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A B S T R A C T   

The transition to sustainable and clean energy sources has become imperative in the face of global climate 
change concerns. Hydrogen is a versatile and environmentally friendly energy carrier among the potential so
lutions. Utilizing renewable resources for hydrogen production is a promising avenue, and Turkey’s geothermal 
resources offer significant potential. This study focuses on developing models for assessing Turkey’s geothermal 
resources’ green hydrogen production potential, employing thermodynamics and thermoeconomics analyses. 
The thermodynamic analysis explores the thermophysical properties of geothermal fluids, investigating the 
feasibility of utilizing the available heat for hydrogen production through electrolysis. As a result of the per
formance analysis, the Afyon Geothermal Power Plant (AFJES) produces 4132 kW net power with 150 kg/s geo- 
fluid at 110℃. The unit costs of the electricity and hydrogen produced in the power plant are 0.01671 $/kWh 
and 1.684 $/kg, respectively. The study aims to determine the optimal conditions and configurations for efficient 
hydrogen production from Turkey’s geothermal resources. The findings provide valuable insights for policy
makers, investors, and energy stakeholders, aiding in the decision-making process for deploying sustainable and 
economically viable hydrogen production in Turkey’s geothermal-rich regions. Furthermore, this research 
contributes to the broader objective of achieving a low-carbon energy future while tapping into the immense 
potential of geothermal resources.   

1. Introduction 

There has been an increasing global focus on transitioning to sus
tainable and environmentally friendly energy sources in recent years. 
The search for alternative energy solutions has intensified as the world 
grapples with the challenges posed by climate change and the need to 
reduce greenhouse gas emissions. In this context, hydrogen has emerged 
as a promising option because it can serve as a clean and versatile energy 
carrier. One of the most sustainable methods for producing hydrogen is 
using renewable resources, such as geothermal energy. Turkey, situated 
in a geologically active region, is endowed with significant geothermal 
resources that have the potential to contribute to the country’s energy 
transition. Geothermal energy offers several advantages, including its 
abundance, reliability, and minimal greenhouse gas emissions. As a 
result, there is growing interest in exploring the feasibility of utilizing 
Turkey’s geothermal resources to produce green hydrogen [1]. 

This study focuses on developing models for assessing Turkey’s 
geothermal resources’ green hydrogen production potential. The anal
ysis incorporates both thermodynamic and thermoeconomic consider
ations to provide a comprehensive understanding of the feasibility and 
viability of this renewable energy pathway. By examining the thermo
dynamic properties of geothermal resources and applying economic 
analysis, this research aims to determine the optimal conditions and 
configurations for efficient hydrogen production [2]. The thermody
namic analysis delves into the thermophysical properties of geothermal 
fluids. It investigates the potential for harnessing the available heat to 
generate hydrogen through the electrolysis processes. Additionally, the 
study evaluates the integration of hydrogen production with power 
generation, aiming to maximize the geothermal system’s overall effi
ciency and energy utilization [3]. 

Furthermore, the thermoeconomic analysis explores the economic 
viability of green hydrogen production from geothermal resources. It 
considers factors such as capital costs, operational expenses, and market 
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prices to assess the financial feasibility and competitiveness of the pro
posed hydrogen production models. Considering the economic aspects 
alongside the thermodynamic analysis, this study aims to provide in
sights into the economic viability and potential profitability of green 
hydrogen production from Turkey’s geothermal resources [4]. The 
findings of this research can have significant implications for Turkey’s 
energy sector and contribute to its sustainable development goals. Un
derstanding geothermal resources’ green hydrogen production potential 
can inform policymakers, investors, and energy stakeholders in their 
decision-making processes, paving the way for deploying innovative and 
sustainable energy solutions. Additionally, the results of this case study 
can provide valuable insights for other countries with similar 
geothermal resources, facilitating the adoption of green hydrogen pro
duction as a critical driver of their energy transition. Some relevant 
studies of geothermal low-temperature sources’ usage of hydrogen 
production in the literature are summarized below. 

Cao et al. [5] have optimized an ORC, which operates with 
geothermal energy and is combined with PEMFC, thermodynamically 
and thermoeconomically. In the optimization process, geothermal water 
temperature and ORC high pressure have been assessed on critical pa
rameters. As a result of optimization, when energy efficiency and 
hydrogen production can be increased by 2–––3 points and 35 % − 41 %, 
respectively, the unit cost of hydrogen exergy can be decreased by 9.5 % 
− 12 %. 

The following literature studies are on geothermal energy multi
generation systems. Cao et al. [6] modeled thermodynamically an in
tegrated energy system consisting of a multi-effect desalination system, 
geothermal energy system, and hydrogen production and investigated 
system performance. The parameters like ORC net power and hydrogen 
produced in the electrolyzer were studied multi-dimensionally with EES 
and Matlab. According to conclusions, the central geothermal temper
ature is important for system exergy efficiency and cost. Li et al. [7] 
aimed to develop a trigeneration system based on a transcritical CO2 
cycle for producing hydrogen, power, and freshwater with geothermal- 
solar energies. In conclusion, the maximum power, hydrogen, and 
freshwater produced were 1286 kW, 1.989 kg/h, and 13.38 m3/day, 
respectively, for May. In this case, the optimized system showed a per
formance of 17.07 $/GJ unit product cost and 23.35 % energy effi
ciency. Li et al. [8] investigated five stages of heat recovery of a 
multigeneration system based on a flash-binary geothermal system to 
enhance the system’s feasibility. They performed a sensitivity analysis 
based on energy, exergy, and exergoeconomic analyses. Conclusions 
have shown that the multigeneration system can produce 782 kW of 
electricity, 881.6 kW of cooling, 0.286 kg/s fresh water, and 0.181 kg/h 
hydrogen, respectively. Exergy efficiency and total unit product cost are 
46.44 % and 3.98 $/GJ, respectively. Sohani et al. [9] have optimized a 

multigeneration system driven by a solar-geothermal system using a 
dynamic multi-objective optimization method instead of a static multi- 
objective optimization method. As a result of optimization, it has been 
seen that the energy efficiency, exergy efficiency, and annual production 
of electricity, heating, fresh water, and hydrogen are 5.2 %, 3 %, 14.4 %, 
16.1 %, 14.3 %, and 13.5 % more with dynamic method than static 
method, respectively. Regarding thermoeconomic, payback time can 
also be decreased from 5.56 to 4.43 years with a 4.4 % reduction of 
hydrogen storage pressure. Manesh et al. [10] have presented a multi
generation system driven by natural gas-geothermal-solar energies and 
performed energy, exergy, and exergoeconomic analyses. In analyses, 9 
different working fluids have been used, and the best one has been 
picked. According to conclusions, the best energy efficiency, exergy ef
ficiency, total annual cost, and hydrogen production are 23.87 %, 28.21 
%, 0.144 $/kWh, and 1.85 kg/h with R141b ORC working fluid, 
respectively. Xing and Li [11] have recommended a multigeneration 
system producing hydrogen with geothermal and biomass energies and 
have assessed with energy, exergy, and exergoeconomic analysis. In 
conclusion, the system has 22.23 MW net power, 34.13 MW heating 
effect, 96.4 MW cooling effect, and 124 kg/h hydrogen production. Also, 
the system’s energy efficiency, exergy efficiency, and total product cost 
rate are 79.47 %, 17.87 %, and 1.162 $/s, respectively. Alirahmi et al. 
[12] have proposed a multigeneration system producing electricity, 
oxygen, cooling, and hydrogen from geothermal energy and have 
assessed it with thermodynamic and thermoeconomic analysis. The 
system has been modeled by EES and optimized by NSGA-II multi- 
dimensionally. According to conclusions, the system has 4.696 MWh 
electricity, 37.85 % exergy efficiency, and a 15.09 $/h system cost rate. 

Finally, the following literature studies are on geothermal energy 
resources and the green hydrogen production potential of Turkey. Kar
ayel et al. [13] investigated Turkey’s geothermal energy potential for 
green hydrogen production. According to the research results, Turkey’s 
total hydrogen production potential using alkaline and high- 
temperature solid-oxide electrolyzers is 559.76 kt. In addition, among 
Turkey’s seven geographical regions, the Aegean Region has the highest 
hydrogen production potential. The study also stated that other regions 
can access underground heat, but more is needed to generate electricity. 
Yılmaz [14] modeled a geothermal power plant consisting of a Rankine 
cycle, steam cycle, desalination unit, and proton exchange membrane 
electrolyzer and performed thermodynamic, thermoeconomic, and 
environmental impact analysis. According to the analysis results, the 
power plant has a total power capacity of 1639 kW, a hydrogen pro
duction rate of 7.4916 kg/h, a hot water production rate of 49.18 k/h, a 
freshwater production rate of 11.38 kg/h, an energy efficiency of 52.01 
% and exergy efficiency of 29.45 %, respectively. The total cost rate of 
the power plant was calculated as 139.6 $/h, and the power plant 

Nomenclature 

Symbols 
c Specific unit cost ($/GJ) 
Ck Purchased equipment cost ($) 
C Cost rate associated with exergy ($/h) 
CRF Capital recovery factor 
EES Engineering Equation Solver 
ex Specific exergy (kJ/kg) 
Ėx Exergy flow rate (kW) 
h Specific enthalpy (kJ/kg) 
i Interest rate 
kt Kilotons 
ṁ Mass flow rate (kg/s) 
ORC Organic Rankine Cycle 
P Pressure (kPa) 

PEMFC Proton Exchange Membrane Fuel Cell 
s Specific entropy (kJ/kgK) 
T Temperature (K or ℃) 
Ẇ Power (kW) 
Żk Total cost rate ($/s) 

Subscripts 
e Exit stream 
i Inlet stream 
o Dead state 

Greek Symbols 
ηth Energy Efficiency (%) 
ηex Exergy Efficiency (%) 
$ United State Dollars 
φ Operating and maintenance cost ratio  
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prevented 5441 kg/h CO2 emissions. Atiz et al. [15] investigated the 
power and hydrogen production performance of an integrated system 
operating under Turkey conditions consisting of an ORC, solar panels, 
middle-temperature geothermal energy source, cooling tower, and 
proton exchange membrane electrolyzer. According to the research re
sults, the power plant with 0.4 kg/s n-butane has a hydrogen production 
rate of 9.8071 kg/day, 5.85 % energy efficiency, and 8.27 % exergy 
efficiency, respectively. 

1.1. Turkey geothermal resources potential and fields geography 

As it is known, geothermal energy is a domestic underground 
resource that is renewable, clean, cheap, and environmentally friendly. 
Turkey is located on an active tectonic belt due to its geological and 
geographical location, so it is in a prosperous position among the world 
countries regarding geothermal. There are geothermal resources at 
different temperatures in the form of approximately 1000 natural out
flows spread throughout Turkey. Turkey is the 1st country in Europe 
regarding geothermal potential and the 4th country in the world 
regarding installed power. The top five countries in electricity genera
tion from geothermal energy are the USA, Indonesia, Philippines, 
Turkey, and New Zealand. The map showing the distribution of 
geothermal resources in our country is given in Fig. 1 [16]. 

The region with high-temperature sources is on the Büyük Menderes 
Graben in Western Anatolia. Starting from Pamukkale, Turkey’s oldest 
geothermal power plant, Kızıldere is approximately 25 km west, then 
Salavatlı, approximately 66 km west of Kızıldere, and ends in Germen
cik, approximately 40 km west of Salavatlı. Fig. 2 shows Turkey’s gen
eral tectonic and volcanic features and important geothermal fields 
[18]. 

The prominent graben lies between two parallel horsts in an alter
nating pattern of subsidence and uplift. To date, high-temperature geo- 
fluids have only been found in wells drilled on slip-step faults forming 
the northern boundary of the graben. These faults appear to be the 
primary fluid control structures along the entire east–west extension of 
the Graben from Germencik to Kızıldere in Fig. 3 [18]. 

Fig. 4 shows the cross-section of the area where the Kızıldere power 

plant and the hot spring Tekke Hamam are located, a few kilometers 
apart on both sides of the Menderes River. Hot springs are found on the 
Graben’s north and south sides. The basement rock is gneiss, and the 
lithology of the reservoir consists of many layers belonging to various 
formations [19]. 

1.2. Electricity generation from geothermal energy in Turkey 

The geothermal potential of Turkey is relatively high, and 78 % of 
the potential areas are in Western Anatolia, 9 % in Central Anatolia, 7 % 
in the Marmara Region, 5 % in Eastern Anatolia, and 1 % in other re
gions. 90 % of Turkey’s geothermal resources are at low and medium 
temperatures and are suitable for direct applications (heating, thermal 
tourism, various industrial applications) and 10 % for indirect applica
tions (electric power generation). The first electricity generation in 
geothermal energy applications was started in 1975 with the Kızıldere 
Power Plant with a power of 0.5 MWe. Fig. 5 shows the Turkey- 
geothermal power plants map. The geothermal energy installed 
power, widely used in electricity generation and district heating, is 
1686 MW as of the end of June 2022. Its ratio in the total installed power 
is 1.66 %, and the change in installed power over the years and its ratio 
in the total installed power are given in the charts below. The total 
number of registered geothermal power plants in Turkey is 63. Also, the 
total installed power (MW) of geothermal power plants in Turkey is 
shown in Fig. 6 [20,21]. Karayel et al. [13] investigated the geothermal 
energy potential of Turkey for green energy production. The study was 
carried out to serve as a good base for planning and strategizing pur
poses as required for the country and help in developing new energy 
policies for exploiting renewable energy resources. According to the 
study’s conclusions, Turkey has a significant green energy production 
potential. Especially, Aydın and Manisa have the highest green 
hydrogen production potentials, with a total hydrogen production po
tential of 175.51 and 103.30 kilotons, respectively. 

Turkey has about 1000 known hot and mineral water sources and 
geothermal wells. The number of geothermal fields with temperatures 
above 40 ◦C is 170. 11 are high-temperature fields suitable for con
ventional electricity generation. The first geothermal power plant in 

Fig. 1. Map showing the distribution of geothermal resources in Turkey [17].  
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Turkey was established in Denizli-Kızıldere with a capacity of 17.8 MW 
in 1984. Geothermal fields with high temperatures can be listed as fol
lows. Aydın-Germencik (232 ◦C), Manisa- Salihli-Göbekli (182 ◦C), 
Çanakkale-Tuzla (174 ◦C), Aydın-Salavatlı (171 ◦C), Kütahya-Simav 
(162 ◦C), İzmir- Seferihisar (153 ◦C), Manisa-Salihli (150 ◦C), Aydın- 
Yılmazköy (142 ◦C), İzmir-Balçova (136 ◦C), İzmir-Dikili (130 ◦C) [22]. 

Conventional electricity is generated in geothermal fields with a 
reservoir temperature of more than 150 ◦C. With a system called a bi
nary cycle, developed in recent years, electricity can be produced from a 
fluid with a temperature of up to T > 80 ◦C using gases with low 
evaporation points [23]. Various systems are available for converting 
vapor and liquid dominant systems into electrical energy. The fields that 
are easiest to use are the dry steam fields. The steam from the well is 
filtered and sent to a condensing turbine. In addition to the condenser, 
natural or mechanical cooling towers are used [24]. The most important 
residual heat source in geothermal fields is the separated liquid in the 
separator. Since conventional steam turbines use only steam, large 
amounts of remaining liquid are usually discharged into surface waters 
or injected underground. Binary technology has been developed to 
generate electricity from medium-temperature sources and recover 

residual heat by increasing thermal sources. Binary systems use a sec
ondary working fluid with a low boiling temperature and high vapor 
pressure at low temperatures. This secondary fluid operates by a con
ventional Rankine cycle. With a suitable working fluid, binary systems 
can operate at inlet temperatures between 80 and 170 ◦C [25]. The 
majority of geothermal resources in Turkey fall into the low-medium 
enthalpy group. Therefore, using binary cycles to obtain electrical en
ergy from these geothermal systems is essential. The choice of the sys
tem to be used (ORC or Kalina cycles) is determined primarily by the 
availability of the source and secondly by the economic studies to be 
carried out [26]. Turkey, which ranks seventh in the world with its 
geothermal wealth, will be able to meet up to 5 % of its total electrical 
energy need and up to 30 % of its heat energy need in heating with its 
geothermal potential. However, when their weight average is consid
ered, Turkey has the potential to meet 14 % of its total energy (elec
tricity + heat energy) needed with geothermal in Table 1 [27]. 

It is known that Turkey’s especially Aegean region has rich 
geothermal resources. The widespread use of these resources in appli
cations such as electricity generation, district heating, and greenhouse 
cultivation in the most efficient way and in the shortest time will 

Fig. 2. General tectonic, volcanic features and important geothermal fields of Turkey [18].  

Fig. 3. Menderes Graben and the locations of Turkey’s geothermal power plants [18].  
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significantly contribute to the solution of Turkey’s energy problem. The 
most common usage area of geothermal energy is electricity production, 
and different thermodynamic cycles are used for this purpose [28]. 
These cycles can be classified as condenser and non-condenser dry steam 
cycles, single and double jet cycles, and secondary and combined spray/ 
secondary cycles. In addition, the distribution of resources at the level of 
our country corresponds to the nature of our energy needs. There are 
sources suitable for high-temperature electricity generation in West and 
Northwest Anatolia, where the electricity deficit is high, and low- 
temperature sources are suitable for heating purposes in Central and 
Eastern Anatolia [29]. 

The proposed system for developing models for green hydrogen 
production from Turkey’s geothermal resources comprises several key 
components. Firstly, it involves using geothermal wells to extract high- 
temperature geothermal fluids from underground reservoirs. These 
fluids, which contain valuable heat energy, are the primary input for 
hydrogen production. The geothermal fluids are transported to a 
hydrogen production plant via a dedicated pipeline system. At the 
hydrogen production plant, the geothermal fluids undergo a series of 
thermodynamic and chemical processes to produce hydrogen gas. Two 
potential methods for hydrogen production are considered: steam 
methane reforming (SMR) and electrolysis. In the SMR process, the 

Fig. 4. Geological section showing the Büyük Menderes Graben and associated horsts [19].  

Fig. 5. Geothermal power plants map in Turkey [20].  
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geothermal fluids generate steam, mixed with methane, to produce 
hydrogen gas and carbon dioxide as a byproduct. The carbon dioxide can 
be captured and sequestered to minimize its environmental impact. 
Hydrogen gas can be purified and stored for various applications, such as 
fuel cell vehicles or industrial processes. Alternatively, electrolysis can 
be employed to produce hydrogen from geothermal fluids. This process 
involves using electricity from the geothermal power plant to split water 
molecules into hydrogen and oxygen gases through an electrolyzer. The 
hydrogen gas produced through electrolysis can also be purified, stored, 
and utilized for different purposes [30]. 

The working principle of the models developed for the green 
hydrogen production potential of Turkey’s geothermal resources in
volves the integration of thermodynamics and thermoeconomics. The 
thermodynamic analysis focuses on quantifying the energy potential of 
geothermal resources and evaluating the efficiency of hydrogen pro
duction processes. It involves the application of fundamental thermo
dynamic principles, such as the first and second laws of 
thermodynamics, to assess heat transfer, energy conversion, and the 
overall system performance. Thermodynamic modeling helps determine 
the optimal operating parameters, including temperature, pressure, and 
heat transfer rates, to maximize the extraction and utilization of heat 
energy from geothermal fluids [31]. 

Additionally, the thermoeconomic analysis considers the economic 
aspects of the green hydrogen production process. It considers capital 
costs, operational expenses, and market prices of inputs and outputs to 
assess the economic viability and profitability of the proposed hydrogen 
production models. Thermoeconomic modeling helps identify the 
geothermal-based hydrogen production plant’s most cost-effective 
configuration and operation strategies. Integrating thermodynamic 
and thermoeconomic analyses allows for a comprehensive evaluation of 
Turkey’s geothermal resources’ green hydrogen production potential. 

By optimizing the thermodynamic parameters while considering the 
economic constraints, the models provide insights into the feasibility, 
efficiency, and economic viability of utilizing geothermal resources for 
hydrogen production. 

The outputs of these models can guide decision-making processes by 
providing critical information on the optimal design, operation, and 
economic performance of the geothermal-based hydrogen production 
plant. This information can support policymakers, investors, and energy 
stakeholders make informed choices regarding deploying sustainable 
and economically viable hydrogen production systems in Turkey’s 
geothermal-rich regions [32]. 

This study focuses on developing models for assessing Turkey’s 
geothermal resources’ green hydrogen production potential. The anal
ysis incorporates both thermodynamic and thermoeconomic consider
ations to provide a comprehensive understanding of the feasibility and 
viability of this renewable energy pathway. By examining the thermo
dynamic properties of geothermal resources and applying economic 
analysis, this research aims to determine the optimal conditions and 
configurations for efficient and economic hydrogen production from 
Turkey’s geothermal fields. The potential and cost of green hydrogen 
produced from this region have been evaluated by giving the example of 
Afyon Geothermal Power Plant (AFJES), an actively operating 
geothermal power plant. Then, a general performance evaluation was 
made for other geothermal power plants, and the amount of hydrogen 
that could be produced and its costs were investigated. These results are 
given in the study’s results section in the form of tables and graphics. 
Thermodynamic and economic analyses were made on real-time models 
in a computer environment with EES and Aspen Plus programs. 

When the existing open literature is examined, there is no numerical 
analysis and simulation study on thermodynamic and thermoeconomic 
analysis and model development to investigate the green hydrogen 
production potential from geothermal energy under Turkey conditions. 
There are theoretically specific adaptation studies for some existing 
geothermal power plants, but there is no similar study where the 
appropriate potential for Turkey, in general, is revealed and considered. 
In addition, our study was carried out with detailed numerical analysis 
and simulations. The fact that no other directly similar study in this 
context shows that the paper is innovative. 

2. System description and model working principle of plant 

Fig. 7 shows the workflow of a geothermal power plant producing 
green hydrogen with geothermal energy. The plant is the combining of 
geo-fluid (between production well and re-injection well), ORC unit 

Fig. 6. Total installed power (MW) of geothermal power plants in Turkey [21].  

Table 1 
Potential mass flow rate and temperature of geothermal fields [27].  

Geothermal resources Mass flow rate (kg/s) Temperature (◦C) 

Denizli-Kızıldere 250 200–242 
Aydın-Germencik 765 200–232 
Aydın-Salavatlı 454 171 
Çanakkale-Tuzla 120 174 
Kütahya-Simav 223 162 
İzmir-Şerefhisar 264 153 
Aydın-İmamköy 40 142 
Manisa-Alaşehir-Kavaklıdere 6.5 215 
Manisa-Caferbeyli 6.5 155 
Aydın-Yılmazköy 27.96 142  
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(pump, heat exchanger-2, turbine and condenser) and electrolysis unit 
(electrolysis tank, oxygen tank and hydrogen tank). Simply put, a 
geothermal power plant uses the energy of a geothermal fluid to supply 
various needs. The high-energy geo-fluid heats R134A which is the 
working fluid of the ORC unit in a heat exchanger (Heat Exchanger-2). 
The high pressure and heated ORC fluid drives the turbine and elec
tricity is generated in the DC generator. The low pressure ORC fluid is 
cooled in condenser and pumped with high pressure to heat exchanger. 
The electricity produced is used in the electrolysis unit to produce green 
hydrogen. The geo-fluid is finally sent to re-injection well. In order to 
increase the electrolysis efficiency, the geothermal fluid heats the elec
trolysis water in a heat exchanger (Heat Exchanger-1) before driving 
ORC. The heating process is limited to 80 ℃ in order to keep the elec
trolysis water at 100 kPa pressure in the liquid phase. The hydrogen and 
oxygen produced in the electrolysis unit are sent to the tanks for storage. 

3. Thermodynamic and thermoeconomic analysis of the plant 

The thermodynamic analysis main equations required to predict the 
plant’s performance and the electrolysis units are given below. The 
thermodynamic analysis includes the first and second laws of thermo
dynamics. Thermoeconomic analysis combines the exergy data obtained 
from the thermodynamic analysis with the economic data. The main 
equations used in thermoeconomic analysis are also given below and are 
used to estimate unit product costs. The analysis’s ultimate goals are to 
estimate energy efficiency, exergy efficiency, net electric power, unit 
electricity cost, unit hydrogen cost, and hydrogen production. Analyzes 
and simulations are performed simultaneously in EES, and Aspen Plus 
supports their validity and applicability [33,34]. 

3.1. Thermodynamic analysis main equations 

The energy efficiency of the geothermal power plant is the ratio of 
the net power produced to the total energy inlet power of the plant: 

ηth = 1 −
Q̇out

Q̇in
=

Ẇnet

Q̇in
(1) 

and the exergy efficiency is the ratio of the net power produced to the 
total exergy inlet of the plant. 

ηex =
Ẇnet

Ėxin
(2) 

The difference between the power produced by the ORC turbine and 
consumed by the pump and parasitic fan works power is the geothermal 
plant’s net power production (kJ/s). 

Ẇnet = Ẇturbine − Ẇpump − Ẇparasitic (3) 

Electrolysis is breaking down water into hydrogen and oxygen with 
electrical energy. Electrolysis is an endothermic thermochemical pro
cess. While doing the thermodynamic analysis of this process, enthalpy 
and entropy properties in the molecular state are used. The decompo
sition of water into hydrogen and oxygen by electrolysis is provided by 
the current flow between the electrodes and electrolyte solution liquid 
with high ionic conductivity [35]. 

H2O (liquid) + Electrical energy → H2 + ½ O2 (4). 
For this reaction to occur, the minimum required electrical work 

must be applied to the electrodes. The find minimum electrical work, the 
Gibbs free energy equation is used. In laboratory conditions, one mole of 
hydrogen gas and half a mole of oxygen gas are formed due to the 
electrolysis of one mole of water. The Gibbs formation function is the 
minimum work required for the electrolysis process. In other words, the 
amount of reversible work must be given to the electrolysis unit to 
produce one kilogram of hydrogen. The general statement is as follows 
[35]. 

Wmin = ΔG = ΔH − TΔS (5) 

Here, ΔG is the change in Gibbs energy (reversible work or minimum 
work), T is the temperature, and ΔS is the entropy difference. ΔG rep
resents the energy that needs to be supplied as electricity, and TΔS 
represents the thermal energy. ΔH represents the total heat energy 
released in the reaction. The total required energy is ΔH. The minimum 
electrolysis work required for hydrogen can be found using the equation 
below. The molar mass M of hydrogen is 2.016 kg/kmol [36]. 

wmin,H2 =
ΔG
MH2

(6) 

Here, wmin,H2 represents the minimum work required to produce 1 kg 
of hydrogen. This value increases when the electrolysis cell efficiency is 
taken into account. Thus, we can calculate the actual work required to 

Fig. 7. The workflow of a geothermal plant producing green hydrogen with geothermal energy. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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produce 1e kilogram of hydrogen as wmin,H2/ηelectrolysis. We can find the 
mass flow rate (kg H2/s) of the hydrogen produced from the system by 
the ratio of the electrical power (kJ/s) produced in geothermal power 
cycles and used for electrolysis to this actual work (kJ/kg H2) [36] 

ṁH2 =
Ẇnet

welectrolysis
(7) 

where welectrolysis is the actual work consumption of water electrolysis 
in kJ/kg H2. Also, when the energy efficiency of electrolysis is the ratio 
of hydrogen energy produced to the net power, the exergy efficiency of 
electrolysis is the ratio of hydrogen exergy produced to the net power 
[36]: 

ηth,electrolysis =
ṁH2 LHV

Ẇnet
(8)  

ηexelectrolysis =
ṁH2 exH2

Ẇnet
(9) 

where LHV and exH2 are lower heating value of hydrogen and the 
specific exergy of hydrogen produced, respectively. 

3.2. Thermoeconomic analysis main equations 

The economic analysis aims to evaluate the energy cost of green 
hydrogen produced by the plant and compare it with the market price. 
Capital Recovery Factor (CRF) must first calculate total cost rates in 
thermoeconomic analysis. CRF is defined as [37] 

CRF =
i(1 + i)n

(1 + i)n
− 1

(10) 

where i and n are interest rate and plant operating life, respectively. 
Total cost rate is [37] 

Żk =
Ck(CRF)ϕ
(n × 3600)

(11) 

where Ck and ϕ are equipment purchasing cost and operation and 
maintenance factor, respectively. 

Exergy costing usually includes cost balances formulated for each 
component separately. In a cost balance applied to system component k, 
the sum of the cost ratios associated with all exergy flows out of the 
component equals the sum associated with all exergy flows entering the 
component and the total cost ratio. Accordingly, the following equation 
can be written for a component that receives heat transfer and produces 
power [37] 

Ċk = ck.Ėxk (12)  

Ċk = ck.Ẇk (13)  

Ċk = ck.Q̇k (14)  

∑

i
Ċi,k + Ċq,k + Żk =

∑

e
Ċe,k + Ċw,k (15) 

when Ċ is the exergy cost ratio, the subscripts of i and e represent the 
input and exit, respectively. The assumptions made and plant properties 
for the analysis are given in Table 2. 

4. Results and discussion 

4.1. Thermodynamic and thermoeconomics analysis results 

This section presents thermodynamic and thermoeconomic analysis 
results of the AFJES geothermal plant and hydrogen production poten
tials of other geothermal plants in Turkey. Table 3 and Table 4 show the 
plant’s steady flow thermodynamic data and thermodynamic analysis 

results, respectively. As a result of the analysis performed by EES, the 
plant produces 4132 kW net power with 150 kg/s geo-fluid at 110℃. 
R134a, a popular and efficient fluid at the temperature levels mentioned 
as ORC working fluid, has been assumed. The energy and exergy effi
ciency of the plant were calculated as 14.89 % and 63.9 %, respectively. 
As the electrolysis unit’s thermodynamic analysis is examined, to 
improve energy efficiency, electrolysis water is heated up to 80℃ to be 
included in the electrolysis process in liquid form and hot. So, the energy 
and exergy efficiencies of the electrolysis are calculated as 85.27 % and 
77.63 %. 

This study considers the PEM electrolyzer widely used in low- 
temperature water electrolysis. PEM electrolyzers are the most com
mon water electrolysis application known for being commercialized, 
efficient, and efficient in different operating conditions. Thermody
namic modeling of a PEM electrolysis unit with an energy conversion 
efficiency of 75 % is considered. At 25 ◦C and 1 atm conditions, the work 
required to produce 1 kg of hydrogen from the ideal water electrolysis is 
calculated as 117,650 k/kg. Accordingly, the actual work required to 
produce 1 kg of hydrogen with a 75 % PEM water electrolysis was 
calculated as 156,867 kJ/kg (117650/0.75). In this study, since the 
electrolysis water is easily preheated up to 80 ◦C with geothermal water, 
the required actual electrolysis work has been reduced to 150,882 kJ/ 
kg. This corresponds to approximately 42.0 kWh of electrical energy to 
produce 1 kg of hydrogen from water electrolysis [40]. 

The thermoeconomic results of the power plant are given in Table 5. 
According to the results of the thermoeconomic analysis, the unit cost of 
the electricity and hydrogen produced in the power plant was deter
mined as 0.01671 $/kWh and 1.684 $/kg, respectively. 

The study includes the case study and the investigation of hydrogen 
production and cost depending on different geo-fluid temperatures. In 
Figs. 2 and 3, the changes in the unit electricity cost and net power 
depending on geo-fluid temperature and the changes in the unit 
hydrogen cost and the hydrogen production depending on geo-fluid 
temperature are given parametrically, respectively. As seen in Fig. 8, 
as the geo-fluid temperature increases, the inlet energy of the ORC unit 
increases, producing more net power. With higher-capacity electricity 
production under current conditions, electricity becomes cheaper, and 
unit electricity cost decreases. So, as seen in Fig. 9, more and cheaper 
green hydrogen can be produced with higher capacity and cheaper 
electricity. 

4.2. Aspen plus modeling and analysis results of the plant 

Fig. 10 shows the model of the AFJES geothermal power plant 
designed and hydrogen production in the Aspen Plus program. When the 
steady-state thermodynamic data of the model are examined, it is seen 
that they are almost the same as the data obtained in the EES. First, 
110℃ geo-fluid heats the electrolysis water to 80℃ in a heat exchanger. 
Thus, the efficiency of electrolysis increases. It then heats the ORC fluid 
R134A in another heat exchanger. The fluid at 100℃ and 3000 kPa 
drives the turbine and expands by generating electricity. The fluid at 

Table 2 
The assumptions made and plant properties for the analysis [38,39].  

Parameter Value 

The geo-fluid temperature (℃) 110 
The geo-fluid mass flow rate (kg/s) 150 
Isentropic efficiencies of turbine and pump 85 % 
The ambient pressure / temperature (kPa / ℃) 100 / 25 
Rise of pressure in ORC 6 
LHV (kJ/kg) 120 210 
The plant operating life (year) 20 
Interest rate 10 % 
Operation and maintenance correction factor 1.06 
Unit geo-fluid cost ($/kJ) 1.372 x 10-6 

Unit R134A cost ($/kJ) 3.099 x 10-6  
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30℃ and 500 kPa is cooled in the condenser and becomes liquid. Then, 
the fluid is pumped to 3000 kPa and sent back to the heat exchanger to 
be heated. The ORC turbine generates 4461 kW in this cycle, while the 
ORC pump consumes 326 kW. Therefore, the net output power is 
determined as 4135 kW. This data is almost the same as obtained in EES 
(4132 kW). The geo-fluid is then sent back to the re-injection well. The 
produced 4135 kW net power and water at 80℃ are used in the elec
trolysis unit, and hydrogen and oxygen are obtained. Since the reaction 
is endothermic, the temperature becomes 69℃. As a result of electrol
ysis, approximately 99 kg/h of hydrogen and 782 kg/h of oxygen are 
produced from 881 kg/h of water. This value is almost the same as the 
data in Table 3. The green hydrogen and oxygen produced are sent to the 
tanks for use. 

4.3. Parametric study of hydrogen production by geothermal resources in 
Turkey 

In this section, 10 geothermal resources suitable for electricity gen
eration in Turkey were identified, and their thermodynamic and eco
nomic analyses were performed. The electricity produced is used as the 
necessary work for hydrogen production by water electrolysis. No such 
study has been found before regarding geothermal resources in Turkey. 
The research is only about electricity production and the heating sys
tems connected, as given above, as combined systems. Here, energy and 
economic performance parameters have been calculated considering the 
sources’ maximum temperatures and flow rates. At the same time, 
graphs showing the varying hydrogen production amount and unit mass 
of hydrogen production cost for specific temperature ranges for each 
source were obtained. Geothermal well locations, flow rates, and tem
peratures to be used in the calculations are seen in Table 6. These plants’ 
green hydrogen production potentials have been calculated using the 
data in this list and the EES coding in the current study. The results have 
been presented in Table 6, and it has been seen that they keep pace with 
the comments made for Figs. 11 and 12 [41]. 

The validation of the AFJES thermodynamic model producing 
hydrogen is given in Table 7. As seen in the table, the proposed study’s 
model produces hydrogen cheaply and efficiently. 

5. Conclusion 

The development of models for assessing the green hydrogen pro
duction potential of Turkey’s geothermal resources through thermody
namics and thermoeconomics analyses has provided valuable insights 
into the feasibility, efficiency, and economic viability of this renewable 
energy pathway. The findings of this case study hold significant impli
cations for Turkey’s energy sector and contribute to its sustainable 
development goals. Through the thermodynamic analysis, the research 
explored the thermophysical properties of geothermal fluids and eval
uated the potential for harnessing the available heat for hydrogen pro
duction. This analysis provides critical information for maximizing the 

Table 3 
The steady flow thermodynamic data of the geothermal-assisted hydrogen production plant.  

State Fluid T (℃) P (kPa) ṁ(kg/s) h (kJ/kg) s (kJ/kgK) Ėx(kW) 

1 R134A 15.71 500 137.5 73.33  0.2802 5 919 
2 R134A 17.18 3 000 137.5 75.7  0.2815 6 194 
3 R134A 100 3 000 137.5 305  0.9497 10 338 
4 R134A 29.5 500 137.5 272.5  0.9688 5 098 
5 Geo-fluid 110 143.2 150 461.3  1.419 6 466 
6 Geo-fluid 60 143.2 150 251.2  0.8312 1 194 
7 Water 10 100 654.7 41.99  0.151 983.7 
8 Water 20 100 654.7 83.84  0.2962 45.05 
9 Electrolysis water 27 100 0.2447 113.2  0.3949 0.007863 
10 Electrolysis water 80 100 0.2447 − 13 319  10.8 12.34 
11 Hydrogen 69 100 0.0274 791.4  67.25 3 208 
12 Oxygen 69 100 0.2173 50.68  6.567 26.99  

Table 4 
Thermodynamic analysis results of the system.  

Parameter Value 

ηth(%) 14.89 
ηex(%) 63.9 
Ẇnet(kW) 4 132 
ṁH2 (kg/s) 0.0274 
ηthelectrolysis 85.27 
ηexelectrolysis 77.63  

Table 5 
Thermoeconomic analysis results of the geothermal-assisted hydrogen 
production.  

State c ($/GJ) C ($/h) 

1 3.099 66.03 
2 3.273 72.98 
3 3.354 124.8 
4 3.354 61.54 
5 1.372 31.94 
6 − 3.584 − 15.41 
7 0 0 
8 0 0 
9 0 0 
10 0 0 
11 14.01 161.8 
12 0 0 
Unit electricity cost ($/kWh) 0.01671 
Unit hydrogen cost ($/kg) 1.684 
Hydrogen cost rate ($/h) 166.11  

Fig. 8. The changes in the unit electricity cost and net power depend on geo- 
fluid temperature. 

M. Arslan and C. Yilmaz                                                                                                                                                                                                                      



Fuel 359 (2024) 130430

10

extraction and utilization of heat energy from geothermal fluids, opti
mizing the hydrogen production process. Furthermore, the thermoeco
nomic analysis delved into the economic aspects of green hydrogen 
production from geothermal resources. By considering capital costs, 
operational expenses, and market prices of inputs and outputs, this study 
evaluated the financial feasibility and competitiveness of the proposed 
hydrogen production models. Integrating economic considerations 
alongside the thermodynamic analysis provided a holistic understand
ing of the economic viability and potential profitability of utilizing 
Turkey’s geothermal resources for green hydrogen production. 

The outcomes of this research offer valuable guidance for decision- 

making processes concerning deploying sustainable and economically 
viable hydrogen production systems in Turkey’s geothermal-rich re
gions. Policymakers, investors, and energy stakeholders can use the 
findings to make informed choices regarding the geothermal-based 
hydrogen production plants’ design, operation, and economic perfor
mance. This, in turn, can drive the adoption of innovative and envi
ronmentally friendly energy solutions, contributing to Turkey’s energy 
transition goals and reducing greenhouse gas emissions. Moreover, the 
knowledge gained from this case study can have broader implications 
beyond Turkey, serving as a reference for other countries with similar 
geothermal resources. By understanding geothermal sources’ green 

Fig. 9. The changes in the unit hydrogen cost and the hydrogen production depend on geo-fluid temperature.  

Fig. 10. Model of the AFJES geothermal power plant designed and hydrogen production in the Aspen Plus program.  
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hydrogen production potential, these countries can accelerate their en
ergy transition efforts, tapping into the vast renewable energy potential 
and reducing reliance on fossil fuels. 

In conclusion, developing models for assessing Turkey’s geothermal 
resources’ green hydrogen production potential through thermody
namics and thermoeconomics analyses represents a significant step to
wards achieving a sustainable, low-carbon energy future. By optimizing 
the utilization of geothermal resources for hydrogen production, Turkey 
can unlock a clean energy pathway while capitalizing on its abundant 
geothermal resources. This research contributes to the broader global 
goal of mitigating climate change, fostering energy security, and driving 
sustainable development. 

In this study, thermodynamic and thermoeconomic analysis of 
AFJES, which produces electricity with 150 kg/s hot water at 110℃, 
were performed. Analyzes were made in EES and Aspen Plus programs. 
The data obtained from the programs are almost the same. 

Thermodynamic analysis results are as follows:  

• The plant’s energy efficiency, exergy efficiency, and net power are 
14.89 %, 63.9 %, and 4132 kW, respectively.  

• With a net electrical power of 4132 kW, approximately 99 kg/h of 
hydrogen and 782 kg/h of oxygen can be produced in the electrolysis 

unit. As hydrogen can be used when energy is needed, oxygen can be 
used for patients with respiratory problems. 

Thermoeconomic analysis results are as follows:  

• The unit electricity cost of the plant is 0.01671 $/kWh.  
• The cost of hydrogen produced with 4132 kW of net electrical power 

is calculated as 1.684 $/kg.  
• In addition, a parametric optimization was carried out on hydrogen 

production and unit cost. 

Parametric optimization results are as follows:  

• As the geo-fluid temperature increases, the net power increases 
under current conditions.  

• As the net power increases, the electricity cost decreases.  
• This allows more hydrogen to be produced more cheaply. 

Based on these results, the hydrogen production potentials of 
geothermal power plants with higher geo-fluid temperatures in Turkey 
were also investigated. Considering the geo-fluid temperatures and net 
power of the plants, the following results were obtained: 

Table 6 
The hydrogen production potentials of various geothermal plants in Turkey [41].  

Location Geo-fluid Temperature (℃) Ẇnet(MW) Electricity cost ($/kWh) Hydrogen cost ($/kg) Hydrogen production potential (kg/h) 

Aydın-Germencik 239 163  0.008043  1.327 4163 
Germencik Unit 2 218 47  0.009579  1.377 1201 
Manisa-Alaşehir 200 40  0.01062  1.422 1022 
Manisa 200 15  0.01087  1.433 383 
Manisa-Sarıkız 200 10  0.01108  1.442 255.3 
Manisa-Alaşehir: Turkerler 200 24  0.01072  1.426 612.8 
Manisa-Alaşehir 200 30  0.01067  1.424 766 
Manisa-Merkez 200 24  0.01072  1.426 612.8 
Salavatlı-Sultanhisar 171 34  0.01241  1.499 868.6 
Salavatlı: Dora 4 171 17  0.001258  1.506 434.3 
Salavatlı: Dora 5 171 17  0.001258  1.506 434.3 
Salihli-Caferbeyli-1 168 15  0.01281  1.516 382.9 
Salihli-Manisa: Caferbeyli-2 168 15  0.01281  1.516 382.9 
Aydın-Hıdırbeyli 146 24  0.01398  1.566 612.8 
Aydın-Hıdırbeyli 146 24  0.01398  1.566 612.8 
Aydın-Nazilli 127 20  0.01498  1.61 511  

Fig. 11. Variation of net power and unit cost of electricity according to different geothermal power plants in Turkey.  
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• When the plants with the same net power are compared, it is seen 
that the increase in geo-fluid temperature reduces unit electricity 
and hydrogen costs. However, hydrogen production remains 
constant.  

• When the plants with the same geo-fluid temperature are compared, 
it is seen that the increase in the net power of the plant increases the 
hydrogen production and reduces the unit electricity and hydrogen 
costs. 
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