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A B S T R A C T   

This study investigates a new geothermal energy-driven hybrid system, including an organic Rankine cycle 
(ORC) for power generation and a proton exchange membrane electrolyzer (PEMEL) to improve the sustain
ability of issued geothermal energy sources. In this aim, 2400 designs were formed parametrically. The designs 
were optimized throughout the multi-criteria decision-making (MCDM) analysis named efficiency analysis 
technique with output satisficing (EATWOS). In the optimization, a new index named the economic sustainability 
index (EcoSI) was proposed as the objective function. EcoSI was then introduced into MCDM analysis along with 
the sustainability index (SI). Design 1–2-7–1-1 with a turbine inlet temperature of 100 ◦C and inlet pressure of 
1950 kPa was determined as the optimal design. In this design, the optimal current density was determined as the 
minimum chosen value with 1000 A/m2. The power supply rate was determined as the minimum chosen value of 
10 %. The temperatures of the production and re-injection wells were determined as 133.5 ◦C and 111.99 ◦C, 
respectively. The exergy efficiency and power generation rate of ORC were determined as 21.11 % and 12.113 
MW, respectively. The hydrogen generation rate and exergy efficiency of PEMEL were determined as 0.0057003 
kg/s and 48.76 %, respectively. The exergy efficiency of the overall system was determined as 19.92 %. The 
investment cost was determined as 332.57 $/h. Exergy destruction, fuel and product costs were determined at 
38312.99 $/h, 48272.40 $/h, and 24240.05 $/h, respectively. The sustainability index (SI) was determined as 
1.249, whereas the economic sustainability index (EcoSI) was determined as 1.260.   

1. Introduction 

Geothermal resources are stable energy sources since they are in
dependent of weather conditions. This stability makes geothermal 
sources preferable in energy systems. Although geothermal energy is a 
renewable energy source, resources are finite due to the reservoir ca
pacity. So, geothermal energy systems should be designed sensitively to 
expand sustainability. 

Geothermal resources are commonly used for power generation 
throughout the organic Rankine cycle (ORC) systems with lower effi
ciency [1,2]. Chitgar et al. [3] reported that it is available to generate 
power with an exergy efficiency ranging between 37.02 % and 45.06 % 
from geothermal resources. Altun and Kilic [4] reported that it is 
available to generate power with an energy efficiency of 11.24 % and 
exergy efficiency of 39.03 % from geothermal resources at 121 ◦C. 

Ozcan and Ekici [5] reported that it is available to generate power with 
an energy efficiency ranging between 2.19 %and 5.32 %, and exergy 
efficiency between 11.69 % and 28.41 % from geothermal resources 
with 172.94 ◦C. Liu et al. [6] reported that it is available to generate 
power with an energy efficiency of approximately 7 % and an exergy 
efficiency of approximately 10 % from geothermal resources at 80 ◦C. In 
recent years, integrated systems have drawn attention to increasing 
resource sustainability since sustainability is directly relevant to system 
efficiency. The integrated systems include power generation along with 
heating [7,8], cooling [9–11], and desalination [12,13]. In recent years, 
hydrogen production has become prominent since hydrogen was 
handled as an environmentally friendly alternative energy source and 
storage technique. In hydrogen production, renewable energy sources 
such as geothermal energy are commonly integrated into hydrogen 
generation systems [14]. Karayel et al. [15] indicated that it is possible 
to evaluate the low-temperature geothermal resources for hydrogen 
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generation through the Alkaline and proton exchange membrane elec
trolyzer (PEMEL), whereas the high-temperature geothermal resources 
can be evaluated in solid oxide electrolyzer. Many studies about 
geothermal-driven hydrogen generation systems were conducted. Cao 
et al. [16] investigated the geothermal-driven hydrogen generation. 
They proposed a hybrid system, including a two-stage ORC and a PEMEL 
system. They reported that it was possible to achieve an energy effi
ciency between 11.8 % and 14.8 % and an exergy efficiency between 
24.1 % and 28.2 % from the geothermal resource at 200 ◦C. Ghaebi et al. 
[17] investigated geothermal energy-driven ORC-integrated PEMEL for 
power and hydrogen generation. They reported that it is possible to 
achieve an energy efficiency ranging between 3.32 % and 3.51 % and an 
exergy efficiency ranging between 64.86 % and 67.58 % from the 
geothermal resource with 96 ◦C. Yilmaz [18] investigated a geothermal 
energy-driven ORC-PEMEL hybrid system. He reported that it is avail
able to achieve an energy efficiency of 6.5 % and an exergy efficiency of 
32.4 %. The generated hydrogen was calculated as 0.05 kg/s in the 
study. Yilmaz [19], in another study, investigated a geothermal energy- 
driven Flash-ORC-PEMEL hybrid system. He reported that it is available 
to achieve an energy efficiency of 8.489 % and an exergy efficiency of 
38.44 %. The generated hydrogen was calculated as 0.05269 kg/s in the 
study. Mofrad et al. [20] investigated the geothermal-driven 

cogeneration system, including dual-pressure ORC and PEMEL. Zeo
tropic mixture was used as the working fluid in ORC. They reported an 
energy efficiency of 19.34 % and an exergy efficiency of 58.67 %. Bal
tacıoglu et al. [21] investigated the hydrogen generation by geothermal 
energy. ORC was used for electricity generation to drive a PEMEL 
electrolyzer. A hydrogen generation of more than 4000 kg/day was re
ported. PEMEL efficiency was found to be within 62–64 %. Kianfard 
et al. [22] investigated hydrogen generation via PEMEL and desalina
tion, in which a dual-fluid ORC supplied the required power. It was 
reported that the PEMEL increases the efficiency of the overall system. 
The overall exergy efficiency was 17.56 %, whereas the single ORC was 
47.77 %. Yuksel et al. [23] investigated the hydrogen generation via 
PEMEL. The required power of PEMEL was supplied from the 
geothermal energy-driven Kalina cycle (KC). The exergetic efficiency of 
the single PEMEL was reported as 52.27 %, whereas the overall system’s 
exergy efficiency was 52.63 %. Ratlamwala and Dincer [24] investigated 
geothermal-driven power generation via flash cycle and hydrogen gen
eration via PEMEL. It was concluded that it is possible to achieve exergy 
efficiency from 6.52 % to 47.29 %, depending on the flash stages. Yuksel 
et al. [25] investigated the design variables of hydrogen generation via 
PEMEL. The required power was supplied from KC driven by geothermal 
energy. Exergetic efficiency from 32 % to 58 % was reported depending 

Nomenclature 

A Area (m2) 
c Unit cost of exergy flow ($/MJ) 
Ċ Exergy cost rate ($/h) 
Cp Specific heat (kJ/kgK) 
d Diameter (m) 
E Multi-criteria efficiency 
EcoSI Economic sustainability index 
Ė Energy rate (kW) 
Ėx Exergy rate (kW) 
F Correction factor 
h Convective heat transfer coefficient (W/m2K) or Enthalpy 

(kJ/kg) 
ip Distance matrices for input (kg/m2s) 
J Dimensionless heat factor or Current density (A/m2) 
k Conductive heat transfer coefficient (W/mK) 
ṁ Mass flow rate (kg/s) 
MAPE Mean absolute percentage error (%) 
Nu Nusselt number 
op Distance matrices for output 
P Pressure (kPa, bar or atm) 
Pr Prandtl number 
Q̇ Heat rate (kW) 
r Normalized output 
R2 Determination coefficient 
Re Reynolds number 
s Specific entropy (kW/kgK) or normalized input 
SI Sustainability index 
T Temperature (K or oC) 
U Total heat transfer coefficient (W/m2K) 
v Weight for output 
V Volume (m3) 
w Weight for input 
Ẇ Work rate (kW) 
x Input value, mole fraction 
y Output value 
Ż Investment cost 

Greek symbols 
ε Exergy efficiency (%) 
η Energy efficiency (%) 
f Friction factor 
ν Specific volume (m3/kg) 
ρ Density (kg/m3) 
ψ Specific flow exergy (kJ/kg) 
Γ Mass velocity 

Subscripts 
a Anode 
act Activation 
c Cathode 
d Destruction 
e Enforced convective, Electricity saving 
F Fuel 
g Gas phase 
h Hydraulic 
i Inner, inlet, or ith component 
lm Logarithmic mean 
o Outer, outlet 
ohm Ohmic 
P Product 
T Value at a specified temperature 
0 Value at the reference state 

Abbreviations 
C Compressor 
Con Condenser 
Eva Evaporator 
HE Heat exchanger 
HST Hydrogen storage tank 
MCDM Multi-criteria decision making 
ORC Organic Rankine cycle 
P Pump 
PEMEL Proton exchange membrane electrolyzer 
PW Production well 
RW Re-injection well 
T/G Turbine/Generator group 
S Separator  
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on the geothermal source temperature. Yilmaz and Kanoglu [26] 
investigated the hydrogen generation via PEMEL. The required power 
was supplied from ORC driven by geothermal sources. The exergy effi
ciency of the system was reported as 23.8 %, whereas the energy effi
ciency was reported as 6.7 %. Han et al. [27] investigated hydrogen 
production via PEMEL driven by ORC with a zeotropic mixture. The 
exergy efficiency of the geothermal sourced system was reported as 
57.39 %, with an energy efficiency of 18.9 %. Cao et al. [28] investi
gated hydrogen production via PEMEL driven by three geothermal 
power cycles: ORC, absorption power cycle (APC) and KC. The energy- 
exergy efficiencies were reported as 11.89–50.82 %, 13.46–48.41 %, 
and 11.05–49.02 % for ORC, APC and KC, respectively. 

Conducting the best design, including the optimal working param
eters for the geothermal-driven energy systems, is crucial. Since the 
input and output parameters should be evaluated together to make the 
best decision for the geothermal system, including power and hydrogen 
generation, multi-criteria decision-making (MCDM) methods are 
prominent to determine the optimal design. In the literature, limited 
studies were conducted on this subject. Hasani et al. [29] investigated 
the ORC configurations integrated with the PEMEL. The best configu
ration was determined by several MCDM methods such as the Linear 
Programming Technique for Multidimensional Analysis of Preference 
(LINMAP), Technique for Order of Preference by Similarity to Ideal 
Solution (TOPSIS), Shannon Entropy (SE), Vǐsekriterijumsko Kompro
misno Rangiranje (VIKOR), and Gray Wolf Optimizer (GWO). Temper
ature, mass rate, and pressure difference were used as the decision 
parameters, whereas the exergy efficiency, power output, net present 
value (NPV) and hydrogen generation rate were performance parame
ters. Alirahmi et al. [30] investigated the optimization of green 
hydrogen and power generation via geothermal-driven ORC and 
PEMEL. Non-dominated Sorting Genetic Algorithm-II (NSGA-II) was 
used as the optimization tool. Mass rate and temperature were selected 
as optimization parameters, whereas the exergy efficiency and cost rate 
were selected as the objective functions. Haghghi et al. [31] investigated 

the optimization of poly-generation energy systems, including power 
and hydrogen generation driven by geothermal energy. TOPSIS method 
was used for the decision of the optimal system. Pressure, temperature, 
and mass rate were selected as the decision points, whereas the exergy 
efficiency to investment cost rate was selected as the objective. Zoghi 
and Zhao [32] investigated the optimization of geothermal-driven tri- 
generation systems, including ORC and PEMEL. The hybrid Genetic- 
Fgoalattain algorithm was used for the optimization. Geothermal fluid 
split ratio, mass fraction, temperature and pressure were selected as the 
decision points, whereas the exergy efficiency, total cost rate, total unit 
cost of products, and payback period were selected as the objective 
parameters. 

Li et al. [33] investigated the multi-objective optimization of a novel 
geothermal-driven poly-generation system, including KC and PEMEL. 
LINMAP and TOPSIS were used to determine the optimal system. Mass 
rate, temperature, pressure and pressure ratio were used as the decision 
variables, whereas the energy efficiency, exergy efficiency, mass rate of 
the products, power generation, heat generation, unit costs of products 
and payback period were used as the performance indicators. Hekmat
shoar et al. [34] investigated the optimization of the geothermal-driven 
poly-generation system, including ORC and PEMEL. The TOPSIS method 
was used to determine the best design for the proposed system. Tem
perature and pressure terms were selected as the decision variables, 
whereas the exergy efficiency and costs were selected as the perfor
mance parameters. 

As in the literature, the performance parameters, such as efficiency 
and economic parameters, such as the cost, are very valuable to make a 
decision on the optimal system design. However, these indicators do not 
directly meet the requirements for the sustainability of the resources at 
the decision point. The sustainability index (SI), dependent on the 
exergy efficiency, is an alternative indicator in this way [35]. In the long 
run of the energy systems, SI, ranging between 0 and infinity, is very 
important for the components and overall system [36]. Also, SI is a 
useful tool to understand the effects of the handled parameters on the 

Fig. 1. Schematic of hybrid ORC-PEMEL system.  
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system [37]. Since SI is measured by exergy efficiency, it depends on the 
exergy destruction caused by the entropy generation. Therefore, it is 
offered to be higher than the value of 1 as much as possible [38]. When 
the investment issues are in question, the cost issues become prominent. 
Moreover, it is the most important parameter from the investor’s point 
of view. In this regard, SI is insufficient since it does not include eco
nomic views. Therefore, a coupled parameter including economic and 
thermodynamic performance indicators would be more attractive for 
optimal designs. 

In this study, a new index named the economic sustainable index 
(EcoSI) was derived for a sensitive decision for the sustainable energy 
resource in this study. EcoSI was obtained to improve the sustainability 
of a new geothermal-driven hybrid system considering the thermody
namic performance indicator (exergetic efficiency) and economic indi
cator (exergoeconomic). This new geothermal-driven hybrid system was 
formed of ORC and PEMEL subsystems. The new system aimed to 
improve the sustainability of issued geothermal resources. The proposed 
system was later optimized by efficiency analysis technique with output 
satisficing (EATWOS) using SI and EcoSI indexes as the outputs. 

2. Material and methods 

In this study, a new design was formed to improve and measure the 
sustainability of geothermal energy use by hybridizing hydrogen and 
power generation and an arrangement of the re-injection of the 
geothermal fluid. The flow diagram of the system is given in Fig. 1. The 
hybrid system includes an ORC for power generation, a PEMEL for 
hydrogen generation, and a liquefying system. 

The designed system is driven by geothermal resources, including 
eight production wells (PW) and one re-injection well (RW), located in 
Simav Graben, Kutahya, Turkey. The total mass rate of the geothermal 
fluid is 462 kg/s, whereas 10 percent of this mass is in the vapor form. 
The details of the wells are given in Table 1 [39,40]. 

According to the designed system given in Fig. 1, the liquid (point 2) 
and vapor phases (point 5) of the geothermal fluid (H2O) are separated 
in the separator (S). The liquid phase is used for the pre-heating of the 
refrigerant (points 39–40), whereas the vapor phase is used for the 
evaporation of the refrigerant (points 40–41). The evaporated and 
pressurized refrigerant generates power in the turbine-generator group 
(T/G) at point 41. The used refrigerant vapor is then condensed (point 
38) in the condenser (Con) by the cooling water (points 43–45). Some of 
the generated power is used in PEMEL to produce H2 and O2, and some is 
used to liquefy the H2. Five compressors with intercoolers are used in the 
liquefying process (points 12–21). In PEMEL, the required heat for H2O 
is obtained by the internal heat generation whereas the required heat of 
make-up H2O (point 33) is supplied from the intercoolers (HE-2 to 6) of 
the compressors (points 13–22). The heated excess water (point 34) is 
then mixed with the re-injected geothermal fluid to improve the sus
tainability of the geothermal resources (point 37). The proposed system 
is analyzed and optimized following the flowchart in Fig. 2. 

According to the Fig. 2, different designs are formed to determine the 
optimum solution considering different parameters. In this regard, ORC 

Table 1 
Technical properties of the geothermal wells.  

Well Depth (m) Temperature (oC) Mass rate (kg/s) 

E-6 169 157 70 
E-8 205 161 50 
E-9 208 98 60 
E-10 2000 Re-injection well (RW) 
E-11 502 99 35 
EJ-1 725 162 72 
EJ-3 424 151 50 
EJ-4 588 152 65 
EJ-5 603 152 60 
Overall – 133.5 462  

Fig. 2. Flowchart of the modeling and optimization.  
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and PEMEL subsystems are parametrically analyzed to determine the 
thermodynamic properties and dimensions of the designs. Energy and 
exergy analyses are conducted using the thermodynamic properties, 
whereas economic evaluation is conducted using the determined di
mensions (sizes) of components of the systems. Exergoeconomic analysis 
is conducted using the results of economic and thermodynamic analyses. 
The sustainability index (SI) is determined via the exergy results, 
whereas the economic sustainability index (EcoSI) is determined via the 

exergoeconomic results. Finally, EATWOS analysis is conducted using SI 
and EcoSI as the outputs to perform the optimal solution. 

2400 designs were performed for the different working parameters. 
The designs were formed considering the available working conditions 
and the properties of geothermal resources. In this regard, the cooling 
water inlet temperature (T43) was assumed as 15 ◦C, whereas the outlet 
temperature (T45) was set to 25 ◦C, taking a temperature difference of 
5 ◦C for an effective heat transfer [35]. The inlet temperature of com
pressors (except for C-1) and the outlet temperature of Con (T38) were 
respectively set to 25 ◦C and 20 ◦C for the same reason. The liquefied 

Table 2 
The parameters of performed designs.  

T4 (oC) T41 (oC) P41 (kPa) J (A/m2) FR (%) 

Index Value Index Value Index Value Index Value Index Value 

1 110 1 95 1 1400 1 1000 1 10 
2 105 2 100 2 1500 2 2000 2 30 
3 100 3 105 3 1600 3 3000 3 50 
4 95 4 110 4 1700 4 4000 4 70  

5 115 5 1800 5 5000  
6 120 6 1900   

7 1950 
8 2000 
9 2100 
10 2150 
11 2200 
12 2300 
13 2350 
14 2400 
15 2500 
16 2600 
17 2700 
18 2800  

Table 3 
Governing equations of Eva, Con and HE-1 for heat transfer [44].  

Component h (W/m2K) or Nu 

Eva 
Con hd = 0.926⋅kl⋅

(ρlg
(
ρl − ρg

)

Γμl

)1/3

Γ =
( ṁ

npipe⋅π⋅do

)

Nui = 5 +

0.015RemPrn n =
1
3
+ 0.5(− 0.6Pr) m = 0.88 −

0.24
4 + Pr 

HE-1 
Nud = JRePr1/3

( μ
μ0

)0.14
J = eaa =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎛

⎝
− 0.512ln(Re)5

+ 17.8ln(Re)4

− 731.6ln(Re)3
+ 4331ln(Re)2

− 5957ln(Re) − 6109

⎞

⎠

(
ln(Re)3

+ 1037ln(Re)2

− 7684ln(Re) − 15370

)

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

Nui = 5 +

0.015RemPrn n =
1
3
+ 0.5(− 0.6Pr) m = 0.88 −

0.24
4 + Pr   

Table 4 
Governing equations of Eva, Con and HE-1 for pressure drop.  

Component Pressure drop, ΔP (Pa) 

Eva 
Con ΔPshell = f

L
ds

ρV2

2

fCon =
0.316
Re0.25

fHE− 1 =
64
Re

ΔPtube =
(

f
L
di

+ 2.5
)

ρV2

2
f =

0.316Re− 0.25 Re < 20000
0.184Re− 0.20 Re⩾20000 

HE-1 
ΔPshell = 8⋅JF⋅

( d
de

)
L
e

ρV2
G

2

(
μ
μ0

)− 0.14
JF = ebb =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎛

⎝
− 0.1292ln(Re)5

+ 6.332ln(Re)4

− 136.3ln(Re)3
+ 1257ln(Re)2

− 5232ln(Re) − 7703

⎞

⎠

(
ln(Re)3

+ 45.12ln(Re)2

− 604.9ln(Re) − 2071

)

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

de =
d2

shell − 1124⋅d2
o

dshell + 1124⋅do
VG =

( ṁ
ρ⋅As

)

As =
(ST − do)⋅e⋅ds

ST
ΔPtube =

(
f

L
di

+ 2.5
)

ρV2

2   

Table 5 
PEMEL Characteristics [45–51].  

Parameter Unit Value 

PH2 atm 1 
PO2 atm 1 
T0 (K) 298.15 
T (K) 353 
Symmetrical factor, α – 0.5 
Number of electrons per reaction, z – 2 
Universal gas constant, R (J/mol⋅K) 8.3145 
Faraday constant, F (C/mol) 96,486 
Anode water content, λa – 14 
Cathode water content, λc – 10 
Electrolyte thickness, t (μm) 50 
Anode pre-exponential factor,Jref

a (A/m2) 3.6⋅10-5 

Cathode pre-exponential factor,Jref
c (A/m2) 10 

Anode activation energy, Eact,a (kJ/mol) 76 
Cathode activation energy, Eact,a (kJ/mol) (kJ/mol) 18  

Table 6 
Governing equations of HE-2 to HE-6.  

Component h (W/m2K) or Nu 

HE-2 
HE-3 
HE-4 
HE-5 
HE-6 

hH2 =
(
St⋅Pr2/3)⋅

(kH2

d h

)

⋅ Re⋅Pr1/3NuH2O = 3.66
1
U

=
1

hH2O

Ao

Ai
+

1
η⋅hH2

η = ηfin
Afin

Atotal
+

Abase

Atotal 

ΔP (Pa) 

ΔPfin =

( ṁ
Amin

)

ρH2

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

[

ϛd + 1 −

(
Amin

Afront

)2
]

+ f
Amin

Atotal

−

[

1 − ϛg −

(
Amin

Afront

)2
]

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

ΔPtube =

f
L
d

ρV2

2   
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hydrogen pressure (P22) was set to 70 MPa in accordance with the 
standards. Design numbering was prepared in the form of T4-T41-P41-J- 
Feeding Rate (FR). The parameters of the designs are given in Table 2. 

The other parameters of the system were taken as constant where T1 
= T2 = T3 = T5 = 133.5 ◦C, T38 = 20 ◦C, P38 = 304 kPa, T43 = 15 ◦C, T45 
= 25 ◦C, T8 = T9 = T10 = T11 = T12 = T24 = T26 = T28 = T30 = T32 = T33 =

T34 = 80 ◦C, T23 = T25 = T27 = T37 = T31 = 15 ◦C, P8 = P9 = P10 = P11 =

P12 = P23 = P25 = P27 = P37 = P31 = 1 atm. All the other parameters were 
determined according to the thermodynamic laws. As an example, when 
mention about Design 3–4-2–5-3, it means T4 = 100 ◦C, T41 = 110 ◦C, 
P41 = 1800 kPa, J = 5000 A/m2, FR = 50 %. The calculations were 
analytically and manually handled one by one for the each 2400 design 
via the codes prepared in Excel software. 

2.1. Modeling of ORC 

ORC system is mainly formed by turbine-generator group (T/G), 
condenser (Con), pumps (P1, P2, P3), pre-heater (HE-2) and evaporator 

(Eva). The working fluid was selected as R600a due to its lower ozone 
depletion of nearly zero and global warming potential of approximately 
20 [41]. R600a is also commonly used in power generation and various 
energy systems depending on the available thermodynamic properties 
and its easy attainability in the market [42,43]. The efficiencies (η) of 
pumps and T/G were introduced into modeling as 0.8. The efficiency of 
heat exchangers (shell-and-tube type) was assumed to be 0.98, consid
ering the losses from the surfaces under the worst conditions. In terms of 
heat transfer coefficient (U), correction factor (F) and logarithmic mean 
temperature difference (ΔTlm), the required heat transfer area (A) of the 
heat exchangers is determined as: 

A =
Q

1

do
di

1
hi
+ln

(
do
di

)
do
2⋅k+

1
hd

⋅F⋅ΔTlm
(1) 

The convective heat transfer coefficients are obtained from the 
related Nusselt number (Nu) or the empirical equations as given in 
Table 3 [44]. In all the equations, subscripts i and o refer to inlet or inner 
and outlet or outer, respectively. 

The heat conduction of the pipes with the inner diameter (di) of 
0.019 m and outer diameter (do) of 0.025 m is 54 W/mK. The used heat 
exchanger’s shell diameter (di), including 1124 pipes in two passes with 
a length (L) of 3 m, is 1.159 m. The distance (ST) between the centers of 
the pipes is 0.032 m, whereas the distance with baffles is 0.35 m [44]. 
The pressure drops in the heat exchangers were also introduced to 
calculation in the designing stage. The flow characteristics are given in 
Table 4 [44]. 

According to Tables 2 and 3, the required pump power is determined 
as follows: 

Table 7 
Finned type heat exchanger characteristics.  

Parameter Value 

Outer pipe diameter, do (m) 0.011 
Inner pipe diameter, di (m) 0.008 
Hydraulic diameter, dh (m) 0.0036 
Amin/Afront 0.534 
Compactness factor, β (m2/m3) 589 
Afin/Atotal 0.839 
Fin thickness (m) 0.00033 
Fin pitch (pcs/m) 315  

Table 8 
Energy Balances of the Hybrid System.  

Component Energy Balance  

ORC S Q̇S = (ṁ⋅h)5 + (ṁ⋅h)2 − (ṁ⋅h)1   

Eva Q̇Eva = (ṁ⋅h)6 + (ṁ⋅h)41 − (ṁ⋅h)5 − (ṁ⋅h)40  
HE-1 Q̇HE− 1 = (ṁ⋅h)4 + (ṁ⋅h)40 − (ṁ⋅h)3 − (ṁ⋅h)39  
Con Q̇Con = (ṁ⋅h)38 + (ṁ⋅h)45 − (ṁ⋅h)42 − (ṁ⋅h)44  
T/G Q̇T/G = ẆT/G + (ṁ⋅h)42 − (ṁ⋅h)41  
P1 Q̇P1 = (ṁ⋅h)3 − (ṁ⋅h)2 − ẆP1  

P2 Q̇P2 = (ṁ⋅h)39 − (ṁ⋅h)38 − ẆP2  

P3 Q̇P3 = (ṁ⋅h)44 − (ṁ⋅h)43 − ẆP3  

Overall 
ηORC =

ẆT/G − ẆP1 − ẆP2 − ẆP3

(ṁ⋅h)1 + (ṁ⋅h)43 − (ṁ⋅h)4 − (ṁ⋅h)6 − (ṁ⋅h)45 
PEMEL S Q̇S = (ṁ⋅h)10 + (ṁ⋅h)11 − (ṁ⋅h)9  

PEMEL Q̇PEMEL = (ṁ⋅h)9 + (ṁ⋅h)12 − (ṁ⋅h)8 − ẆPEMEL  

C-1 Q̇C− 1 = (ṁ⋅h)13 − (ṁ⋅h)12 − ẆC− 1  

C-2 Q̇C− 2 = (ṁ⋅h)15 − (ṁ⋅h)14 − ẆC− 2  

C-3 Q̇C− 3 = (ṁ⋅h)17 − (ṁ⋅h)16 − ẆC− 3  

C-4 Q̇C− 4 = (ṁ⋅h)19 − (ṁ⋅h)18 − ẆC− 4  

C-5 Q̇C− 5 = (ṁ⋅h)21 − (ṁ⋅h)20 − ẆC− 5  

HE-2 
[
(ṁ⋅h)14 − (ṁ⋅h)13

]
⋅0.98 = (ṁ⋅h)32 − (ṁ⋅h)31  

HE-3 
[
(ṁ⋅h)16 − (ṁ⋅h)15

]
⋅0.98 = (ṁ⋅h)30 − (ṁ⋅h)29  

HE-4 
[
(ṁ⋅h)18 − (ṁ⋅h)17

]
⋅0.98 = (ṁ⋅h)28 − (ṁ⋅h)27  

HE-5 
[
(ṁ⋅h)20 − (ṁ⋅h)19

]
⋅0.98 = (ṁ⋅h)26 − (ṁ⋅h)25  

HE-6 
[
(ṁ⋅h)22 − (ṁ⋅h)21

]
⋅0.98 = (ṁ⋅h)24 − (ṁ⋅h)23  

P4 Q̇P4 = (ṁ⋅h)35 − (ṁ⋅h)34 − ẆP4  

P5 Q̇P5 = (ṁ⋅h)37 − (ṁ⋅h)36 − ẆP5  

Overall 
ηPEMEL =

(ṁ⋅h)H2
+ (ṁ⋅h)O2

ẆPEMEL +
∑

ẆP +
∑

ẆC +
∑31

23(ṁ⋅h)i 
Hybrid 

System η =

ẆT/G − ẆPEMEL −
∑

ẆP −
∑

ẆC + (ṁ⋅h)H2
+ (ṁ⋅h)O2

(ṁ⋅h)1 + (ṁ⋅h)43 − (ṁ⋅h)37 − (ṁ⋅h)45 +
∑31

23(ṁ⋅h)i    
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ẆP =
ṁ⋅ΔP

ρ⋅η (2) 

The power generation from the T/G group, using the enthalpy (h) 
regarding the designing parameters, is determined as follows: 

ẆT/G = ṁ⋅(h41 − h42)⋅η (3)  

2.2. Modeling of PEMEL 

The required potential (V) of PEMEL mainly includes reversible po
tential (V0), ohmic overpotential Nafion electrolyte (ΔVohm), activation 
overpotential of the anode (ΔVact,a), activation overpotential of the 
cathode (ΔVact,c), and concentration overpotential (ΔVconc). The anode 
and cathode electrodes are formed of Pt, whereas the electrolyte is 

Table 9 
Exergy balances of the hybrid system.  

Component Exergy Balance      

ORC S 
Ėxd,S = (ṁ⋅ψ)1 − (ṁ⋅ψ)5 − (ṁ⋅ψ)2 −

(
1 −

T
T0

)

Q̇S    

Eva Ėxd,Eva = (ṁ⋅ψ)5 + (ṁ⋅ψ)40 − (ṁ⋅ψ)6

− (ṁ⋅ψ)41 −

(

1 −
T
T0

)

Q̇Eva  

HE-1 Ėxd,HE− 1 = (ṁ⋅ψ)3 + (ṁ⋅ψ)49 − (ṁ⋅ψ)4

− (ṁ⋅ψ)40 −

(

1 −
T
T0

)

Q̇HE− 1  

Con Ėxd,Con = (ṁ⋅ψ)42 + (ṁ⋅ψ)44 − (ṁ⋅ψ)38

− (ṁ⋅ψ)45 −

(

1 −
T
T0

)

Q̇Con  

T/G 
Ėxd,T/G = (ṁ⋅ψ)41 − (ṁ⋅ψ)42 − ẆT/G −

(
1 −

T
T0

)

Q̇T/G  

P1 
Ėxd,P1 = (ṁ⋅ψ)2 − (ṁ⋅ψ)3 + ẆP1 −

(
1 −

T
T0

)

Q̇P1  

P2 
Ėxd,P2 = (ṁ⋅ψ)38 − (ṁ⋅ψ)39 + ẆP2 −

(
1 −

T
T0

)

Q̇P2  

P3 
Ėxd,P2 = (ṁ⋅ψ)43 − (ṁ⋅ψ)44 + ẆP3 −

(
1 −

T
T0

)

Q̇P3  

Overall 
εORC =

ẆT/G − ẆP1 − ẆP2 − ẆP3

(ṁ⋅ψ)1 + (ṁ⋅ψ)43 − (ṁ⋅ψ)4 − (ṁ⋅ψ)6 − (ṁ⋅ψ)45 
PEMEL S 

Ėxd,S = (ṁ⋅ψ)9 − (ṁ⋅ψ)10 − (ṁ⋅ψ)11 −
(

1 −
T
T0

)

⋅Q̇S  

PEMEL Ėxd,PEMEL = (ṁ⋅ψ)8 − (ṁ⋅ψ)9 − (ṁ⋅ψ)12

−

(

1 −
T
T0

)

⋅Q̇PEMEL + ẆPEMEL  

C-1 
Ėxd,C− 1 = (ṁ⋅ψ)12 − (ṁ⋅ψ)13 −

(
1 −

T
T0

)

⋅Q̇C− 1 + ẆC− 1  

C-2 
Ėxd,C− 2 = (ṁ⋅ψ)14 − (ṁ⋅ψ)15 −

(
1 −

T
T0

)

⋅Q̇C− 2 + ẆC− 2  

C-3 
Ėxd,C− 3 = (ṁ⋅ψ)16 − (ṁ⋅ψ)17 −

(
1 −

T
T0

)

⋅Q̇C− 3 + ẆC− 3  

C-4 
Ėxd,C− 4 = (ṁ⋅ψ)18 − (ṁ⋅ψ)19 −

(
1 −

T
T0

)

⋅Q̇C− 4 + ẆC− 4  

C-5 
Ėxd,C− 5 = (ṁ⋅ψ)20 − (ṁ⋅ψ)21 −

(
1 −

T
T0

)

⋅Q̇C− 5 + ẆC− 5  

HE-2 Ėxd,HE3 = (ṁ⋅ψ)13 + (ṁ⋅ψ)31 − (ṁ⋅ψ)14

− (ṁ⋅ψ)32 −

(

1 −
T
T0

)

⋅Q̇HE− 2  

HE-3 Ėxd,HE4 = (ṁ⋅ψ)15 + (ṁ⋅ψ)29 − (ṁ⋅ψ)16

− (ṁ⋅ψ)30 −

(

1 −
T
T0

)

⋅Q̇HE− 3  

HE-4 Ėxd,HE5 = (ṁ⋅ψ)17 + (ṁ⋅ψ)27 − (ṁ⋅ψ)18

− (ṁ⋅ψ)28 −

(

1 −
T
T0

)

⋅Q̇HE− 4  

HE-5 Ėxd,HE6 = (ṁ⋅ψ)19 + (ṁ⋅ψ)25 − (ṁ⋅ψ)20

− (ṁ⋅ψ)26 −

(

1 −
T
T0

)

⋅Q̇HE− 5  

HE-7 Ėxd,HE7 = (ṁ⋅ψ)21 + (ṁ⋅ψ)23 − (ṁ⋅ψ)22

− (ṁ⋅ψ)24 −

(

1 −
T
T0

)

⋅Q̇HE− 6  

P4 
Ėxd,P4 = (ṁ⋅ψ)34 − (ṁ⋅ψ)35 + ẆP4 −

(
1 −

T
T0

)

Q̇P4  

P5 
Ėxd,P5 = (ṁ⋅ψ)36 − (ṁ⋅ψ)37 + ẆP5 −

(
1 −

T
T0

)

Q̇P5  

Overall 
εPEMEL =

(ṁ⋅ψ)H2
+ (ṁ⋅ψ)O2

ẆPEMEL +
∑

ẆP +
∑

ẆC +
∑31

23(ṁ⋅h)i 
Hybrid System 

εORC =
ẆT/G − ẆPEMEL −

∑
ẆP −

∑
ẆC + (ṁ⋅ψ)H2

+ (ṁ⋅ψ)O2

(ṁ⋅ψ)1 + (ṁ⋅ψ)43 − (ṁ⋅ψ)37 − (ṁ⋅ψ)45 +
∑31

23(ṁ⋅h)i    
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formed of Nafion. The concentration overpotential can be neglected 
when the current density (J) is lower than 10,000 A/m2. So, the required 
potential is given as [45]: 

V = V0 +ΔVact,a +ΔVact,c +ΔVohm (4) 

The reversible potential is given by the Nernst equation [46]: 

V0 = 1.23 − 0.9⋅10− 3(T − T0)+
RT
4F

ln
(

P2
H2

⋅PO2

)
(5)  

where T and T0 are the working and reference temperatures, respec
tively. PH2 and PO2 are the pressures of hydrogen at point 12 and oxygen 
at point 10, respectively. In terms of current density (J) and the overall 
ohmic resistance (RPEMEL), the ohmic overpotential of an electrolyte 
with a thickness of t is given as [47,48]: 

ΔVohm = J⋅RPEMEL (6)  

RPEMEL =

∫ t

0

dx
σ[λ(x) ] (7)  

σ[λ(x) ] = [0.5139⋅λ(x) − 0.326 ]⋅e
1268

(

1
303−

1
T

)

(8)  

λ(x) =
λa − λc

t
x+ λc (9)  

J = J0,i⋅
(

e
α⋅z⋅F⋅ΔVact,i

RT − e
(1− α)⋅z⋅F⋅ΔVact,i

RT

)
i = a, c (10)  

Table 10 
Exergoeconomic balances of the hybrid system.  

Component Exergoeconomic Balance and Auxiliary Equations  

ORC S Ċ1 + ŻS = Ċ2 + Ċ5; Żdrilling = Ċ1; c2 = c5  

Eva Ċ5 + Ċ40 + ŻEva = Ċ6 + Ċ41 ; c5 = c6  

HE-1 Ċ3 + Ċ39 + ŻHE− 1 = Ċ4 + Ċ40; c3 = c4  

Con Ċ42 + Ċ44 + ŻCon = Ċ38 + Ċ45  

T/G Ċ41 + ŻT/G = Ċ42 + ĊW,T/G c41 = c42 cW = 0.5 $/MJ  
P1 Ċ2 + ĊW,P1 + ŻP1 = Ċ3  

P2 Ċ38 + ĊW,P2 + ŻP2 = Ċ39  

P3 Ċ43 + ĊW,P3 + ŻP3 = Ċ4; c43 = 0  
Overall ORC Ċ1 +

∑
ĊW,P +

∑
Ż = Ċ7 + Ċ45 + ĊW,T/G 

PEMEL S Ċ9 + ŻS = Ċ10 + Ċ11 ; cO2 = cH2  

PEMEL Ċ8 + ĊW,PEMEL + ŻPEMEL = Ċ9 + Ċ12  

C-1 Ċ12 + ĊW,C− 1 + ŻC− 1 = Ċ13  

C-2 Ċ14 + ĊW,C− 2 + ŻC− 2 = Ċ15  

C-3 Ċ16 + ĊW,C− 3 + ŻC− 3 = Ċ17  

C-4 Ċ18 + ĊW,C− 4 + ŻC− 4 = Ċ19  

C-5 Ċ20 + ĊW,C− 5 + ŻC− 5 = Ċ21  

HE-2 Ċ13 + Ċ31 + ŻHE− 2 = Ċ14 + Ċ32; c13 = c14  

HE-3 Ċ15 + Ċ29 + ŻHE− 3 = Ċ16 + Ċ30; c15 = c16  

HE-4 Ċ17 + Ċ27 + ŻHE− 4 = Ċ18 + Ċ28; c17 = c18  

HE-5 Ċ19 + Ċ25 + ŻHE− 5 = Ċ20 + Ċ26; c19 = c20  

HE-6 
Ċ21 + Ċ23 + ŻHE− 6 = Ċ22 + Ċ24; c21 +

ŻHST

Ėx21
= c22  

P4 Ċ34 + ĊW,P4 + ŻP4 = Ċ35  

P5 Ċ36 + ĊW,P5 + ŻP5 = Ċ37  

Overall PEMEL ∑
ĊW +

∑
Ż = Ċ10 + Ċ22 

Overall system Ċ1 +
∑

ĊW +
∑

Ż = Ċ37 + Ċ45 + ĊW,T/G   

Table 11 
Cost functions.  

Component Cost Function CEPCIorigin Reference year Reference 

S Ż0 = 280.3⋅ṁ0.67  596.2 2020 
[58] 

HE (ORC) Ż0 = 1396⋅A0.89  585.7 2011 
[59] 

HE (PEMEL) Ż0 = 2143⋅A0.514  567.5 2017 
[60] 

Con Ż0 = 1396⋅A0.89  585.7 2011 
[59] 

T/G Ż0 = 4750⋅W0.75  596.2 2020 
[58] 

P Ż0 = 3500⋅W0.41  596.2 2020 
[58] 

PEMEL Ż0 = 1000⋅W  585.7 2011 
[61] 

C Ż0 = 5840⋅W0.82  603.1 2018 
[62] 

Drilling Ż0 = 300⋅(Depth) 567.5 2017 
[63] 

HST 
Ż0 = 4800⋅

(VH2

12.5

)
799.5 2023 –  

O. Arslan and A.E. Arslan                                                                                                                                                                                                                    



Fuel 358 (2024) 130160

9

ΔVact,i =
RT
F

ln

⎛

⎝ J
2J0,i

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

J
2J0,i

)2

+ 1

√ ⎞

⎠ i = a, c (11)  

J0,i = Jref
i ⋅e−

Eact,i
RT i = a, c (12) 

Detailed information about parameters used in the modeling of 
PEMEL is given in Table 5 [45–51]. 

So the generated hydrogen (NHo) and oxygen (ṄO2 ) rates are given 
as: 

ṄH2 =
J

2F
(13)  

ṄO2 =
J

4F
(14) 

The hydrogen liquefying system includes five compressors for 
effective working conditions with a compression ratio (r) of 3.7 [52,53]. 
The system also includes finned pipe-type heat exchangers to cool the 
hydrogen and heat the feeding water of PEMEL to improve the 
compressor efficiency. According to this, the required compressor power 
is determined as follows: 

Fig. 3. Validation of the PEMEL modeling.  

Fig. 4. Work output and requirements.  
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ẆC =
ṁCpT

η

[(
Pout

Pin

)k− 1
k

− 1

]

(15)  

where k is the isentropic exponent (=1.4), η is the compressor efficient 
(=0.70), Cp is the specific heat, and ṁ is the flow rate of the compressed 
hydrogen. Pout and Pin are the flow outlet and inlet pressures, respec
tively. The required heat transfer area is calculated similarly to the heat 
exchangers of ORC. The related Nusselt number (Nu) or the empirical 
equations are given in Table 6 [44]. In the heat exchangers, water flows 
in the tubes, whereas hydrogen flows over the finned tubes. 

The characteristics of the used finned heat exchanger are given in 

Table 7 [44]. 

2.3. Energy, exergy and exergoeconomic analysis 

Exergoeconomic analysis is conducted along with the exergy anal
ysis, whereas the exergy analysis is conducted with the energy analysis. 
Concerning this, the mass, energy, and exergy balances of the kth 

component for the steady-state conditions are given as: 
∑

ṁi,k −
∑

ṁo,k = 0 (16)  

Fig. 5. H2 and O2 generation rates.  

Fig. 6. The exergy destruction rates.  
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Q̇k − Ẇk +
∑

(ṁ⋅h)i,k −
∑

(ṁ⋅h)o,k = 0 (17)  

(

1 −
T0

T

)

⋅Q̇k − Ẇk +
∑

(ṁ⋅ψ)i,k −
∑

(ṁ⋅ψ)o,k = Ėxd,k (18)  

where subscripts d and 0 refer to destructed exergy and reference state, 
respectively. ψ refers to the specific exergy of the flow and is given as the 
sum of physical (ψPh) and chemical exergy (ψCh) terms: 

ψ = ψPh +ψCh (19)  

ψ = ((h − h0) − T0(s − s0) )+
(∑

x⋅exCh + RT0

∑
(xlnx)

)
(20)  

where h and s are enthalpy and entropy, respectively. × is the mole 
fraction of each compound, and exCh is the standard chemical exergy of 
the compounds. η and ε are the energy and exergy efficiencies, respec
tively. The energy and exergy balances of the handled system are given 
in Tables 8 and 9, respectively. 

Accordingly, the exergoeconomic balance equations are given as 
[54]: 

Fig. 7. The variation of energy efficiency.  

Fig. 8. The variation of exergy efficiency.  

O. Arslan and A.E. Arslan                                                                                                                                                                                                                    



Fuel 358 (2024) 130160

12

∑
Ċi,k + Żk =

∑
Ċo,k

∑(
c⋅Ėx

)

i,k
+ Żk =

∑(
c⋅Ėx

)

o,k

(21)  

∑
ĊF,k + Żk =

∑
ĊP,k

∑(
c⋅Ėx

)

F,k
+ Żk =

∑(
c⋅Ėx

)

P,k

(22)  

Ċd,k = cF,k⋅Ėxd,k (23)  

Żk =
Ż0⋅ϕ

N
i⋅(1 + i)n

(1 + i)n
− 1

CI
CIorigin

(24)  

where the subscripts F and P refer to fuel and products of the kth 

component, respectively. C defines cost flow, whereas c defines the 
specific cost. Z0 denotes the cost of the component, whereas Zk denotes 
the adjusted cost including operating and maintenance. Superscript n 
refers to the system’s lifetime and was taken as 20 years. N is the 
working hours of the system per year and was taken as 8760 h. The 
interest rate (i) and operation and maintenance factor (φ) were taken as 
10.75 % [55] and 1.06 [56]. CI (=799.5) and CIorigin refer to the current 

Fig. 9. Exergoeconomic costs of the hybrid system.  

Fig. 10. The SI and EcoSI values of the designs.  
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cost index and regarding year cost index, respectively [57]. The exer
goeconomic balances and the cost functions are given in Table 10 and 
Table 11, respectively. 

2.4. Derivation of EcoSI 

The sustainability index is a function of the exergy efficiency and is 
given by [64]: 

SI =
1

1 − ε (25) 

Arranging Eq. (25) with the definition of exergy efficiency, the 
following is obtained: 

SI =
1

1 − Ėxout
Ėxin

=
1

Ėxi − Ėxo
Ėxi

=
1

Ėxd
Ėxi

=
Ėxi

Ėxd
=

ĖxF

Ėxd
(26) 

Substituting (22) and (23) into (26), the EcoSI is obtained as: 

EcoSI =

∑
(

CP,k − Żk

)

cF,k
∑ Ċd,k

cF,k

=

∑
(

CP,k − Żk

)

∑
Cd,k

(27) 

For the overall system, (27) can be written as: 

EcoSI =
CP − Ż

Cd
=

CF

Cd
(28)  

2.5. EATWOS analysis 

EATWOS is successfully used for the optimization of energy systems 
with multi-criteria [35,41,65]. The analysis aims to maximize the out
puts (y) with minimum inputs (x). The efficiency is given as [66]: 

Fig. 11. EATWOS efficiency results based on SI effect.  
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Ei =

∑J
j=1νj

⎛

⎜
⎜
⎜
⎜
⎝

1 +
yi,j̅̅̅̅̅̅̅̅̅̅
∑J

j
y2

i,j

√ − max
i

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

yj̅̅̅̅̅̅̅̅̅
∑J

j
x2

j

√

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

⎞

⎟
⎟
⎟
⎟
⎠

∑K
k=1wk⋅

⎛

⎜
⎜
⎜
⎜
⎝

1 +
xi,k̅̅̅̅̅̅̅̅̅̅
∑K

i
x2

i,k

√ − min
i

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

xk̅̅̅̅̅̅̅̅̅
∑K

i
x2

k

√

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

⎞

⎟
⎟
⎟
⎟
⎠

(30)  

where v and w are input and output parameters weights, respectively. 
The output values were selected as SI and EcoSI, whereas the inputs 
were selected as T1- T37, T41, P41, J, and WPEMEL/WORC. 

3. Results and discussions 

In the study, the properties of the fluids were determined for each 
parameter using Refprop software [67]. 

3.1. Validation of PEMEL 

The observed model was validated with a reference model [45] and 
experimental results [68] from the literature. The validation results are 
given in Fig. 3. 

According to Fig. 3, the determination coefficient (R2) values were 
obtained as 0.9997 and 0.9986 for the comparison of the reference 
model and experimental results, respectively. The mean absolute per
centage error (MAPE) values were obtained as 0.68 % and 0.76 % for the 
reference model and experimental values. So, the PEMEL modeling 
largely agrees with the experimental results and reference model. 

3.2. Energy and exergy analysis results 

The generated power (ORC), required power for the hydrogen gen
eration process (PEMEL) and net power output (Overall) were calcu
lated, and variations for the designs are given in Fig. 4. 

According to Fig. 4, the power output from the turbine group varies 
between 12318.18 kW and 19832.09 kW. The power generation in
creases with the decrease of geothermal fluid outlet temperature of ORC 

Fig. 12. EATWOS efficiency results based on EcoSI effect.  
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(T4). The net power output from the hybrid system varies between 
2606.53 kW and 14648.58 kW. The variation of the net power output 
largely depends on the FR and higher pressure values of the refrigerant 
pressure at the turbine inlet. The required hydrogen generation power, 
including the liquefying compressors, varies between 1193.25 kW and 
12480.05 kW. This larger variation largely depends on the FR and J 
values since it directly affects the generated H2 mass rate. This issue 
directly affects the power requirement of compressors. The variation of 
H2 and O2 generation is given in Fig. 5. 

According to Fig. 5, the H2 generation rate varies between 12318.18 
kg/s and 19832.09 kg/s, whereas the O2 rate varies between 0.004353 
kg/s and 0.052464 kg/s. The FR is the most critical factor in the gen
eration. Depending on the increase in ORC performance, H2 generation 
is directly affected. So, the increase in power generation directly in
creases the H2 generation rate. Also, the increase in the current density 
(J) decreases the generation rate due to higher potential requirements 
and overpotentials. These requirements and overpotential, along with 
the power generation capability of ORC, also directly affect the exergy 
destruction rates. The variation exergy destructions are given in Fig. 6. 

According to Fig. 6, the exergy destruction rate of PEMEL varies 

between 367.68 kW and 4652.35 kW. The destruction of ORC varies 
between 45187.77 kW and 54329.66 kW. The overall destruction varies 
between 45653.36 kW and 58014.00 kW. The increases in J increase the 
exergy destruction rates. Also, the increases in turbine inlet pressure 
increase the exergy destruction. Depending on the irreversibilities in 
compressors, the causes that increase the H2 generation rate increase the 
exergy destruction since the required compressor power increases. 
Accordingly, the energy (η) and exergy (ε) efficiency values are given in 
Fig. 7 and Fig. 8, respectively. 

According to Fig. 7, the energy efficiency of PEMEL varies between 
44.36 % and 51.37 %. The energy efficiency of ORC varies between 7.63 
% and 9.76 %. The energy efficiency of overall systems varies between 
4.47 % and 9.23 %. According to Fig. 8, the exergy efficiency of PEMEL 
varies between 42.85 % and 49.64 %. The exergy efficiency of ORC 
varies between 18.35 % and 25.40 %. The exergy efficiency of overall 
systems varies between 10.58 % and 23.99 %. The variation of the ef
ficiency values is similar to the destruction variation since it is directly 
related to losses. 

Fig. 13. EATWOS efficiency results based on combined effects.  
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3.3. Exergoeconomic analysis results 

The exergoeconomic cost parameters were determined regarding 
destruction, product, fuel and investment for the hybrid system. The 
obtained results are given in Fig. 9. 

According to Fig. 9, the investment exergoeconomic cost varies be
tween 320.87 $/h and 1001.99 $/h. The destruction cost varies between 
35518.44 $/h and 85296.20 $/h. The product cost varies between 
20996.19 $/h and 48268.98 $/h, whereas the fuel cost varies between 
44680.63 $/h and 96095.60 $/h. The cause of the variation largely 
depends on the higher exergy destruction rates and the sizes of the 
components of the systems. 

3.4. EATWOS optimization 

The optimization of the designed system is based on the efficiency 
values of the EATWOS analysis. The EATWOS analysis uses SI and EcoSI 
values as the outputs for the best design. In the light of exergy and 
exergoeconomic analysis, the SI and EcoSI were determined for all de
signs. The variation SI and EcoSI are given in Fig. 10. 

According to Fig. 10, SI values range between 1.119 and 1.316, 

Table 12 
Thermodynamic properties of the optimal system.  

Point T (oC) P (kPa) ṁ (kg/s) h (kJ/kg) s (kJ/kgK) ψ (kJ/kg) Ė (kW) Ėx (kW) C ($/h) 

1  133.50 300.00  462.00  777.69 2.20 125.27 359291.39 103049.99 3656.46 
2  133.50 300.00  415.80  561.33 1.67 67.53 233401.01 48870.20 3365.28 
3  133.50 592.65  415.80  561.64 1.67 67.84 233530.24 48999.43 3656.46 
4  110.00 299.98  415.80  461.53 1.42 43.11 191904.17 38713.17 2888.87 
5  133.50 300.00  46.20  2724.90 6.99 644.86 125890.38 54175.66 3730.62 
6  129.96 299.98  46.20  546.24 1.63 63.56 25236.29 5246.65 361.29 
7  112.00 300.00  462.00  470.00 1.44 45.02 217140.46 43897.84 3250.17 
8  80.00 101.33  0.07171  335.06 1.08 18.96 24.03 4.94 463.24 
9  80.00 101.33  0.06609  321.85 – – – – – 
10  80.00 101.33  0.04560  321.85 6.56 4.21 14.68 5.85 1917.90 
11  80.00 101.33  0.02049  335.06 1.08 18.96 6.86 1.41 463.24 
12  80.00 101.33  0.00570  4722.70 55.81 65.20 26.92 673.26 2301.42 
13  239.97 374.65  0.00570  7042.60 55.83 2379.44 40.14 686.46 2344.56 
14  25.00 374.62  0.00570  3933.00 47.98 1610.02 22.42 682.07 2329.58 
15  160.05 1385.08  0.00570  5889.80 47.98 3567.71 33.57 693.23 2365.87 
16  25.00 1385.06  0.00570  3937.40 42.58 3225.32 22.44 691.28 2359.21 
17  160.05 5120.89  0.00570  5915.20 42.57 5204.31 33.72 702.56 2395.59 
18  25.00 5120.89  0.00570  3954.30 37.15 4860.28 22.54 700.60 2388.90 
19  160.05 18933.10  0.00570  6012.50 37.15 6918.48 34.27 712.33 2425.55 
20  25.00 18933.10  0.00570  4027.60 31.66 6571.02 22.96 710.35 2418.80 
21  160.05 70000.00  0.00570  6403.20 31.71 8930.82 36.50 723.80 2418.80 
22  25.00 70000.00  0.00570  4381.80 26.12 8577.27 24.98 721.79 2334.98 
23  15.00 101.33  0.04152  63.08 0.22 0.72 2.62 2.11 0.00 
24  80.00 –  0.04152  335.06 1.08 18.96 13.91 2.86 3.75 
25  15.00 101.33  0.04077  63.08 0.22 0.72 2.57 2.07 0.00 
26  80.00 –  0.04077  335.06 1.08 18.96 13.66 2.81 6.82 
27  15.00 101.33  0.04028  63.08 0.22 0.72 2.54 2.04 0.00 
28  80.00 –  0.04028  335.06 1.08 18.96 13.49 2.78 6.76 
29  15.00 101.33  0.04010  63.08 0.22 0.72 2.53 2.03 0.00 
30  80.00 –  0.04010  335.06 1.08 18.96 13.44 2.77 6.74 
31  15.00 101.33  0.06387  63.08 0.22 0.72 4.03 3.24 0.00 
32  80.00 –  0.06387  335.06 1.08 18.96 21.40 4.40 15.03 
33  80.00 201.33  0.05122  335.06 1.08 18.96 17.16 3.53 0.01 
34  80.00 299.29  0.17531  335.21 1.08 19.14 58.77 12.12 0.03 
35  80.00 299.35  0.16132  335.21 1.08 19.14 58.77 12.12 0.03 
36  111.99 300.00  462.18  469.95 1.44 45.00 217199.23 43904.65 3250.20 
37  111.99 350.00  462.18  470.00 1.44 45.05 217223.57 43928.99 3305.24 
38  20.00 304.00  325.95  246.88 1.16 50.07 80469.68 15752231.56 18187759.00 
39  21.41 1976.27  325.95  251.61 1.17 53.84 82009.77 15753460.68 18258063.69 
40  70.23 1955.80  325.95  376.37 1.56 61.52 122676.68 15755964.62 18258836.46 
41  100.00 1950.00  325.95  679.00 2.38 118.60 221317.69 15774567.39 18262220.30 
42  43.96 334.40  325.95  623.01 2.43 49.28 203067.29 15751973.01 18236062.77 
43  15.00 101.33  2871.34  63.08 0.22 0.72 181115.79 145628.59 0.00 
44  15.00 103.43  2871.34  63.08 0.22 0.72 181121.84 145634.64 52.81 
45  25.00 101.33  2871.34  104.92 0.37 0.00 301261.45 143567.22 52062.71  

Table 13 
Energy, exergy and exergoeconomic analysis results of the optimal design.  

Parameter Component 

ORC PEMEL Overall System 

W (kW)  14600.32  1380.45  11103.99 
Q (kW)  − 129475.74  − 1265.93  − 130741.66 
Ein (kW)  359291.39  14.29  359305.68 
Eout (kW)  217140.46  98.42  217223.57 
ExF (kW)  59152.15  1391.94  59121.01 
ExP (kW)  14600.32  678.74  11782.73 
Exd (kW)  46500.51  422.83  46923.34 
η (%)  8.78  50.47  8.30 
ε (%)  21.11  48.76  19.92 
ZK ($/h)  0.07  0.02  332.57 
cF,k ($/MJ)  0.23  0.50  0.23 
cP,k ($/MJ)  0.50  1.74  0.57 
Cd,k ($/h)  37904.46  754.80  38312.99 
Ctotal,k ($/h)  37904.53  754.83  38645.56 
SI    1.249 
EcoSI    1.260  
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whereas EcoSI values range between 1.108 and 1.323. EATWOS deter
mined the efficiency values of the designs to address the best (optimal) 
configuration for the minimum inputs and maximum outputs. The 
weights were introduced into calculations as equal for each decision 
point. The results for the SI-based and EcoSI-based outputs are given in 
Figs. 11 and 12, respectively. The results for the combined outputs of SI 
and EcoSI are given in Fig. 13. 

According to Fig. 11, the efficiency values are between 0.98297 and 
0.99749. Therefore, the best design was determined as the design 1–4- 
8–1-1 with an efficiency score of 0.997149. In this design, the optimi
zation variables were determined as T1= 133.5 ◦C, T4 = 110 ◦C, T37 =

111.99 ◦C, T41 = 110 ◦C, P41 = 2000 kPa, J = 1000 A/m2, WPEMEL/WORC 
= 10 %. For this design, the energy and exergy efficiencies of the ORC 
were determined as 8.94 % and 20.47 %, respectively. The power gen
eration rate was determined as 14.773 MW, whereas the net power 
generation was determined as 12.702 MW. The energy and exergy ef
ficiencies of the PEMEL were determined as 50.44 % and 48.73 %, 
respectively. The hydrogen generation rate was determined as 
0.005794 kg/s. The energy and exergy efficiencies of the overall system 
were determined as 8.45 % and 20.27 %, respectively. The investment 
cost (Zk) was determined as 334.04 $/h. The costs of exergy destruction 
(Cd), fuel (Cf) and product (Cp) were determined to be 55006.32 $/h, 
66632.79 $/h, and 24664.78 $/h, respectively. The values of SI and 
EcoSI were determined as 1.254 and 1.211, respectively. 

According to Fig. 12, the efficiency values are between 0.98324 and 
0.99718. Therefore, the best design was determined as the design 1–1- 
5–1–1 with an efficiency score of 0.99718. In this design, T1= 133.5 ◦C, 
T4= 110 ◦C, T37 = 111.99 ◦C, T41 = 95 ◦C, P41 = 1800 kPa, J = 1000 A/ 
m2, WPEMEL/WORC = 10 %. For this design, the energy and exergy effi
ciencies of the ORC were determined as 8.52 % and 20.48 %, respec
tively. The power generation rate was determined as 14.077 MW, 
whereas the net power generation was determined as 12.113 MW. The 
energy and exergy efficiencies of the PEMEL were determined as 50.38 
% and 48.68 %, respectively. The hydrogen generation rate was deter
mined as 0.005524 kg/s. The energy and exergy efficiencies of the 
overall system were determined as 8.05 % and 19.32 %, respectively. 
The investment cost (Zk) was determined as 330.13 $/h. The costs of 
exergy destruction (Cd), fuel (Cf) and product (Cp) were determined to be 
35518.44 $/h, 44680.63 $/h, and 23516.88 $/h, respectively. The 
values of SI and EcoSI were determined as 1.240 and 1.258, respectively. 

According to Fig. 13, the efficiency values are between 0.98329 and 
0.99713. Therefore, the best design was determined as the design 1–2- 
7–1-1 with an efficiency score of 0.99713. In this design, the optimiza
tion variables were determined as T1= 133.5 ◦C, T4= 110 ◦C, T37 =

111.99 ◦C, T41 = 100 ◦C, P41 = 1950 kPa, J = 1000 A/m2, WPEMEL/WORC 
= 10 %. For this design, the energy and exergy efficiencies of the ORC 
were determined as 8.78 % and 21.11 %, respectively. The power gen
eration rate was determined as 14.077 MW, whereas the net power 

generation was determined as 12.113 MW. The energy and exergy ef
ficiencies of the PEMEL were determined as 50.47 % and 48.76 %, 
respectively. The hydrogen generation rate was determined as 
0.0057003 kg/s. The power generation rate was determined as 14.077 
MW, whereas the net power generation was determined as 12.113 MW. 
The energy and exergy efficiencies of the overall system were deter
mined as 8.30 % and 19.92 %, respectively. The investment cost (Zk) was 
determined as 332.57 $/h. The costs of exergy destruction (Cd), fuel (Cf) 
and product (Cp) were determined at 38312.99 $/h, 48272.40 $/h, and 
24240.05 $/h, respectively. The values of SI and EcoSI were determined 
as 1.249 and 1.260, respectively. The thermodynamic and economic 
properties of the optimal design (according to the design points given in 
Fig. 1) are given in Table 12. The energy, exergy and exergoeconomic 
analysis results are given in Table 13. 

The comparative evaluation of the system is given in Table 14. The 
present system was compared to the systems given by Ref. [17] and 
Ref. [19]. 

According to Table 14, the designs conform with each other. The 
differences are sourced from the assumptions such as pump, turbine and 
heat exchanger efficiencies and the differences in the designs, such as 
the liquefying system and size of the subsystems. 

The EATWOS results show the efficiency of the performance of 
designed systems based on the selected output criteria. Therefore, the 
higher EATWOS outputs indicate the better performance. According to 
the results, the increase in the weight of PEMEL in the systems decreases 
the efficiency score for all output criteria since the exergy efficiency of 
the system decreases. The SI-based outputs offer higher turbine inlet 
temperature and pressure since they enable more power generation with 
higher efficiency. EcoSI-based outputs offer lower turbine inlet tem
perature and pressure since they enable better economic outputs. 
However, the economic aspects become prominent when the investment 
is in question. The investors care about the economic issues as well as the 
performance of the systems. Since both the exergetic and economics are 
important for the designing stage, it would be better to evaluate the SI- 
based and EcoSI-based results together. So, the EATWOS outputs based 
on the combined effects give the more sensitive results for the designing 
stage. 

4. Conclusion 

This study investigates the optimum solution of the hybrid system, 
including power and hydrogen generation. The ORC and PEMEL are 
considered for this aim. R600a is used in ORC, whereas Nafion elec
trolyte and Pt electrodes are considered in PEMEL. The optimal system 
was determined by EATWOS multi-criteria decision-making analysis. 
For this purpose, a new decision-maker index was derived named EcoSI, 
including the exergoeconomic and sustainable index parameters. The 
hybrid system was designed to measure the performance of this new 

Table 14 
Comparative evaluation of the optimal system.  

Parameter ORC PEMEL Overall System 

Present study Ref [17] Ref [19] Present study Ref [17] Ref [19] Present study Ref [17] Ref [19] 

Tgeothermal (oC) 133.5 96 160 – – – 133.5 96 160 
Refrigerant R600a R236fa R600a – – – R600a R236fa R600a 
W (kW) 14600.32 681.4 7993 − 1380.45 − 200 − 7993 11103.99 481.4 0.0 
PT/G (kPa) 1950 1000 2052 – – – 1950 1000 2052 
TT/G (oC) 100 – 140.5 – – – 1950 1000 2052 
PPEMEL (kPa) – – – 101.325 101.325 100 101.325 101.325 100 
TPEMEL (oC) – – – 80 80 73.15 80 80 73.15 
ṁH2 (kg/s) – – – 0.00570 0.000972 0.05269 0.00570 0.000972 0.05269 
J (A/m2) – – – 1000 – – 1000 – – 
η (%) 8.78 8.843 – 50.47 10.72 – 8.30 3.32 8.49 
ε (%) 21.11 68.88 – 48.76 41.73 – 19.92 64.86 38.44 
SI – – – – – – 1.249 2.846 1.624 
EcoSI – – – – – – 1.260 – –  
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system. According to the analyses, it was determined that EcoSI is a 
powerful decision maker compared to SI as well as exergy efficiency. 
The optimization shows that the integration of PEMEL decreases the 
hybrid system efficiency since it decreases with the increase of the 
power feeding rate. The PEMEL is efficient for the lower current density. 
According to the results of the increasing capacity of PEMEL, its inte
gration into the ORC system decreases the sustainability of the 
geothermal energy sources. The most efficient case was obtained as the 
Design 1–2-7–1-1 with a turbine inlet temperature of 100 ◦C and inlet 
pressure of 1950 kPa. In this design, the optimal current density was 
determined as the minimum chosen value with 1000 A/m2. The power 
supply rate was determined as the minimum chosen value with 10 %. 
The temperature difference between the production and re-injection 
wells was determined as 21.51 ◦C according to the optimal design. For 
this design, the energy and exergy efficiencies of the ORC were deter
mined as 8.78 % and 21.11 %, respectively. The energy and exergy ef
ficiencies of the PEMEL were determined as 50.47 % and 48.76 %, 
respectively. The energy and exergy efficiencies of the overall system 
were determined as 8.30 % and 19.92 %, respectively. The hydrogen 
generation rate was determined as 0.0057003 kg/s. The power gener
ation rate was determined as 14.077 MW, whereas the net power gen
eration was determined as 12.113 MW. The energy and exergy 
efficiencies of the overall system were determined as 8.30 % and 19.92 
%, respectively. The investment cost (Zk) was determined as 332.57 $/h. 
The costs of exergy destruction (Cd), fuel (CF) and product (CP) were 
determined to be 38312.99 $/h, 48272.40 $/h, and 24240.05 $/h, 
respectively. The values of SI and EcoSI were determined as 1.249 and 
1.260, respectively. 

The expanded poly-generation systems with the potential use of the 
handled geothermal resources can conduct more efficient systems as the 
future prospects. Also, different methods, such as genetic algorithms, 
Gray Wolf, and artificial neural networks with and without fuzzy points, 
can be performed to generate optimal designs for future research. 
Moreover, the new indexes can introduce environmental issues to EcoSI. 
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