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Abstract

This paper presents a review of hydrogen production systems using geothermal energy, showing
the importance and potential of this technology in addition to the main obstacles facing this
domain. The effect of several parameters was taken into consideration, such as geothermal fluid
temperature, water electrolysis temperature, working fluid, and type of power cycle. The different
types of geothermal power plants were also compared, namely, flash, binary, flash-binary,
recuperative, regenerative, and organic Rankine flash cycles. This study covers a wide range of
investigations regarding hydrogen production rate, hydrogen production cost, energetic efficiency,
exergetic efficiency, exergetic cost, and electricity generated. Hydrogen production rate is one of
the most important mentioned parameters in which it was found to vary from 5.439 kg/h to
13958 kg/h. Multigeneration systems have shown great potential to enhance the overall system’s
efficiency, leading to reduced production costs. The integration of another energy source was

found to be interesting in geothermal-driven hydrogen production systems. This would promote



the adoption of multigeneration system as well as increasing the geothermal fluid’s temperature

before entering the power cycle.

Keywords: Hydrogen production, Geothermal energy, Energy and exergy efficiency, Cost of

hydrogen production.

Nomenclature

Abbreviations

AC absorption chiller

ACS absorption cooling system
AMIS® abatement of mercury and hydrogen sulfide (in Italian language)
BTES borehole thermal energy storage
CCS carbon capture and storage

EES Engineering Equation Solver
ESS energy storage system

ETSC evacuated tube solar collector
FPSC flat plate solar collector

GE geothermal energy

GHE ground heat exchanger

GIS geographical information system
GPP geothermal power plant

GSHP ground source heat pump
HOMER hybrid optimization model for electric renewables
HP heat pump

KC Kalina cycle

LNG liquefied natural gas

MGS multigeneration system

NCG non-condensable gases

ORC organic Rankine cycle

ORFC organic Rankine flash cycle
PEM proton exchange membrane
PTSC parabolic trough solar collector
PV photovoltaic

RC Rankine cycle

RES renewable energy source

RO reverse 0Smosis

RTV Rankine-Trough-Vapor

SC solar collector

VAC vapor absorption cycle

VTR Vapor-Trough-Rankine
Subscripts




c cooling

e electricity
en energy

ex exergy

h hydrogen
th thermal

1. Introduction

Electrical and hybrid energy systems have been going through massive growth in recent years.
This has been observed in different sectors, such as in vehicles [1, 2]. Hybridization has shown
great potential to improve the efficiency of various energy-related systems. The driver of this
approach is mainly to reduce the environmental impact of traditional fossil fuel-based systems.
Renewable energy sources (RESs) have been found to be the best alternatives, such as solar [3],
wind [4], hydropower [5], and geothermal energy [6]. However, in most cases, RESs are
characterized by stochastic and intermittent natures, making the utilization of these sources
uncontrollable [7, 8]. This may cause significant fluctuations in the systems’ outputs and
productivity. Thus, energy storage systems (ESSs) have been developed to stabilize such systems
and overcome the mentioned side effects of RESs [9]. ESSs can store the excess of energy and
supply it when needed. This helps in decreasing the effect of fluctuations and has potential to
provide extra power during peak-time demands. The latter benefit means that ESSs can increase
the supplying source's capacity without using additional resources. ESS management has been
always passing through continuous developments to cope with the rapid growth of energy-related
systems [10, 11]. Management techniques involve the methods needed for transferring energy
from one form to another and direct energy storage. For example, in case of excess heat, the system
that can be used is either the waste heat recovery [12] or thermal energy storage [13]. In fact, the
challenge is to adopt or select the suitable ESS while being eco-friendly, which imposes choosing
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storage systems such as mechanical energy storage [14] and hydrogen fuel cell [15]. The former
is usually used in short-term applications when a fast response is required and has been frequently
used in small grids district systems [16, 17]. It is found mainly in three different forms:
flywheel [18], pumped hydro [19], and compressed air [20]. The energy stored in these systems is
not transportable, which means that it is used only for immediate and on-site supply. This makes
the hydrogen fuel cell the preferable storage technique for being the most controllable system [21,
22]. Nowadays, hydrogen is considered one of the most favorable energy carriers since it could be
used for a wide variety of applications while being highly efficient, as shown in Figure 1.
Researchers have recently focused on investigating various hydrogen production systems based
on RESs [23, 24], fossil fuels [25, 26] and waste treatments [27, 28]. Acar and Dincer [29]
compared the different hydrogen production sources from an environmental point of view. The
authors deduced that solar energy corresponds to the highest environmental performance while
nuclear energy has the lowest. To investigate the effect of hydrogen production systems on the
environment, several factors need to be taken into consideration such as water discharge quality,
land use, emissions, temperature, construction, maintenance, and lifetime [30, 31]. Indeed, it is
highly recommended to produce hydrogen from RES to increase its penetration since RES are
more environmentally benign than fossil fuel-based systems. However, it is also necessary to seek
the most profitable system from an economic point of view. Before adopting such systems, several
parameters need to be taken into consideration, such as the energetic and exergetic efficiencies,
cost of production, payback period, and the amount of hydrogen produced per unit of time.
Usually, hydrogen production systems are integrated with existing power plants to form
cogeneration systems. This means that there are two types of outputs, namely, electric power and

hydrogen [32]. This makes the incorporation of hydrogen production an effective way for



enhancing the overall efficiency of the plant. Output diversification is a key method used to extract
the maximum possible amount of power from a given source without building a new power plant.
Another advantage is to produce beneficial byproducts depending on the reactants involved [33].
For example, in conventional geothermal power plants (GPPs), the heat carried by the geothermal
fluid is not totally consumed. Thus, a heat recovery system could be used to extract the remaining
power from the fluid just before being reinjected back to the ground. Incidentally, hydrogen
production systems such as electrolysis present an attractive solution to recover this heat since it
requires electric power and water preheating [34]. This makes geothermal energy (GE) and
hydrogen production a perfect combination in terms of economic, environmental, and
thermodynamical basis. The GPP can supply electricity to activate the electrolysis process while
the geothermal fluid exiting the power plant can be used to preheat the water before entering the

electrolyzer.
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Figure 1: The importance and characteristics of hydrogen production technology

This paper presents the importance and development of hydrogen production technologies with a
focus on geothermal-driven systems. It includes the techniques and cycles used for producing
hydrogen as well as the most critical parameters affecting these systems, such as working fluid,
electrolysis temperature, flow rate, and geothermal fluid temperature. The current study also
involves the contribution of hybrid and multigeneration systems (MGSs) including their effects on
the overall system’s performance. In addition, the incorporation of the different used cycles will
be presented, such as flash and binary cycles. The assessment of the presented systems will be

based on the rate of hydrogen production, cost, energetic and exergetic efficiencies.



2. Hydrogen Production Systems

There are several types and treatments for producing hydrogen in which each method depends on
the energy source used, such as thermolysis [35, 36], pyrolysis [37, 38], electrolysis [39, 40], and
reforming [41, 42]. These systems are mainly based on heating, electricity, and refining. Each
system requires specific inputs to produce hydrogen and other types of products. This section will
present the different systems that are used to produce hydrogen and their characteristics. Figure 2
shows the main types of hydrogen production techniques, including the inputs and outputs of each

method.

Producing hydrogen from fossil fuels and biomass resources occurs at high temperatures by
passing through a process known as gasification [43]. The temperature of gasification depends on
the reactants, such as coal and organic materials. Combustion is not required in such processes;
however, the presence of oxygen or steam is necessary in most cases. Biomass is gasified at
temperatures higher than 374°C, known as supercritical water gasification [44]. The obtaining

products are mainly Hz and CO2:
CO+ H,0 5 CO, + H, (1)

Photolysis is one of the less commonly used hydrogen production techniques in which it is based
on directly utilizing sunlight to break water into hydrogen and oxygen [45]. It has a very low
environmental impact compared to other methods; however, it is still under development and
researchers are trying to find suitable catalysts for enhancing this process. Ban et al. [46] studied
the contribution of Ca?* for enhancing photolysis Hz production. It was found that adding Ca?* is
an efficient way for improving photolysis such that the value of hydrogen produced was 2.4 times

greater than that without Ca?*. Photolysis is usually formed of two consecutive chemical reactions:



enzyme 1
H,0 + light —— 2H* +2e‘+§02 (2)

2H* +2e~ > H, (3)

The most commonly used methods of water-splitting are known as electrolysis or electrochemical
water splitting [47]. These could be found mainly in two different forms, namely, proton exchange
membrane (PEM) electrolysis [48] and alkaline electrolysis [49]. The former requires electricity
as an input for activating the splitting process and depends significantly on the water’s temperature
entering the electrolyzer. Usually, PEM electrolysis utilizes RESs to store energy and resupply it
when needed or to transport energy in the form of hydrogen for long distances to be used in

vehicles as an example. The following chemical reaction shows the PEM electrolysis process:

electricity 1
H,0 + heat —— H, + > 0, (4)

In the case of alkaline water electrolysis, a strong base is usually used as an electrolyte. The

following are the cathode and anode half-reactions, respectively:

2H,0 + 2e~ > H, + 20H" (5)
1
20H™ > 20, + Hy0 + 2 (6)

Hydrocarbon reforming is a hydrogen production technique that is based on changing the structure
of some hydrocarbons in the presence of steam to produce hydrogen. One of the most frequently
used substances for producing hydrogen is methane [50]. This process requires a steam reforming
separator which is responsible for separating methane and steam to produce hydrogen and carbon
monoxide. However, to produce pure Hz and increase its production, a water-gas shift reaction is

needed after the first separation allowing the conversion from CO to CO.:
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Figure 2: The different types of hydrogen production systems

3. Geothermal Energy

(7)

(8)

Among all RESs, GE is considered the most stable and reliable source since it is almost

independent of ambient conditions [51]. The geothermal system's stability depends on several

factors, such as depth, soil properties, load, and grout material. GE could be used in a wide variety

of applications such as heating [52], cooling [53], energy storage [54], and power generation [55]



(see Figure 3). GE systems can be classified into shallow and deep geothermal systems with
corresponding installations of ground heat exchanger (GHE) and production-injection wells.
Heating and cooling using GE are usually performed utilizing a ground source heat pump (GSHP)
that is based on the conventional refrigeration cycle which is an upgraded form of the air source
heat pump [56]. This requires the installation of a GHE, which has three different configurations
that are: vertical [57], horizontal [58], and coiled [59]. The coiled GHE could also be found in the
form of spiral/helical and slinky shapes. In shallow GE systems, the GHE must be surrounded by
grout material which is responsible for protecting the heat exchanger from being damaged while
providing a convenient medium for heat transfer. Thus, the grout must be characterized by high
thermal conductivity and mechanical strength. The type of grout material can also affect the
required size of GHE and its capital cost. With this regard, phase change materials have been used
as modern versions of grout materials to increase the capacity and provide more stability. The
installation of both grout and GHE is known as a borehole heat exchanger. The second type of
geothermal system used for providing heating/cooling is the earth-air heat exchanger, which is less
commonly used [60, 61]. It is based on circulating the air under the ground through a duct via a

fan or blower.

Besides that, the ground is an energy source; it could also be used for energy storage. There are
two types of ground thermal energy storage: borehole [62] and aquifer thermal energy storage [63].
These systems are mainly used to store the excess of energy from RES-based systems to resupply
it when required. The advantage of using the ground for thermal energy storage is that it presents
a perfect insulated tank using borehole thermal energy storage (BTES) allowing a reduction in the
total energy lost. Several studies have been performed to show the importance of this technology

using the ground as a seasonal BTES coupled with solar energy-based systems [64, 65]. A heat
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transfer fluid is responsible for transferring energy from the solar collector (SC) to the GHE. This

can increase the capacity of the ground source and compensate the heat drawn from the ground.

One of the most important GE technologies nowadays is the geothermal power plant (GPP) [66,
67]. This system is mainly based on producing hot geothermal fluid from deep rocks to activate a
power cycle and reinject it back to the ground. There are three main types of GPPs: dry-steam [68],
flash-steam [69], and binary cycles [70]. The first two cycles directly utilize the geothermal fluid
depending on the available conditions such that the former is used when the geothermal fluid is
found in the form of steam only. However, the flash cycle uses hot geothermal water and converts
it into steam. This could be done with the help of a flash separator that separates the steam and
water, allowing the steam to pass through the turbine to generate electricity. Flash cycles are
mainly found in the form of single and double flash cycles such that one or two separators are
used, respectively. Researchers have recently developed this cycle to operate with more than two
separators, known as the multi-flash cycle. This will help to extract the maximum possible amount
of power from the geothermal fluid before being reinjected. On the contrary, with steam and flash
cycles, the binary GPP does not utilize the geothermal fluid directly. It is mainly based on
activating an organic Rankine cycle (ORC) and especially when the geothermal source is
considered as a low-grade source [71]. In this case, the geothermal fluid will be responsible for
heating the working fluid by passing through a heat exchanger. This makes the choice of working
fluid a critical parameter in such GPP’s cycles. The two mentioned GPPs are the conventional
types; however, several enhancements have been done to these cycles to improve the overall
efficiency of the system. Adding internal heat exchangers is one of these techniques which can be
considered as a heat recovery subsystem [72]. In GPPs, there are two types of internal heat

exchangers’ incorporations, namely, recuperator and regenerator. The internal heat exchanger's
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role is to allow the exchange of heat between the fluid exiting the turbine/turbine stages and that
exiting the pump. Another method of GPP’s enhancement is the integration between two cycles
forming the flash-binary cycle such that the flash-steam is the topping cycle while the binary is the

bottoming cycle [73, 74].

The most critical issues related to shallow GE-based systems are the thermal imbalance and
dynamic temperature changes [75]. In many cases, when the load is high compared to the
geothermal source's potential, the ground will be unable to recover the energy being extracted.
This will lead to an imbalance in the ground that may be found in heat accumulation or thermal
depletion, depending on the type of application. Thus, a supplementary source could be used to
form a hybrid geothermal system. This is essential to avoid ground fouling or thermal imbalance
and to ensure stability in terms of performance. One of the most commonly used geothermal
hybrids is the solar-geothermal combination [76, 77]. This form of hybridization has been gaining
huge interest from researchers for being RES-based, and since solar energy is a heat source that
perfectly fits the heat recovery need of the ground. The integration of another source is also
beneficial in low-grade deep GE systems, making the geothermal fluid’s temperature suitable for

power generation.
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Figure 3: The characteristics of geothermal energy-related systems
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4. Hydrogen Production Using Geothermal Energy

Geothermal-driven hydrogen production systems mainly utilize PEM electrolyzers to decompose
water into hydrogen and oxygen. Table 1 summarizes the results obtained in the previous
investigations reviewed in the current study, including the most important parameters such as
hydrogen production, simulation method, exergy efficiency, energy efficiency, and main
objectives. The rate of production and efficiencies declared in the table are those corresponding
either to the highest values or to the optimal operating conditions based on other factors such as
the economic viability. The temperature of water at which the electrolysis is taking place is one of
the most important parameters affecting hydrogen production, required power, and operating cost.
Yilmaz et al. [78] investigated the effect of temperature on the electrolysis process in a
geothermal-driven hydrogen production system based on an artificial neural network. It was
observed that if temperature increases from 25°C to 70°C the power required for hydrogen
production will decrease from 43.51 kW/kg to 42.2 kW/kg, which corresponds to a reduction of
approximately 3%. Typically, a preheater is placed to increase the water's temperature entering the
electrolyzer [79]. In GPP-hydrogen production systems, the geothermal fluid has two roles:
generating electricity via power plant and preheating water. First, the hot geothermal fluid drawn
from the production well passes through the GPP and secondly, the residual heat will be used for
water preheating. The air preheater is responsible for extracting the heat remaining in the
geothermal fluid before it is reinjected back into the ground. In Ref. [80], the geothermal fluid
temperature change was also investigated in a combined cooling and power system used for ice-
making and hydrogen production. The system was formed of four subsystems, namely, geothermal
flash cycle, Kalina cycle (KC), ammonia-water absorption refrigeration cycle, and the electrolyzer.

The results showed that when the geothermal fluid temperature is 150°C, 160°C, and 170°C the
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exergy efficiency will be 23.59%, 25.06%, and 26.25%, respectively. The geothermal fluid’s mass
flow rate is also an important factor that greatly influences the system’s performance. This is
related to the heat transfer rate and grade of GE utilized since it represents the working fluid in
case of flash cycle and heat transfer fluid in the binary cycle. This means that the geothermal fluid’s
flow rate can control the hydrogen production rate. Yilmaz et al. [81] studied the importance of
this parameter and deduced that a 0.253 g of hydrogen is produced for each kilogram of geothermal
water. This was calculated at geothermal resource temperature and flow rate of 160°C and 100
kg/s, respectively, such that the rate of hydrogen production was 0.0253 kg/s. The authors also
investigated another study based on a geothermal resource temperature of 200°C with the same
flow rate [82]. The proposed system was driven by a flash-binary GPP as shown in Figure 4. The
cycle consists of two subsystems: topping and bottoming. The geothermal fluid passes through a
flash separator which separates steam and water. The steam is used as a working fluid in the flash
cycle such that it enters the steam turbine to generate electricity while the heat carried by the hot
water exiting the separator will be extracted via heat exchanger. This heat is transferred to the
organic fluid which is responsible for generating additional electricity by means of an ORC
turbine. In comparison with the first system studied by the authors, the latter was able to produce
more amount of hydrogen such that it was increased to 0.0498 kg/s. However, this was
accompanied by an increase in hydrogen production cost from 2.366 $/kg to 3.14 $/kg H.. The
cycle’s operating conditions are essential parameters that need to be chosen precisely to achieve
the optimal operation. Therefore, it is necessary to perform parametric studies to determine the
optimal cycle’s conditions since they can be controlled more easier than the geothermal fluid’s
temperature. For example, the turbine inlet pressure and the pinch point temperature are two of the

most important parameters affecting the output power and production rates [83]. Thus, producing
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hydrogen from geothermal systems is not only dependent on the available geothermal conditions
even though the ground is the main energy source. There are other critical components in such
hydrogen production systems such as the cooling system which usually corresponds to the highest
exergy destruction. Liquefied natural gas (LNG) has been recently considered as an improvement
to the cooling system (condenser) which has a good heat sink potential. It also provides additional
amount of power since due to the presence of secondary power generator which is the LNG-turbine
[84]. With this focus on the exergetic performance and destruction, it is a must to perform thermo-
economic optimizations in order to reduce the unit costs of products, which is mainly applied by
using the genetic algorithm method [85]. This analysis usually takes into account the effect of all
of the system’s components on the exergetic performance and product cost. Several parameters
are involved in the exergo-economic performance analysis: fuel exergy and cost, product exergy
and cost, exergy destruction and cost, exergetic unit cost of electricity, and exergetic cost of

hydrogen production.

Table 1: Summary of geothermal-driven hydrogen production systems reviewed in the current
study

Reference Year | Solver/Method | Production Efficiency | Objective(s)
Cao et al. [86] 2020 | EES 1142 gn/s & | 14.8%en Working fluid selection
2050 kKW,
Cao et al. [80] 2018 | MATLAB 24.82 Lu/s, 20.24%cx Ice-making & hydrogen
7.25 Kdice/s & production
414.10 kWe
Ebadollahi etal. |2019 | EES 1020 kW, 38.33%en & | Utilizing LNG as a heat
[84] 334.8 kWheat, | 28.91%sex sink
1060 kWe &
5.439 kgn/h
Ghaebi et al. [87] | 2018 | EES 1.197 kgn/s 3.511%en & | Working fluid selection
67.58%ex based on the total revenue
required method
Gholamianetal. | 2018 | EES 304.2 kgn/day | 55.39%ex Incorporating TEG and
[88] hydrogen production with
geothermal-based ORC
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Gouareh et al. 2015 | GIS 3.4 Mkgn/year - Capturing and sequestration
[89] of CO;
Han et al. [90] 2020 | MATLAB 0.3683 kgn/hr | 18.9%en & | Zeotropic mixtures
& 125.71 KWe | 57.39%%ex
Karakilcik etal. | 2019 | EES 21.1kgn/h & | 6.2%en & Investigation of chlor-alkali
[91] 3.9 Mwe 22.4%ex cell
Karapekmez & 2018 | EES 9.7 gn/s 27.8%en & | AMIS unit utilization
Dincer [92] 57.1%ex
Khanmohammadi | 2020 | EES 37.26 kWe Contribution of fuel cell &
et al. [93] thermoelectric generator
Kianfard et al. 2018 | EES 159 kgn/h & | 23.09 Yoex Desalination and hydrogen
[94] 3804 kW production
Li et al. [95] 2020 - 1571.1 kW, 4.94%en & | Contribution of fuel cell in
23.77%ex the ORFC
Ratlamwala & 2012 | EES - 47.29%ex Multi-flash GPPs
Dincer [96] comparison
Seyam et al. [97] | 2020 | Aspen Plus & | 335tonn/day | 26.74%en & | Investigation of large-scale
EES & 130MWe 85.71%ex liguefaction system
Yilmaz & 2014 - 0.0340 kgn/s | 6.7%en Effect of geothermal and
Kanoglu [79] & 3810 KWe | 23.8%ex electrolysis temperatures
Yilmaz [85] 2017 | Aspen Plus & | 0.05269 kgn/s | 8.489%en & | Thermo-economic
EES & 7993 kWe | 38.44%%ex optimization
Yilmaz [98] 2020 | Aspen Plus & | 0.05 kgn/s & | 6.5%en & Hydrogen production and
EES 7856 kWe 32.4%ex liguefaction
Yilmaz et al. [99] | 2012 - 0.217 Kkgn/s - Hydrogen production and
liquefaction
Yilmaz et al. [78] | 2019 | MATLAB & 0.05269 kgn/s | 8.47%en & | Artificial neural network
EES & 7978 kWe | 38.37%ex approach
Yilmaz et al. [81] | 2015 | Aspen Plus & | 0.0253 kgn/s | 6.7%en & Thermodynamic & exergo-
EES 23.8%ex economic analyses
Yilmaz et al. [82] | 2015 | Aspen Plus 0.0498 kgn/s | 8.0%en & Thermodynamic & exergo-
45.8%ex economic analyses
Yuksel & Ozturk | 2017 | EES 0.075 kgn/s & | 47.04%en & | Energy, exergy & thermo-
[100] 8.5 MWe 32.15%ex economic analyses
Yuksel et al. 2018 | EES 0.0558 kgn/s | 64%ex Hydrogen production and
[101] & 7937 kWe liguefaction
Yuksel et al. 2018 | EES 0.06 kgn/s 42.59%en & | Production of power,
[102] 48.24%0ex hydrogen, oxygen, cooling,
heat & hot water
Yuksel et al. [83] | 2018 | EES 0.055 kagn/s 39.46%en & | District cooling, domestic
44.27%ex hot water & hydrogen

production
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Cogeneration plants have been frequently investigated in geothermal-driven hydrogen production
systems to produce different outputs such as hydrogen and electricity. It has been found that GPPs
always generate electricity, but in some cases all electricity is transferred into hydrogen energy.
Usually, topping and bottoming cycles are used in cogeneration plants and are mainly based on
ORCs such as that studied in Ref. [94]. A dual fluid ORC was used in order to activate a
desalination unit and PEM electrolyzer via the topping and bottoming cycles, respectively. The
aim of using two fluids is to generate more power and cope with the available conditions in both
cycles. This allows to extract the maximum possible energy found in the geothermal fluid and
reduce the energy lost. The latter benefit can be achieved by exchanging heat between the two
ORCs. The condenser of the topping cycle can be used as a heat source for the bottoming cycle
allowing the evaporation and superheating. Yuksel et al. [102] proposed a geothermal-based-KC
to provide district cooling in addition to hydrogen production. The system was based on utilizing
the excess of heat that is found in the geothermal fluid before being reinjected by passing through
an absorption cooling system (ACS). The second method to extract the maximum possible amount
of heat from the geothermal fluid is to use a multi-flash GPP which will indeed improve the overall
energetic and exergetic efficiencies of the system [96]. The multi-flash cycle is mainly based on

using a flash separator before each turbine stage to separate water and steam.
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Figure 4: Hydrogen production using flash-binary geothermal power plant

4.1. Working fluids

One of the most important issues related to geothermal-driven systems used for hydrogen
production is working fluid selection. Geothermal binary cycles are usually based on ORCs due to
the low temperature of the available geothermal fluid in most cases. Organic fluids are able to
activate power cycles from low-grade energy sources since they are characterized by suitable
operating conditions. ORCs utilize fluids having low boiling point compared to the conventional

Rankine cycle. Ghaebi et al. [87] integrated a regenerative ORC in a geothermal cogeneration
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system to produce hydrogen and electricity. Among the compared working fluids, R245fa was the
best choice, such that the energy and exergy efficiencies were 3.511% and 67.58%, respectively.
In Ref. [86], a parametric study was carried out to choose the suitable working fluid in hydrogen
production systems using GE. The authors deduced that the best working fluid is R123 followed
by isopentane such that the former corresponds to hydrogen production of 11.42 g/s while the latter
of 11.31 g/s. However, the minimum cost per unit exergy was obtained using isopentane of
36.9 $/GJ. The production rate and cost are highly affected by the extracted power and the
geothermal water temperature. Gholamian et al. [88] compared several working fluids to conclude
that R114 is the best choice. It was also considered as the most cost-efficient working fluid since
it corresponds to the lowest cost per unit exergy and hydrogen production. The system produced
304.2 kg of hydrogen throughout the day, with an exergy efficiency of 55.39%. The proposed
system was formed of a geothermal-based ORC, thermoelectric generator, and PEM electrolyzer.
This combination contributes to reduce the specific product cost because the hydrogen production
rate is usually proportional to the superheated degree at the turbine inlet. Zeotropic mixtures could
also be used as working fluids in ORCs to enhance the net output power and hence to increase the
amount of hydrogen produced [90]. These mixtures could be formed of several fluids such as
Pentane, Butane, Butene, Isopentane, Hexane, Isohexane, and R254fa. Zeotropic mixtures can
reduce the irreversibility in the heat exchangers compared to pure fluids, and this depends mainly
on the mass fractions. The ratio of fluids used in the mixture can also control the amount of
hydrogen produced, exergy extraction, and thermal efficiency [103]. For example, choosing a fluid
having low boiling point helps to increase the amount of hydrogen produced and exergy extraction;
however, the ORC's thermal efficiency is better for fluids with higher boiling points. The

environmental impact is also an important factor that needs to be considered while choosing the
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working fluid. Energy-related systems usually emit large amounts of CO», which is one of the most
dangerous pollutants. Thus, carbon capture and storage (CCS) have been frequently used to
mitigate this fluid's environmental impact. Storing CO- under the ground could also be helpful in
activating GPPs. This could be applied by storing the CO> via CCS deep under the ground, which
will then be heated and pressurized instead of being released. After that, the CO2 could be used as
a working fluid to produce hydrogen by the help of a GPP which will be connected to the
electrolyzer [89]. This makes the integration of CCS and the geothermal-driven hydrogen

production system an efficient technigue to reduce the effect of CO2 on the environment.

4.2. Solar-geothermal

Several studies have been performed to increase the temperature of the geothermal fluid before
being utilized for hydrogen production and especially when GE is considered as a low-grade heat
source. Thus, it is necessary to use another energy source and would be preferable to be a RES
such as solar energy keeping the system fully green. The use of a supplementary source provides
additional amount of power and can enhance the productivity of the plant by preheating/reheating
the geothermal/working fluid. Table 2 presents a summary of all reviewed solar-geothermal
systems used to produce hydrogen. The data collection was also based on the same concept
presented in Table 1; either the highest hydrogen production rate and efficiency or the values
corresponding to the optimal operating conditions. Atiz [104] compared the contribution of three
different types of SCs known as parabolic trough solar collector (PTSC), evacuated tube solar
collector (ETSC), and flat plate solar collector (FPSC). The highest energetic and exergetic
performances were 5.67% and 7.49%, respectively, and obtained when using the PTSC. In
addition, the hydrogen produced per day was 2758.69 g, 1585.27 g, and 634.42 g in the case of

using PTSC, ETSC, and FPSC, respectively. The incorporation of two energy sources allows the
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production of multiple outputs due to the different available sources’ characteristics. As an
example, solar-geothermal integration could be used as a trigeneration system to generate
electricity, produce hydrogen, and provide cooling [105]. Trigeneration is the upgraded form of
the cogeneration system such that the former provides three types of outputs, while the latter
provides only two types. Poly-generation/MGSs are usually adopted to enhance the overall
efficiency of existing power plants [106] and mitigate their environmental impacts [107]. Several
types of outputs could be supplied via poly-generation systems such as heating, domestic hot
water, cooling, electricity, and hydrogen [100]. Even though the rate of hydrogen production is
not significantly enhanced by using solar-geothermal-driven systems, the aim of this hybridization
is mainly to adopt MGSs to provide different outputs. This will indirectly reduce the production
system's operating cost by taking advantage of the different sources’ specifications and related
systems. For example, the excess power of the geothermal-based-ORC could be used for activating
a heat pump’s compressor in which the solar photovoltaic (PV) subsystem is responsible for adding
heat to the evaporator [108]. Kursun [109] investigated the contribution of a concentrated PV
recuperator in a geothermal-based MGS used to provide heating, cooling, power and hydrogen.
This integration enhanced the overall energetic efficiency while decreasing the exergetic efficiency
due to the high solar inputs. The achieved enhancements were in the ranges of 1.3-42%, 0-17.6%,
8.1-13.5%, and 1.34-44.2% for hydrogen production, cooling capacity, heating capacity, and net
power output. In Ref. [110], a comparison between two types of solar-geothermal combinations
was examined, namely, Rankine-Trough-Vapor (RTV) and Vapor-Trough-Rankine (VTR). The
two configurations are formed of SCs, geothermal resource, vapor absorption cycle (VAC),
Rankine cycle (RC), and the electrolyzer. In the RTV cycle, the geothermal production well is

directly connected to the RC to produce power and hydrogen. Then, the SCs is responsible for

22



heating the geothermal fluid again before passing through the VAC generator. However, the RC
and VAC are replaced with each other in the case of VTR cycle. The overall exergy efficiency
varied between 56.19% and 61.59% for the RTV while that of the VTR was higher, varying
between 63.46% and 70.16%. On the other hand, the former yields more hydrogen such that it was
increased from 0.2382 g/s to 0.3252 g/s while that of the latter was from 0.2072 g/s to 0.2939 g/s
when changing the same parameters in both cycles. Siddiqui and Dincer [111] proposed a hybrid
MGS known as solar integrated ammonia fuel cell and geothermal based energy system. It is
formed of 6 subsystems: geothermal flash, ORC, solar-based ammonia fuel cell, electrolysis,
reverse osmosis (RO) desalination, and ACS. The system produces four different outputs that are
electricity, freshwater, hydrogen, and cooling, with overall energetic and exergetic efficiencies of
42.3% and 21.3%, respectively. In the proposed system, GE was responsible for activating the
flash cycle and ACS while the heat added to the ORC was provided by both sources, geothermal
and solar energies. However, the ammonia fuel cell and the RO desalination unit were activated

via solar energy only.

Table 2: Summary of hydrogen production driven by solar-geothermal systems reviewed in the
current study

Reference Year | Solver/Method | Production Efficiency | Objective(s)

Al-Nimr et al. | 2017 | Microsoft 103 kWe 21.95%en Incorporating solar-

[112] Excel & EES geothermal plant with fuel
cell

Atiz [104] 2020 | EES 2758.69 gn/day & 5.67%en & | Comparing the

414.93 MJe/day 7.49%%ex contributions of different

SCs

Bicer & 2016 | EES 18.23 kgn/h 10.8%en & | Providing cooling, heating,

Dincer [108] 46.3%ex power & hydrogen

Karapekmez | 2020 | EES 156 gn/s 78.37%en & | Multigeneration system

& Dincer 58.40%ex development

[113]

Kursun [109] | 2020 | EES - 27.22%ex Adding a concentrated PV
recuperator
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Siddiqui & 2020 | EES 0.49 moln/s, 4631 kKW, | 42.3%en & | Production of electricity,
Dincer [111] & 1488 kW, 21.3%ex fresh water, hydrogen, &
cooling

Siddiqui etal. | 2019 | Aspen Plus & | 32.1 moln/s, 3398 kWe | 19.6%en & | Development of a
[105] EES & 603.9 kW, 19.1%ex trigeneration system
Temiz & 2020 | HOMER & 7938 kagn/year, 16.3%en & | Production of electricity,
Dincer [106] EES 1642 MWhelyear & 14.9%ex district heating,

485 MWh/year desalination & hydrogen
Waseem et al. | 2020 | EES 0.296 gn/s 70.16%ex Comparison between RTV
[110] & VTR

4.3. AMIS unit

In GPPs, the extracted geothermal fluid is usually formed of steam and non-condensable
gases (NCG). These gases are harmful to the environment when released, such as hydrogen sulfide
(H2S) which is emitted in large amounts in GPPs. Thus, modern technologies have been focused
on managing treatments for the NCG, such as the AMIS unit (AMIS® - acronym for “abatement
of mercury and hydrogen sulfide” in Italian language) which is displayed in Figure 5. This unit
mainly contributes to mitigate the effects of mercury and hydrogen sulfide. However, modern
types of AMIS have been updated to produce hydrogen by sending the hydrogen sulfide to an
electrolyzer. The AMIS unit captures the NCG and separates them to be treated with the help of
other mechanisms (ex: hydrogen sulfide electrolyzer). Such techniques are able to enhance
geothermal-driven hydrogen production systems in terms of environment and economic viability
due to the reduction in pollution and increase in productivity. The hydrogen sulfide electrolyzer is
responsible for decomposing hydrogen and sulfur, which is activated via electric power similarly
as that of the water PEM electrolyzer [113]. The electrical power required for activating the
hydrogen sulfide electrolyzer depends mainly on the inlet temperature. As calculated in Ref. [92],
the required electric power declines from 73.7 kW to 58 kW if the hydrogen sulfide temperature

rises from 300 K to 800 K. The corresponding exergy efficiency was also increased due to the
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change in temperature from 54.4% to 68.9%. Another important parameter in the AMIS unit is the
mass flow rate of hydrogen sulfide that has presented an inversely proportional relation with
respect to the required input power. The authors achieved a hydrogen production of 9.7 g/s that

was obtained at superheated steam and H.S mass flow rates of 1500 kg/s and 165 g/s, respectively.
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Figure 5: AMIS technology used for hydrogen production [113]
4.4. Chlor-alkali cell

As presented in the previous sections, producing different types of outputs is a key factor used to
enhance the system's overall efficiency. Conventional electrolyzers usually produce only one type
of output, such as the PEM, which produces hydrogen only. However, in the case of using a

chlor-alkali cell, two more substances could be produced in addition to the hydrogen, namely,
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chlorine and sodium hydroxide as shown in Figure 6. Karakilcik et al. [91] investigated a
chlor-alkali cell based on a geothermal powered system to produce hydrogen. The authors deduced
that if the geothermal fluid temperature rises from 140°C to 155°C, the amount of hydrogen
produced and electricity generated will increase from 10.5 kg/h to 21.1 kg/h and 2.5 MW to

3.9 MW, respectively. The corresponding energetic and exergetic efficiencies were also calculated

as 6.2% and 22.4%.
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Figure 6: Chlor-alkali cell integrated into a geothermal power plant [91]

4.5. Hydrogen liquefaction

Hydrogen produced from electrolysis is in the form of gas, which makes its storage a critical issue.
Thus, it is highly recommended to transform it into liquid hydrogen by passing through a process
known as liquefaction [97]. Even though this process may consume more power, liquid hydrogen

indeed requires a smaller volume of storage than that of gas. This will make its storage and
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transportation easier considering it as an energy source or carrier. It is recommended that hydrogen
is transformed into a liquid immediately in the same site and by the same resource, which is GE in
this case. This treatment is especially beneficial in remote areas that are based on the ground as a
power source due to transportation purposes [98]. Yuksel etal. [101] studied a hydrogen
production and liquefaction system based on geothermal energy-based power cycle to ascertain
the effect of related parameters on the system’s performance (See Figure 7). The parametric study
showed that if the geothermal fluid temperature increases from 130°C to 200°C, the hydrogen
produced rate will increase from 0.0062 kg/s to 0.0558 kg/s. Another important parameter was
detected, which is the ambient temperature such that if it was changed from 0°C to 40°C the
exergetic efficiency will be improved from 44% to 52%. Usually, GE is used to provide electric
power to the hydrogen production and liquefaction systems, which is the conventional method.
However, it could also be used in activating the absorption refrigeration cycle to precool the gas

before its liquefaction [99].
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Figure 7: Geothermal-driven hydrogen production and liquefaction system [101]

4.6. Fuel cell-based systems

A fuel cell is a green storage device that stores hydrogen to be used later when needed for providing
electricity [114, 115]. Figure 8 illustrates the principle of hydrogen fuel cell presenting all its
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components. This technology has been passing through significant development recently since it
can be used in a wide variety of applications. In the previous sections, GE was used to drive
hydrogen production systems. However, some applications utilize fuel cells to provide an
additional amount of power to the GPP during peak demands [93]. In such cases, hydrogen is
produced only for supporting the primary objective which is power generation. This could be done
by placing a fuel cell after the flash separator in case of using a geothermal flash-steam cycle. The
liquid exiting the separator could be heated via a fuel cell to produce more power by passing
through a second stage turbine. This is considered as an enhancement to the geothermal-based
organic Rankine flash cycle (ORFC). Liet al. [95] compared the usage of low-temperature
geothermal source and PEM fuel cells in the heat addition process after the flash separator in the
ORFC. The results showed that the fuel cell could increase the net output power and exergy
efficiency. The corresponding enhancements were from 254.9 kW to 1628.9 kW and from 23.77%
to 36.19%. The fuel cell could also be used as a storage and feeding unit, especially when the
power plant is based only on renewable energies. This is usually found in solar-geothermal systems
such that the fuel cell can store the excess of solar energy during the day and supplies it at night
or when needed [112]. This can also solve the problem of the stochastic and intermittent nature of

RESs and provide an extra amount of power at peak loads.
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Figure 8: The principle of hydrogen fuel cell

5. Discussion

The literature review presented in the current study has shown a great potential for GE to produce
hydrogen via GPPs. This domain is passing through significant development and growth currently
as evidenced from the increasing number of related research studies. In the previously reviewed
investigations, as shown in Table 1 and Table 2, Engineering Equation Solver (EES) has been very
numerical simulation software of choice, that being due to the various built-in properties such as
thermodynamics, fluid mechanics, and heat transfer. The integration of hydrogen production into
geothermal systems can offer several benefits and mainly making GE portable energy. This could
also be addressed using other types of ESSs; however, hydrogen is considered one of the greenest
energy carriers. Producing hydrogen using GE is mainly based on water electrolysis, an
electrochemical process that requires electricity. The efficiency of geothermal-driven hydrogen
production systems is affected by several parameters such as electrolysis temperature [78],

geothermal fluid temperature [80], and working fluid [86, 87]. It has been noticed that the rate of
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hydrogen production is proportional to both geothermal and water electrolysis temperatures. This
imposes placing a water preheater before the electrolyzer which is a typical integration used in

most hydrogen production systems [79].

5.1. Economical assessment

GE has presented several advantages compared to other energy sources regarding the environment,
stability, and reliability. The major barrier of this source is the capital cost of installation. To make
GE-related systems attractive, endeavors are always undertaken to increase the system’s
performance to increase revenue without unduly increasing the operating cost. This will decrease
the payback period and hence encourages the adoption of such systems. Table 3 shows an
economic assessment of the reviewed previous investigations and this highlights the fact that the
cost is directly affected by the systems used and different combinations. These results are mainly
based on the minimum operating cost of the mentioned systems in the corresponding references.
It can also be observed that the unit of cost is not always the same and that is due to the type of
cost analysis method investigated such that it can be found in the form of exergy, energy or

hydrogen production cost.

Table 3: Summary of the operating cost of pervious investigations on geothermal-driven hydrogen
production systems

Reference Year | Cost System(s)
Cao et al. [86] 2020 | 36.9 $/GJex Two-stage ORC
Cao et al. [80] 2018 | 1.33 $/GJex Flash cycle, KC & AC

Ebadollahi et al. [84] | 2019 | 409.4 $/GJn ORC, ejector refrigeration & LNG power generation

Ghaebi et al. [87] 2018 | 4.921 $/GJn | Regenerative ORC

Gholamian et al. [88] | 2018 | 21.96 $/GJen | ORC & thermoelectric generator

Kianfard et al. [94] 2018 | 4.257 $/kgn Dual-fluid ORC & RO desalination unit

Yilmaz [85] 2017 | 1.088 $/kgn Flash-binary geothermal based-ORC
Yilmaz et al. [81] 2015 | 2.366 $/kgn Geothermal binary ORC

Yilmaz et al. [78] 2019 | 1.088 $/kgn Flash-binary geothermal based-ORC
Yilmaz et al. [82] 2015 | 3.14 $/kgn Flash-binary geothermal based-ORC
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Yuksel & Ozturk [100] | 2017 | 1.1 $/kgn ORC & quadruple effect ACS

Gouareh et al. [89] 2015 | 4.7 $/kgn CO2-based cycle

Yilmaz et al. [99] 2012 | 0.979 $/kgn Binary, liquefaction & AC

Yilmaz [98] 2020 | 2.154 $/kgn Flash-binary & Claude liquefaction

Temiz & Dincer [106] | 2020 | 0.058%/kWhen | PV, double-flash, refrigeration & distillation-desalination
Li et al. [95] 2020 | 10.51 $/h ORFC & fuel cell

5.2. Environmental impact

Environmentalists have investigated the different parameters affecting the environmental impact
of hydrogen production systems according to their sources. Solar energy has been considered as
the highest environmental performance source [29]. However, it cannot be simply compared
between the different hydrogen production sources because there are numerous variables involved
in which their effects can change from one case to another [30, 31]. GE-driven hydrogen
production systems have shown a moderate environmental performance compared to other sources
and that is mainly due to the water discharge quality, land use, NCG and CO>. Thus, several
technologies have been introduced to reduce the environmental effect of such systems. One of
these technologies is the AMIS unit that can be used to decrease the impact of hydrogen sulfide
which exists usually in the geothermal fluid. AMIS is responsible for separating the NCG and
sending them to specific electrolyzers for extracting additional amount of output and mitigate their
negative effects. Another technology is the CCS which has been integrated into various
applications to reduce the effect of CO2 emissions. It was also found that the stored CO> can be
then used as a working fluid in hydrogen production systems [89]. Additionally, MGSs contribute
to lower the effect of wasted gases because the variety of outputs helps to extract the maximum
amount of energy from the geothermal fluid [108]. Consequently, the temperature of the flue gases

will decrease and their effects will be minimized.
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5.3. Results summary

As presented in the reviewed literature, there is a considerable difference between the hydrogen
production systems in terms of efficiency, cost, and production. Table 4 presents a summary of the
previous research investigations such that the maximum and minimum values of the studied
parameters are reported. This table also compares the geothermal and solar-geothermal hydrogen
production systems. However, these results cannot be used to directly compare the impact of
energy source on the system due to the significant difference between the scale of systems
investigated. Also, some of these systems are MGSs, which means that additional outputs are
obtained. For example, the highest rate of hydrogen production refers to a geothermal-driven
system, which is 13958 kg/h [97] while that of solar-geothermal is 561.6 kg/h [113]. This is due
to the latter being used to supply outputs different to hydrogen. Another important parameter that
needs to be taken into consideration is the operational mode. This also makes the results
incomparable, which requires further investigation. This is due to that in some studies, the off
periods are not considered, which may affect the cost and production, especially when based on

an annual basis.

Table 4. Summary of the parameters involved in the current study based on the reviewed
investigations

Parameter System
Geothermal | Solar-geothermal

Energetic efficiency (%0) 3.511-47.04 | 5.67-78.37
Exergetic efficiency (%) 20.24-85.71 | 7.49-70.16
Hydrogen production cost ($/kg) | 0.979-4.7 -

Cost per unit of energy ($/GJ) 21.96 0.058

Cost per unit exergy ($/GJ) 1.33-36.9 -
Hydrogen production (kg/h) 5.439-13958 | 0.115-561.6
Electricity generated (MW) 0.037-130 0.005-4.631
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5.4. Recommendations

The stability of the ground is one of the most important advantages of GE compared to other RESs,
which makes it a non-stochastic energy source. However, GE is considered a low-grade source in
many cases, which may make it unreliable at high loads. This may lead to thermal imbalance, heat
accumulation, or thermal depletion in shallow GE applications. Additionally, when the geothermal
fluid’s temperature is low in deep GE systems, this may require the incorporation of another source
of energy to increase the fluid’s temperature before entering the power cycle. Thus, it would be
advisable to use hybrid geothermal systems such as solar-geothermal combination, which is the
most commonly known hybridization. The integration of hydrogen production and storage into
solar-geothermal power plants is a key element for enhancing the system's overall efficiency. This
is because hydrogen can provide additional power when needed at peak-time loads and in the
absence of sunlight at night. Therefore, it is highly preferable to adopt MGSs in order to improve
the existing plants and to extract the maximum possible amount of power from the available
resources [106]. This is explained for the reason that diversification of outputs requires the
adoption of recovery systems. MGSs could supply several types of outputs, such as cooling,
heating, domestic hot water, hydrogen production, and power. It would also be favorable to use
modern GPPs such as the regenerative, recuperative, flash-binary, dual-fluid, ORFC, and multi-
flash. These cycles are also based on heat recovery systems using topping and bottoming cycles

or internal heat exchangers.

6. Conclusion

This paper has presented the importance of integrating hydrogen production into GE related
systems. It has been deduced that GPPs offer various advantages compared to other technologies

used to produce hydrogen for being an environmentally friendly, stable, and renewable source.
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The most important part of this combination is the coupling between green energy sources and
carriers that are GE and hydrogen. The reason for producing hydrogen is not only for direct uses
but it could also supply an additional amount of power to the hybrid geothermal system, especially
when GE is coupled to another RES. Geothermal hybrids have shown great potential in improving
geothermal systems when GE is considered as a low-grade heat source. Hybridization can solve
the problem of shallow GE system’s thermal imbalance that may occur at high loads, mainly if the
ground is standing alone. It also makes a contribution by enhancing the efficiency of deep

geothermal systems especially when the geothermal fluid’s temperature is low.

The reviewed research studies have shown a huge difference between the parameters related to
hydrogen production systems. That is due to the variation in the investigated conditions such as
geothermal fluid temperature, electrolysis temperature, working fluid, and type of GPP. The most
commonly used GPPs used and coupled with electrolyzers are the flash-steam and binary cycles.
However, these cycles have passed through several enhancements, such as using internal heat
exchangers or combining the flash and binary cycles. In all types of combinations, the geothermal
fluid and water electrolysis temperatures have shown a great influence on the overall system’s
efficiency. According to the previously reviewed investigations, R245fa, R123, and R114 have
been selected as the best working fluids in the binary geothermal ORCs used for hydrogen

production.

The current study reviewed different geothermal-driven hydrogen production systems in terms of
hydrogen production rate, hydrogen production cost, exergetic efficiency, energetic efficiency,
generated electricity, and exergetic cost. The corresponding values were varying from 5.439 kg/h
to 13958 kg/h, 0.979 $/kg to 4.7 $/kg, 20.24% to 85.71%, 3.511% to 47.04%, 0.037 MW to

130 MW and 1.33 GJ to 36.9 $/GJ. One of the most important factors influencing these parameters
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is the production of different types of outputs which could be addressed by adopting MGSs. These
systems can produce heating, cooling, domestic hot water, and electricity in addition to hydrogen
which is the main product. Even though MGSs do not always increase the rate of hydrogen
production; however, producing various types of outputs will enhance the system’s efficiency and
hence reduce the production cost. Adopting such systems requires the integration of energy sources
forming hybrid energy systems. The solar-geothermal combination was the most common type of
hybridization used to produce hydrogen. The reviewed solar-geothermal systems were able to
produce volume ranges of hydrogen between 0.115 kg/h to 561.6 kg/h and 0.005 MW to
4.631 MW of electricity with energetic and exergetic efficiencies varying from 5.67% to 78.37%

and 7.49% to 70.16%, respectively.

Finally, it can be seen that hydrogen production using GE is worth investigating and is a promising
technology for the future. This domain can still pass through immense developments and
enhancements by applying comparative and optimization studies to find the best suitable design.
It would also be advisable to adopt new hybrid systems different from conventional types, such as

the presented solar-geothermal systems.
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