geothermal fluid's exergy flow at the
evaporator inlet, which reduces the system's exergy
efficiency[49-66]. To investigate the effect of change in
geothermal fluid flow rate on system performance, Table 6
shows the hydrogen production changes in the geothermal fluid
flow rate. It is observed that increasing the geothermal fluid
flow rate has increased power and hydrogen production.
Increasing the geothermal fluid flow rate increases the
evaporator heat load, and due to the constant inlet and outlet
temperatures of the operating fluid in the cycle to prevent
the loss of this heat load, the operating fluid flow rate
should be increased [67-89]. This process increases the system
output power and consequently hydrogen production.

Table 7 shows the changes in exergy efficiency
in geothermal fluid flow.

It is observed that increasing the flow rate of the
geothermal fluid reduces energy efficiency and exergy.
This trend is increasing the heat load of the evaporator,
which reduces energy efficiency and exergy[89-100].
Comparing the effect of two factors, geothermal fluid
temperature, and geothermal fluid flow, it is observed
that with the change of geothermal fluid temperature,
the performance characteristics of the system increase more,
so the effect of geothermal fluid temperature on system
performance is greater than the mass flow of geothermal
fluid. Because with increasing the geothermal fluid
temperature, the enthalpy of the geothermal fluid increases
only at the evaporator inlet, while the output enthalpy is
constant and increases the evaporator's heat load as the
exergy current at the turbine inlet[31]. The enthalpy
difference of the geothermal fluid does not affect the inlet
and outlet of the evaporator, and consequently, the
evaporator's heat load increases less, and the current
exergy increases in addition to the inlet to the outlet of the
evaporator. In the study of the effect of medium pressure
(steam pressure is drawn from the turbine) on the system
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Table 5: Changes in exergy efficiency of system in terms of
geothermal fluid temperature.

/ Teeo R236fa R600 R114 R245fa\
100 63.4 69.1 69.78 66.97
105 63.95 67.31 67.09 66.27
110 61.33 65.92 65.64 64
115 60.83 63.32 64.88 64.99
120 59.01 62.42 65.13 63.45
125 58.64 61.71 62.56 62.83
130 56.99 61.31 61.92 60.79
135 55.33 60.48 60.28 58.99
140 54.68 58.82 60.33 59.71
145 53.55 57.98 58.24 56.66
150 53.01 56.53 58.76 56.47
155 51.17 55.99 56.93 55.75

\ 160 49.92 55.05 56.73 53.59/

Table 6: Changes in hydrogen production in the terms of
the mass flow rate of geothermal fluid.

f Mbrine R236fa R600 R114 R245fa\

50 2.02 25 2.73 3.07

55 2.27 2.8 2.96 3.4

60 2.52 3.04 3.15 3.66

65 2.79 331 3.36 3.93

70 2.96 3.48 3.59 4.12

75 3.29 3.77 3.87 4.34

80 3.42 3.98 4.17 4.63

85 3.73 4.14 4.32 4.83

90 3.88 4.53 454 51

95 4.22 4.68 4.82 5.39

100 4.39 4.86 5.06 5.42

105 4.62 5.15 5.37 5.73
\ 110 4.92 5.49 5.46 5.91/
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performance in Table 8, changes in power and hydrogen
production in terms of average pressure are shown. It can
be seen that with the increase, the average mean pressure
of the output work decreases. It is observed that from
500 kPa to 700 kPa, this decrease is small, and from
the pressure of 700 kPa onwards, the slope decreases faster.

Table 9 shows the changes in energy efficiency and
exergy in terms of mean pressure. the variation of output
power and hydrogen production caused by any changes
in the mean pressure is shown. It is observable that,
in the pressure range of 500-700 kPa, there is a slight
reduction in net output power with mean pressure
augmentation. Afterward, this reduction is much greater.
In other words, increasing the mean pressure enhances
the extracted steam's enthalpy while decreasing the mass
flow rate. Eventually, according to the model, it can be implied
from the findings that these two factors have negative
effects on power. Moreover, a decrease in output power
will also reduce the electrolyzer's input energy, which
gives a drop in the current density. Therefore, increasing
the mean pressure will reduce hydrogen production.

It is observed that energy efficiency decreases with
increasing average mean pressure [32]. The reason for this
trend is the reduction of hydrogen production, which
directly affects energy efficiency [33]. We also see an
increase in exergy efficiency with increasing mean
intermediate pressure. As the mean intermediate pressure
increases, as mentioned earlier, the subducted vapor's
enthalpy increases, and its mass fraction decreases. These
two factors reduce the rate of fuel exergy flow in the
turbine [34]. Besides, increasing the mean intermediate
pressure reduces the power, and decreasing the power
according to the relationships in Table 5 reduces fuel
exergy in the electrolyzer [35]. The mentioned factors each
have a positive effect on the exergy efficiency and increase
the exergy efficiency [36]. It can be seen that at higher
pressures, the operating fluid R114 has the highest exergy
efficiency [37]. Table 9 shows the variation of total exergy
and energy efficiencies resulting from varying the mean
pressure value [38]. The implication is that increasing
the mean pressure reduces energy efficiency. The main
reason for this process is the reduction of hydrogen
production, which directly influences energy efficiency [39].
Additionally, following an increase in the mean pressure,
a higher exergy efficiency can be observed. As was stated
before, a rise in the mean pressure will lead to a high
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Table 7: Changes in exergy efficiency in terms of the mass flow
rate of geothermal fluid.

Mbrine R236fa R600 R114 R245fa\
50 47.27 48.9 47.89 49.49
55 47.15 47.66 47.7 47.46
60 46.33 47.16 47.35 46.91
65 46.1 46.66 46.05 46.13
70 45.48 45.43 45.69 45.8
75 45.46 4541 44.45 46
80 43.11 44.58 44.53 44.17
85 431 44.16 44.18 44.63
90 42.47 42.87 43.17 43.72
95 41.64 41.83 42.62 43.17
100 41.89 41.14 4131 41.89
105 39.87 41.81 40.07 42.05
\ 110 38.93 40.27 39.82 41.35 /

Table 8: Changes in hydrogen production in terms of average
mean pressure.

Pwmean R236fa R600 R114 R245fa\
100 2.61 3.84 3.99 4.44
105 2.61 3.83 3.92 4.32
110 2.59 3.75 3.86 4.41
115 2.52 3.75 3.92 4.35
120 2.5 3.77 3.82 4.33
125 2.47 3.68 3.73 4.27
130 242 3.62 3.81 4.25
135 241 3.67 3.71 4.25
140 2.37 3.56 3.65 4.16
145 2.33 3.67 3.74 4.12
150 231 3.63 3.71 4.1
155 2.29 3.54 3.61 4.05
\ 160 2.23 3.56 3.53 4 /
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Table 9: Energy efficiency of the whole system in terms of
average mean pressure.

/ Phean R236fa R600 R114 R245fa\
100 63.81 68.84 68.74 69.14
105 63.83 69.42 70.75 68.12
110 65.32 68.68 70.48 69.79
115 65.15 70.73 71.02 69.21
120 66.6 69.44 71.04 70.29
125 66.04 70.46 71.37 70.88
130 65.68 70.67 71.61 71.6
135 67.7 70.25 70.8 69.88
140 67.1 71.66 72.09 72.3
145 66.74 72.85 71.46 70.57
150 68.22 71.22 74 73.28
155 66.97 73.4 74.66 71.48

\ 160 67.17 72.6 72.98 73.99/

enthalpy of extracted steam and a reduction in its mass
fraction [40]. These two factors will reduce the flow rate of
fuel exergy in the turbine [35, 37]. In addition, increasing the
mean pressure results in a reduction of output power, and
hence the fuel exergy flow rate in the electrolyzer will be
reduced [39]. Each of the factors mentioned above has
positive effects on exergy efficiency and can increase it.
Moreover, it is indicated that at higher mean pressures, R114
has the highest exergy efficiency [40].

CONCLUSIONS

This research presented energy and exergy analysis of
synchronous output power and hydrogen production
system by integrating a regenerative organic Rankine
cycle with a proton exchange membrane electrolyzer.
A comprehensive thermodynamic modeling and parametric
study were conducted for all selected working fluids. The
significant results obtained from this study, a hybrid energy
system is introduced to increase the system's overall
performance by cogeneration of power and hydrogen. The
hybrid system is based on an efficient organic Rankin
cycle and a proton membrane exchange electrolyzer.
Comprehensive thermodynamic modeling, a parametric
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study has been performed for all operating fluids. This study's
important results are that the operating fluid R245fa has the
highest energy and exergy efficiency with 3.5% and
67.6%, respectively. The operating fluids R114, R600, and
R236fa are also in the next categories in terms of
performance characteristics. R245fa operating fluid has
the least exergy loss, and R236fa was the operating fluid
with the highest exergy loss in the evaporator, while this is
the opposite in the electrolyzer. The operating fluid with
less exergy loss in the evaporator produces more power
and produces more exergy loss in the electrolyzer. As the
geothermal fluid temperature increases, the production of
power and hydrogen increases, but the energy and exergy
efficiency decrease. As the mass flow rate of geothermal
fluid increases, the production of power and hydrogen
increases, but the energy and exergy efficiencies decrease.
Increasing the mean intermediate pressure reduces power
and hydrogen production and energy efficiency, but
exergy efficiency increases.

Nomenclature

a Anode
brine Geothermal fluid
C Condenser
c Cathode
cold Cold stream
evap Evaporator
in Inlet
out Outlet
ohm Ohmic
p Pump
ref working fluid
t Turbine
P Pressure, kPa
q Specific heat, ki/kg
Q Heat rate, KW
S Specific entropy, kJ/(kg.K)
To Ambient temperature, K
Vo Reversible potential, V
n Efficiency, %
J Current density, A/m?
D Thickness, um

Eelectrolyzer Power to electrolyzer, kW

Eproduct Power to the grid, kW
Eactarc Anodic/cathodic activation energy, ki/mol
F Farady constant, C/mol
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G Gibbs free energy, J/mol
h Specific enthalpy, kJ/(kg.K)
Joarc Exchange current density, A/m?
Jiref Potential factor of the anode and cathode
m Mass flow rate, kg/s or kg/h
N Molar flow, mol/s
R Universal gas constant, kJ/(kg.K)
Rpem Ohmic resistance, Q
Trem Electrolyzer temperature, °C or K
T geo,mean The average temperature of the

geothermal fluid, K

Vact,ale Anode and cathode activator potential, V
o The conductivity of proton exchange membrane, s/m
A Water on the surface of the anode and cathode
membrane, Q1
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