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Abstract: The depletion of fossil fuels in the current world has been a major concern due to their role
as a primary source of energy for many countries. As non-renewable sources continue to deplete,
there is a need for more research and initiatives to reduce reliance on these sources and explore
better alternatives, such as renewable energy. Hydrogen is one of the most intriguing energy sources
for producing power from fuel cells and heat engines without releasing carbon dioxide or other
pollutants. The production of hydrogen via the electrolysis of water using renewable energy sources,
such as solar energy, is one of the possible uses for solid oxide electrolysis cells (SOECs). SOECs can
be classified as either oxygen-ion conducting or proton-conducting, depending on the electrolyte
materials used. This article aims to highlight broad and important aspects of the hybrid SOEC-based
solar hydrogen-generating technology, which utilizes a mixed-ion conductor capable of transporting
both oxygen ions and protons simultaneously. In addition to providing useful information on
the technological efficiency of hydrogen production in SOEC, this review aims to make hydrogen
production more efficient than any other water electrolysis system.

Keywords: hydrogen production; solid oxide electrolysis cell (SOEC); steam electrolysis;

water electrolysis; solar photovoltaic cells; green hydrogen

1. Introduction

The speed of energy transformation is accelerating globally due to the need to curb
climate change and achieve sustained growth in a time of rapid change [1]. Currently, the
challenges posed by global warming, the fluctuating price of oil, and the depletion of fossil
fuels are the primary forces affecting the research and understanding of the conversion
and use of renewable energy [2]. Converting energy from fossil fuels to clean energy is
essential for the safety of the energy supply of the country [3,4]. In the first decade of
the twentieth century, coal dominated the market for fuels, but by 1920, oil was gaining
ground as a heating or transport fuel on land and sea. Hydrogen, which has a high
energy density and eco-friendly qualities, is one of the most promising energy sources
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for producing electricity from fuel cells and heat engines without releasing CO, or other
pollutants [5,6]. In this new era, there is a high demand for hydrogen mainly in the
refining and industry sector, while almost all of its manufacture is made from coal. This
led to massive CO, emissions. The International Energy Agency (IEA) estimates that in
order to reach net zero emissions by the year 2050, the global energy system would need
520 million tonnes of “low carbon” hydrogen annually [7]. This transformation is driven
by the sharp drop in renewable energy costs, rising energy efficiency, broad electrification,
increasingly intelligent technology, ongoing technical advancements, and educated policy-
making, which puts a sustainable energy future within grasp. In 2050, energy commodities
are expected to increase from USD 1.5 trillion in 2020 to USD 1.6 trillion [7]. Biofuels and
hydrogen are among the major drivers of this increase in renewables. In order to meet the
rising demand for electricity, the power grids will almost double from 2020 to 2050, and
renewable energy technologies are going to be a major source of new capacity.

Hydrogen may eventually rule the energy market in the years to come [8]. As a result,
the production of hydrogen has received considerable interest [9]. Through electrolysis,
renewable energy may be transformed into power and green hydrogen [10]. Almost all
of the hydrogen produced, about 70 million tons per year, is now powered by fossil fuels,
which account for about 6% of global natural gas demand and 2% for coal [11]. However,
building electrolyzers to produce hydrogen from solar and wind energy offers a clean
and affordable option, even when taking into account the cost of delivering hydrogen to
consumers or end users due to the lower cost of renewable energy production [12]. When
considering how to employ hydrogen as an energy storage medium, its low volumetric
energy density is an issue to take into account, although it is not always a deal-breaker.
Gaseous hydrogen has a volumetric energy density of 0.09 kg/m? at atmospheric pressure.
By employing high-pressure tanks to store hydrogen gas, which increases the amount
of energy that can be stored in a given container, this low volumetric energy density of
hydrogen may be addressed.

Fueled by hydrogen, the shift to complete decarbonization will be crucial [13]. How-
ever, for hydrogen to meet carbon emission reduction targets, it must be produced from
renewable energy rather than fossil fuels [14]. Using water and renewable energy sources
like solar energy to burn hydrogen will undermine its clean combustion rate due to its
high energy density of 120 kJ/g as compared to the use of fossil fuels [15,16]. Recent
developments in the direct synthesis of hydrogen from seawater, which might serve as
an endless supply of environmentally friendly hydrogen, were reported by a number of
research groups. Although seawater is almost infinite, separating it has its own set of
issues. However, when seawater is used, chloride ions in seawater are converted into
highly corrosive chlorine gas, which eats away at the electrodes and catalysts by the same
electrical shock that generates O; in the anode. The study of solar energy to desalinate
seawater, which later produces hydrogen, was carried out to optimize targets and improve
efficiency [17]. This approach maintains a consistent flow of clean water into the electrodes
while preventing the ions and other pollutants in the saltwater outside the membrane from
entering the electrodes, which is the preferred low-cost system. As renewable energy is on
the rise to reduce fossil fuel pollutants, several projects have been undertaken to generate
green hydrogen using extra renewable energy.

The concept of deploying so-called “green hydrogen” is gaining momentum among
companies around the world who grasp the opportunity to produce hydrogen directly
from solar panels without using electricity from the grid. An electrolyzer may be powered
by solar energy to convert water into hydrogen [18]. This is an energy-intensive electrolysis
process that has so far prevented widespread deployment [19]. Solar energy is on the rise
as a low-cost power source for producing green hydrogen [20]. The tremendous amount
of energy that the sun emits each day in the form of heat and radiation is known as solar
energy [21]. Solar energy is one of several ecologically beneficial and clean energy sources,
and it is abundant [22]. When compared to the various fossil fuels and oil during the past
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ten years, one of the most significant advantages of solar energy is that it is inexpensive,
widely accessible, and capable of meeting energy demands [23].

A floating solar energy device for producing hydrogen was developed by startup solar
marine energy for coastal and island regions [24]. A firm, EI-Hj, revealed plans in May for
a 50 MW green hydrogen plant in Cork, Republic of Ireland, that would start producing
20 tons per day of green hydrogen from surplus wind energy in 2023 [25]. Additionally, it
teamed up with fuel manufacturer Zenith Energy in July to create a 3.2 GW green hydrogen
and ammonia project that will begin operating from offshore wind in 2028 [26].

Nevertheless, a substantial change is needed in the global energy system from one
that largely depends on oil and gas to one that improves efficiency but also relies on
renewables [27]. The hybrid SOEC operating system allows for water electrolysis at both
air and hydrogen electrodes since the electrolyzed ions O~ and H* may be counter-
diffused through the mixed ionic conducting electrolyte in the opposite direction with
record-breaking electrochemical performance in producing hydrogen. Furthermore, the
concept behind the investigation on the hybrid SOEC based on the mixed ionic conducting
electrolyte is novel because very little research has been conducted in this area. This article
aims to study the hybrid SOEC-based solar hydrogen-generating technology by providing
important knowledge on the technological capabilities of SOEC-based hydrogen generation.
This review intends to summarize the development of solar-powered hybrid SOECs, offer
a thorough introduction to hybrid systems, analyze scenarios and novel approaches, and
evaluate the cost evolution and commercialization based on the research on hybrid SOECs.

2. Electrolysis

Electrolysis is a possible replacement for the production of carbon-free hydrogen using
nuclear and renewable energy sources. Water splits into hydrogen and oxygen via the
process of electrolysis [28]. This reaction takes place in a device known as an electrolyzer.
An electrolyzer can range in size from tiny appliances that are ideal for producing hydrogen
on a small scale and in various locations to enormous central production facilities that
could be directly connected to energy sources that do not produce greenhouse gases [29].
The anode and the cathode of electrolyzers are separated by an electrolyte, much like in
fuel cells [30]. A membrane, which is capable of applying a high voltage and current,
separates the conductive stack electrode. Electrolysis occurs when an electrical current
travels through the electrolytes. The oxygen produced concurrently is released into the
environment or, in certain situations, can be saved for later use as a medicinal or industrial
gas. For use in industry or hydrogen fuel cells that can be connected to transport vehicles,
like trains, ships, and even aircraft, hydrogen is stored as a compressible gas or liquid. The
significance of this procedure, which enables energy to be used to break down molecules
—in this example, water molecules—is crucial for producing green hydrogen. Thus, hydro-
gen can be produced from electrolysis and the hydrogen is categorized into various colors,
including blue, grey, turquoise, yellow, pink, and green, depending on their techniques for
producing hydrogen and their characteristics, as explained in Table 1.

Table 1. Types of hydrogen with their different characteristics [31-34].

Color Gray Blue Turquoise Yellow Pink Green
SMR or Electrolysis Nuclear reactors
SMR or I . . e . . .
Process e L gasification with Pyrolysis specifically using powering Electrolysis
gasification
carbon capture solar power electrolyzers
Renewable
Source Methane or coal Methane or coal Methane Solar energy Nuclear energy .
electricity
GHG emissions Very high Moderate to low Complz;‘;tlvely Moderate Zero Zero
Cost (USD per kg) 0.67 to 1.31 0.99 to 1.83 2 6.06 to 8.81 2.75t05.29 2.28t07.39
Extremely
Acceptance unacceptable due Acceptable Acceptable Acceptable Acceptable Highly acceptable

to environmental

damage
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Different electrolyzers work differently owing to the various electrolyte materials used
and the ionic species they conduct [35]. In diverse electrolysis techniques, three distinct
electrolyzers—polymer electrolyte membrane electrolyzers, alkaline electrolyzers, and
solid oxide electrolyzers—are employed [36]. Solid oxide electrolyzers are used to produce
hydrogen because they can reduce the amount of electrical energy required to produce
hydrogen from water due to the heat produced at their high operating temperatures [37].

3. Solid Oxide Electrolysis
3.1. History of Solid Oxide Electrolysis

In the 1980s, Doénitz and Erdle were pioneers in the development of solid oxide
electrolysis [38]. This approach generated a lot of interest since it efficiently produces pure
hydrogen while converting electrical energy into chemical energy. High pressures and
temperatures are required for solid oxide electrolysis to occur, as depicted in Figure 1,
which gives a schematic overview of the procedure. It differs from conventional methods
by employing steam instead of water as the ionic agent, which is typically produced by
using yttria-stabilized zirconia [39]. The operational theory of solid oxide electrolysis
and alkaline electrolysis are fairly similar, with the half-reaction equations being the only
significant difference [14].

Cathode Electrolyte ~ Anode

Figure 1. A conceptual drawing of a solid oxide water electrolyzer (yellow coloured arrows indicated
the flow of electron and blue coloured arrows indicated the flow of oxygen ions) (reproduced from
Leonardo Vidas and Rui Castro, 2021) [38].

Reaction equations:

Cathode : HyO +2e~ — H, + 0>~ (1)

1
Anode : 0*” — EOZ +2e” )

3.2. Solid Oxide Electrolysis Cells

As a commercial product, the solid oxide electrolysis cell (SOEC), a green hydrogen-
generating technique, is still in its infancy [40]. For electrolysis, a stack of solid oxide
fuel cells (SOFCs) typically operates in regenerative mode or backward. SOECs generate
hydrogen from electricity as opposed to SOFCs, which store electric energy [41]. SOFCs
or micro-tubular solid oxide fuel cells (MT-SOECs) are energy conversion technologies
with high conversion efficiencies that convert chemical energy into electricity that is also
environmentally beneficial [42-45]. This electrolysis procedure splits water into hydro-
gen (Hy) and oxygen (O,) while operating at high temperatures and hence with great
efficiency [46]. Utilizing excess power generated by wind turbines as well as other environ-



Energies 2023, 16, 7794

50f22

mentally beneficial sources, SOECs may generate green hydrogen [47]. When production
outpaces demand, this hydrogen may be safely stored in fuel cells for eventual conversion
into electricity, as needed [48]. Because they have a lower equilibrium potential and faster
reaction kinetics, SOECs are more efficient [49]. Therefore, SOEC-based water electrolysis is
economical, environmentally benign, and has the potential to be very effective in producing
hydrogen [50].

4. Solar Hydrogen Generation System
4.1. State-of-the-Art of Electrolysis

High-temperature SOEC was evaluated as the most suitable method to produce
hydrogen from industrial waste heat since it offers a wider range of possibilities than
current techniques intended for this purpose [51]. It was produced utilizing the most
up-to-date techniques and technology. Compared to low-temperature PEM electrolyzers
and alkaline electrolyzers, high-temperature SOECs are more efficient because they can
generate hydrogen at a higher chemical reaction rate while using less electrical energy [52].
The US Department of Energy (DOE) has launched many programs in recent years to
advance SOEC hydrogen generation technology [53].

The following is an expression of the energy required overall for SOEC hydrogen
generation [54]:

AH = AG +TAS (©)]

where AG is the demand for electrical energy, which is a free Gibson energy shift, and
TAS is the demand for thermal energy (J/mol Hy). The total amount of energy required
for SOEC hydrogen production by showing the predicted energy needs with temperature
changes is illustrated in Figure 2. As the operating temperature rises, there is a noticeable
increase in the demand for thermal energy but a large decrease in the requirement for
electrical energy. On the total amount of energy used, the operating temperature has no
bearing. High-temperature SOEC is advantageous since it provides more possibilities for
using industrial waste heat for hydrogen generation [55].

For effective and affordable hydrogen generation, the SOEC components must operate
at high temperatures and follow the following rules [56].

> To obtain high energy conversion efficiency, the dense electrolyte needs to be strongly
ionic conductive, chemically stable, and have low electronic conductivity because
electronic conduction reduces the ionic conductivity of the electrolyte and current
efficiencies of the cell.

> For the purpose of lowering the ohmic overpotential, the dense electrolyte should be
as thin as feasible, but it must be gastight to completely rule out the possibility of Hj
and O, recombination.

> Both electrodes must exhibit high electrical conductivity and chemical resistance
under substantially reducing or oxidizing circumstances.

>  To permit gas movement between the electrode surface and the electrode—electrolyte
interface and to establish a trustworthy electrolyte—electrode—gas triple-phase barrier
(reaction sites), each electrode should have an appropriate amount of porosity and
pore size.

> To avoid the electrolyte failing owing to extremely high mechanical stress brought on
by an imbalance between the two electrodes, the thermal expansion coefficient (TEC)
of the two electrodes should be near to those of the electrolyte.

>  Materials are needed for interconnects in massive hydrogen production facilities.
Since the connecting materials are simultaneously exposed to hydrogen/steam and
oxygen, they must be chemically stable under reducing/oxidizing conditions.

> The production procedure should be as inexpensive as feasible.
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Figure 2. Temperature-dependent energy demands for electrolytic H, (modified from Ni et al.,
2008) [55].

4.2. Solid Oxide Electrolysis Process

Using power supplied from renewable sources, water is electrolyzed to make green
hydrogen [57]. An electrochemical energy conversion cell, the solid oxide electrolyzer
or solid oxide steam electrolyzer, converts electrical energy from moving electrons to the
chemical energy of a fuel [58]. Electrochemical processes at SOEC can generate hydrogen,
carbon monoxide, or a combination of the two [59]. As long as steam, carbon dioxide, and
electrical energy are provided, it keeps delivering the fuel. In actuality, the lifespan of a
cell is constrained by the deterioration of its constituent parts [60]. The foundation of a
conventional SOEC is a solid electrolyte that serves as a pure ionic conductor [61]. The
most popular type is yttria-stabilized zirconia (YSZ), which, when polarized by using an
electrical field, enables oxygen ion movement [62].

Co-ionic cells and proton-conducting cells, in which oxygen and hydrogen ions, or
simply hydrogen ions, are transmitted via the membrane, are other less prevalent forms of
SOECs [63]. A closed electrical circuit is made by sandwiching the solid electrolyte between
two porous electrodes that are electrically linked [64,65]. Each finished cell also includes
interconnects and gas passages in addition to the PEN assembly, which stands for positive
electrode-electrolyte-negative electrode [66].

Noting that SOEC is composed entirely of solid parts, it is theoretically possible to
form it to any requirements. These cells can be linked in series to create a stack similar
to SOFC [67]. With SOFC, SOECs have exceptional operational efficiency and design
flexibility [68]. The same cell can be operated in SOEC or SOFC mode within a specific
polarization range due to the stage of cell development at which it is at the moment [69].
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This presents intriguing opportunities for the solid oxide cell (SOC) to be used to alter the
energy landscape [70].

Despite its complexity, SOEC operation is rather simple to describe. The fuel electrode
on the cathode side of the cell receives steam and carbon dioxide; gases travel through the
porous electrode to the triple-phase boundary, where reactions and charge transfer cause
the gases to split into hydrogen and carbon monoxide, and oxygen ions are delivered to the
anode side of the cell through the electrolyte [71]. Through a process known as the Faradic
reaction, anions are split into oxygen molecules and electrons [72]. While electrons travel
via the external circuit and are injected into the cathode, completing the circuit, oxygen gas
diffuses to the anode gas chamber [73]. A cell can generate both heat and chemical fuel if it
is run at a high enough voltage. A typical SOEC operates in a temperature range of 500 °C
to 1000 °C at atmospheric or elevated pressures [74].

4.3. Solar-Powered Hybrid SOEC

The fusion of SOEC and concentrated solar power (CSP) yields state-of-the-art solar
hydrogen technology [75]. The CSP plant can satisfy both the electric and thermal energy
needs of the SOEC from a single location by providing electricity and high-temperature
heat. The production of hydrogen using concentrated solar energy and high-temperature
electrolysis is interesting due to the potential for mutual benefits and synergies [76].

CSP plants and steam electrolysis through SOECs represent a promising solution
for a large-scale carbon-free hydrogen production process [77]. Sanz-Bermejo et al. [78]
conducted research on integrating SOEC units into solar power plants that use direct
steam generation for energetic analysis. A direct steam generation—central receiver system
(DSG-CRS) plant was selected for the study due to its maturity and capabilities among all
CSP technologies.

The development of SOECs for steam electrolysis has received a lot of attention
in recent decades [79]. Using high-temperature electrolysis can decrease overpotentials,
improve electrode activity, and reduce the amount of electrical energy needed [80]. Steam
electrolysis can be highly effective when used alongside a high-temperature heat source
such as geothermal, biomass, or solar energy [81]. Additionally, a CSP installation is capable
of supplying both power and heat [82].

4.4. Solar Plant Design

A hybrid plant that combines a solar tower and hydrogen production, using a 646-
heliostat field facing north. The heliostat is responsible for directing and concentrating solar
energy towards the solar receiver located on the tower. The superheater and evaporator are
two absorbers that are vertically aligned in the receiver, and a drum-style boiler is positioned
above the superheater. Steam is at 70 bar and 550 °C at the entry of the turbine [78].

A solar multiple of 1.3 was used in the design of the CSP plant. Since there is a wealth of
data available, the commercial CSP plants often use the Siemens steam turbine, specifically
the model SST-700, as part of their power block. Because of the limited capacity of the
plant, it is necessary to use a single-case non-reheated turbine. Three steam extractions
provide three feed water heaters with steam (FWH). A dry cooling condenser was used
since high-insolation regions lacked access to water. The electrolyzer for solar steam affects
the amount of steam that can be used by the power block, which lowers the capacity and
efficiency of the CSP plant [78].

4.5. Hybrid SOEC

Research was carried out to gain insights into SOECs based on mixed ionic conduc-
tors capable of simultaneously transporting both oxygen ions and protons, called hybrid
SOECs [50]. Electrolytes that have both hydrogen as well as oxygen ions on one side of the
cell can generate two electrolysis products, hydrogen and oxygen, in hybrid SOECs. Water
electrolysis occurred at the two electrodes of hybrid SOECs, where this electrolyte was first
introduced. Consequently, by enabling the simultaneous operation of the oxygen-SOEC
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and proton-SOEC in the hybrid SOEC system, additional hydrogen may be produced. The
system achieved maximum efficiency using an electrolyte with protonic and oxide ion
defects. At 750 °C, 10% humidified hydrogen, it showed a current density of 3.16 A/cm? at
1.3 V. Furthermore, the hybrid SOEC system proved reliable for hydrogen generation with
no performance decline after 60 h of continuous operation [50]. The oxygen, proton, and
hybrid SOEC are described in Figure 3.

According to tests, a hybrid SOEC may operate with great stability for 60 h without
showing any signs of degradation [50]. Additionally, the hybrid SOEC system also exhibited
the most outstanding electrochemical performance of hydrogen generation among the
published SOECs and other typical water electrolysis systems [37]. In light of this, hybrid
SOECs are a novel and energy-efficient alternative for hydrogen production [83].

Clean and reliable energy can be produced through the use of hybrid SOECs) powered
by solar-driven water electrolysis to produce green hydrogen [84]. Due to energy source
constraints and environmental concerns, it is crucial to use high-efficiency energy con-
version techniques and non-polluting fuels [85]. A solution to energy and environmental
issues lies in solid oxide electrolyzers or fuel cells, which directly convert chemical energy
to electrical energy. Future stationary and mobile applications can benefit greatly from the
advantages of fuel cells, including high efficiency, low pollution, the ability to use multiple
fuels, and noise-free operation [86,87].

llllllll

H, >
-~ ‘ :
bl Mixed-ionic o

T
Figure 3. Schematic representations of the operating mechanism of (a) oxygen SOEC, (b) proton
SOEC, and (c) hybrid SOEC (reproduced from Kim et al., 2017) [50].

4.6. System Explanation

In a study, a standalone solar-hydrogen power plant was investigated. As described
in Figure 4, it was made up of a 10 MWe solar power plant for direct steam generation and
four 2.5 MWe SOEC units [88]. The DSG-CRS is solely responsible for providing the heat
and electricity needed for electrolysis. The power supply takes care of the electric needs
of the SOEC stack as well as the parasitic needs of the other plant equipment, including
the electric super-heaters, pumps, blowers, and compressors. Due to potential variances
in water quality, the feed water for the electrolyzer is kept separate from the solar plant
water/steam line for heating purposes [78].

Several solar power plants supply feed water or steam to the electrolyzer, which is
then returned as liquid water to the Rankine cycle for evaporation [89]. The hydrogen
produced by the SOEC units is compressed and stored using a single system shared by all
four electrolysis units [90].

The investigation was conducted using EBSILON®Professional, a feature of commer-
cial software created to model thermodynamic processes, notably for the optimization of
power plants [91]. Under steady-state settings, calculations were carried out at the design
point, which, in terms of solar system analysis, corresponds to March 24 at 12 h solar time
(spring equinox) [92]. The ambient temperature was supposed to be 25, and the relative
humidity was assumed to be 60%. Near Seville, Spain, is where the hybrid plant is intended
to be planted [93].
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Figure 4. General layout of the hybrid SOEC plant with solar towers and hydrogen [78].

4.7. Hybrid Plant Scenarios

Several integration methods were developed to enhance the collaboration between

the two subsystems. Lessening penalties for the DSG-CRS plant operating the SOEC at low
pressure was the main objective of the initial designs. These concentrate on three things:

i
ii.

ii.

iv.

Identify the most efficient location for steam extraction in the solar plant.

Develop a method for utilizing the rejected hot streams from electrolysis to preheat
the feed water for the CSP plant.

Determine the optimal point for re-injecting the condensed steam into the Rankine
cycle.

Following that, a few concepts for the electrolysis process optimization were exam-
ined. These were concentrated on pressurizing the SOEC units to reduce parasitic
losses brought on by the compression process [78].

4.7.1. Low-Pressure Circumstances

The layout of the model hybrid plant was built on the integration tactics recommended

for nuclear power plants. The solar receiver immediately collects process steam (PS), which
contains the highest energy level. This PS return was then reinjected into the power cycle
condenser. To optimize the hybrid plant, new designs were developed and tested, resulting
in the creation of the following scenarios.

Scenario 1: Low-pressure regulated steam was generated from the PS extraction
received from the solar receiver. This steam can then be used to produce work through
the high-pressure turbine stage. The aim is to reduce fines associated with CSP plants.
Scenario 2: The low-pressure feedwater heater (LP-FWH) re-injected the PS return,
which reduces the heat requirement and increases the volume of steam expanded in
the final stage of the turbine. Identifying different situations is a new area of study.
Scenario 3: As part of the strategy to decrease the need for LP-FWHSs for heat and
increase the capacity of our solar plant, we have installed a new FWH. This new
FWH, called the heat recovery FWH (HR-FWH), was located between Pump 1 and the
LP-FWH. It used rejected heat from the compressor inter-cooler system and exhaust
sweep gas from the electrolysis process to preheat the feed water for the DSG-CRS
plant.
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e  Scenario 4: To enhance the efficiency of the SOEC unit, it is suggested to circulate
hydrogen at a high temperature after the HRS-1. This method helps to lower the
power demand of the cathode electric heater while maintaining a high temperature
after hydrogen recirculation to maximize the productivity of HRS-1.

e Scenario 5: In order to simplify the heat recovery system for the electrolyzer, the
exhaust sweep gas stream was utilized to feed the economizer of the cathode loop
instead of the exhaust cathode stream. This allows for a more centralized and compact
heat recovery system for the preheating system of the solar plant by situating the
condenser of the cathode loop near the compressor input.

4.7.2. High-Pressure Scenarios

The hydrogen compressor is the Balance of the Plant (BoP) component with the highest
power requirements. Therefore, in order to increase the effectiveness of the electrolysis
unit, the possible advantages of running the stack at high pressure were investigated. The
maximum working pressure for the stack is 25 bar. This is because a certain temperature
difference is required for evaporation, and the pressure decreases as it moves through the
pipes and heat exchangers. Additionally, the SST-700 solar turbine was used, which has a
maximum controllable PS extraction pressure of 40 bar. The SOEC unit experiences added
pressure losses that reduce the hydrogen storage pressure to 22 bar, which is the designated
gas supply pressure for all situations. This rise in pressure within the SOEC unit affects
both the DSG-CRS plant and the electrolyzer [78].

In high-pressure situations, the exhaust gas from HRS-1 is too hot for conventional
blowers to handle. As a solution, scenario 3 was used as the default. Additionally, since
hydrogen can be stored directly, the need for a hydrogen compressor was eliminated. This
change should reduce parasitic utilization even if the sweep gas stream needs pressurization.
Despite recommendations from multiple authors to eliminate the sweep gas, it was kept
due to safety concerns. To meet API standard 618 [94], the sweep gas was compressed
using an intercooler compressor with multiple stages until it reached a pressure of 26. To
maintain a discharge temperature of 194 °C after the HRS-2 heats the compressed sweep
gas, only two intermediate intercoolers were incorporated in the design of the compressor
instead of the recommended three-stage compressor [78].

4.7.3. Overall Hybrid Plant Performance

The efficiency of the hybrid plant can be improved by 3.8% to 4.7%, depending on
the location of the PS extraction and PS return re-injection in the solar plant. One way to
enhance the situation is by cycling hydrogen in the electrolysis system at a high temperature
and utilizing the rejected hot streams from the electrolyzer to warm the water for the solar
tower.

One way to decrease penalties for the CSP plant is to use low-pressure steam from
the solar plant and recycle the hot stream from the electrolyzer to warm the feed water
for the Rankine cycle. This could potentially reduce penalties by 60%. On the other hand,
water or steam can be used as a sweep gas for electrolysis, cutting compression effort by
half or eliminating it. Based on the findings, it appears that incorporating a PSA system
into a high-pressure solid oxide electrolysis unit would be the best design for a hydrogen
production facility. This integration could increase the efficiency of the hybrid plant by
5.8% and also result in the generation of oxygen as a byproduct.

5. New Method for SOEC-Based Hydrogen Production

Storing solar energy can be achieved by generating hydrogen using high-temperature
electrolysis cells with solar photovoltaic cells [76,95]. Researchers have investigated a new
system for generating hydrogen that includes a solid oxide electrolysis cell, a photovoltaic
cell, and a photon-enhanced thermionic emission cell (PETE) [76]. The SOEC can generate
steam at high temperatures between 800° and 1000 °C by utilizing waste heat recovery
from the PV cell and PETE module [6].
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By utilizing high-temperature electrolysis, it is possible to decrease the amount of
energy required to separate water. While this process may lead to an increase in heat
production, it can also decrease the amount of Gibbs free energy required to split water [96].
High-temperature electrolysis decreases the energy requirement to separate water. Recov-
ering waste heat can enhance the efficiency of PV cells at low temps and increase hydrogen
production [97].

The potentiality of the system for first law thermodynamic efficiency (FLTE), solar
energy efficiency (SEA), and solar-to-hydrogen (STH) efficiency are all significant, with
predicted values of 77.05%, 55.99%, and 29.61%, respectively. These findings establish
a theoretical foundation for investigating and implementing effective and feasible solar
hydrogen production methods [6].

5.1. Solar Hydrogen Generation System Integrating PV/PETE and SOEC

High-temperature water electrolysis using solid oxide electrolysis cells (SOEC) is
preferable to low-temperature proton exchange membrane (PEM) and alkaline electrolysis.
This is because it uses more chemical reaction energy, has a faster rate of chemical reaction,
and does not require precious metals as electrode catalysts [98].

To assess and enhance the thermodynamic efficiency of this system, a theoretical
model was developed. The system recovers excess heat from the PV cell module by using a
combination of PV cells and PETE to raise the temperature of water from room temperature
to the electrolysis temperature (600-1000 °C). The PV cell is utilized when the water or
steam flow is below 250 °C, while the PETE generates energy and heats the steam in the
other part [6].

The SOEC module generates hydrogen through the use of high-temperature steam
and power [99]. Rather than using a low-temperature electrolysis module that may re-
duce power consumption but requires more thermal energy (at a relatively low energy
level), a high-temperature electrolysis module is used [100]. Initially, thermodynamic
models were created for high-temperature electrolysis modules, as well as PV cells or PETE
modules [101,102].

5.2. Model and Performances

The experiment for the heating system model determined the efficiency of the total
power generating module, concentration ratio, and temperature. These factors were based
on the absorbed energy, which would later be converted into output electrical energy in
the solar system [103]. The energy analysis schematic diagram for the heating system is
illustrated in Figure 5.

Several factors, such as the thickness of the electrolyte, the symmetry factor or charge
transfer, the coefficient, the number of electrons produced per reaction, the thickness of
the anode and cathode, their activation energies, and the exchange current density, were
calculated [104]. The computed data for these factors, along with the heating settings and
the electrolysis section model, are described in Table 2. The table is represented on the
basis of acquiring the calculations of the data, the results of the heating parameters and the
electrolysis section model [6].

The flow channel beneath the PETE and PV modules measures 0.1 m and 0.001 m
in height, respectively. Since the PV and PETE modules are covered by the flow channel,
they have the same surface area for capturing solar energy. Altering the width at a fixed
length or the length at a fixed width would yield the same results in terms of generating
electrical and heat energy for both modules. Additionally, the impact of tube length on
water temperature and solar energy efficiency was investigated.

As the tube length increases from 0 to 5 m, the temperatures of the PV cell, PETE
module, and water also increase. If the intensity of I is 1000 W/m?, the highest steam
temperature would be 970.5 °C. However, the efficiency of the PV cell decreases with rising
temperature before stabilizing, causing the solar-to-electricity efficiency to drop initially
at a fixed flow rate. Additionally, solar conversion efficiency decreases rapidly due to
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the low specific heat capacity of steam, causing the temperature to increase quickly after
evaporation. While transitioning from the PV cell to PETE, the solar-to-electricity efficiency
decreases sharply but then begins to rise again with the trend of PETE efficiency (171 pv) at
around ~33.49%. There may be an upper-efficiency limit achieved at around this point [1].

Electricity
Qcon,loss (T;) Qrad,loss (Tl) Ti+AT R
H,O0 (Ty)
Q (1) = |H (T
Hot water H, 0O,

Figure 5. Schematic diagram of energy analysis for the heating section (modified from Wang et al.,
2020) [6].

Table 2. The most significant variables for PV or PETE modules are the heating section, and the
electrolysis section.

Variables Symbol Values
Irradiation intensity I (W/m?) 300-1000
The optical efficiency of a concentrator Topt 0.73
Emissivity of a PV module € 0.2
PV panel effectiveness Tmod 0.9
Temperature differential between a PV panel and water flow AT (K) 10
Prevailing wind speed Vwind (M/S) 4
Prevailing temperature Ty (K) 293
Coefficient of convective heat transfer I (W/(m? K)) 8
Temperature in the sky Tsxy (K) 285
Size of the heating portion L (m) 1-5
The width of heating section W (m) 0.1
The height of the heating section H (m) 0.001
Thickness of the electrolyte lelectrolyte (HmM) 1000
Charge transfer coefficient or the symmetry factor o 0.5
Amount of electrons generated by each reaction z 2
Thickness of the anode Lanode (HmM) 100
Cathode thickness lcathode (Lm) 100
Activation energy of anode Eacta (J/mol) 1.2 x 10°
Activation energy of cathode Eactc (J/mol) 1.0 x 10°
Density of anode exchange current Jo,a (A/ m?) 2000

Density of cathode exchange current Jo,c (A/ m?) 5000
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5.3. Efficiency of The System

By analyzing various system features, the estimated efficiency of the system was
determined. This analysis included examining the first law of thermodynamic efficiency,
exergy efficiency, STH efficiency, solar-to-electricity efficiency, and electrolysis efficiency.
The exergy STH efficiency had the highest value at 77.05%, followed by the first law
thermodynamic efficiency at 55.99% and 29.61% [6]. Based on the results of the study, it was
discovered that the overpotential of the SOEC electrolyzer is quite high during electrolysis
at low temperatures, which leads to a decrease in STH efficiency. However, increasing the
flow rate of water can result in a boost in first law thermodynamic efficiency. This system
exhibits great potential as a solar energy conversion and storage tool that can be utilized in
the civil sector. In addition to generating electricity, it can also produce thermal energy and
hydrogen [100].

6. Comparing and Contrasting Analysis Methods

The CSP hybrid hydrogen plant is a solar power plant that produces hydrogen on its
own. By integrating a PSA system with a high-pressure solid oxide electrolysis unit, it was
shown that this design is the most efficient, increasing the efficiency of the hybrid plant by
5.8%. Additionally, oxygen is produced as a byproduct [4].

Although the DSG-CRS plant is currently linked to the power network and the hybrid
plant is designed for grid balancing, the priority should be increasing the capacity of the
solar power plant. The best solution is to choose scenario 5, which involves using the
electrolyzer at low pressure and redirecting its exhaust heat to heat the feed water for the
solar plant [4].

It appears that the PV cell module has a high solar-to-hydrogen efficiency, poten-
tially reaching 77.05%. This makes it a practical and effective option for generating solar
hydrogen [6]. The thermodynamic efficiencies of the PV plant remain high during sun-
light and are more cost-effective than a hybrid CSP plant. However, energy efficiency
decreases as solar thermal energy loss increases and temperature rises with high irradiation
intensity. There is ongoing work to integrate the cell module and achieve even higher
optimal efficiencies.

7. Cost Evaluation for SOEC

Experts predict that solid oxide electrolyzers will soon become the third-largest tech-
nology in water electrolysis, surpassing alkaline and acid polymer hydrogen-generating
technologies [105]. Despite still being in the research and development phase, this tech-
nology is not new and has been attracting attention since the late 1960s. By utilizing high
working temperatures of up to 800-1000 °C, this technology has the potential to signifi-
cantly increase the efficiency of water electrolysis [106]. Solid oxide installations operate
similarly to steam electrolyzers because they use high temperatures to split water into
hydrogen and oxygen [107].

It is expected that the greatest reduction in costs will come from the balance of plant,
power electronics, and gas conditioning with the overall increase in the size of hydrogen
plants, not just the stack size [108]. This is because there are limitations in physical and
technical capabilities for larger stack sizes. For instance, larger stacks may experience more
leaks and mechanical instability problems, while increasing the surface area of the cell may
not be feasible with current technological advancements [41]. Therefore, the remaining
cost components are likely to have a greater impact from economies of scale due to their
simpler technological complexity.

An example of a cost increase in compressors is that their price only goes up by four
times for every tenfold increase in size. This means that when there is an increase in capacity,
the increase in stack size would contribute more to the overall cost than the increase in
compressor size [109]. As a result, when scaling up the module size, the stack component
is likely to have a bigger impact on the overall cost compared to other components. SOECs
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are not yet fully commercialized and are currently more expensive compared to alkaline or
PEM technologies, making it difficult for them to compete in the market [110].

By 2030, it is expected that the cost of solid oxide systems will significantly decrease,
with values as low as EUR 750/kWel with industrial scale-up [38]. However, due to
their pre-commercial condition, capital costs for SOEL still vary greatly and are unclear.
Nevertheless, it is undeniable that these costs are above EUR 3000/kWel [38].

Table 3 provides a summary comparison of all processes of water electrolysis thus
far, including operational and financial features of each technology spanning from system
specifics to some purely decorative features.

Table 3. Characteristics of different water electrolysis technologies and their cost evaluation.

Features AE PEM SOEC Ref.
Solid polymer Yttria-stabilized
Electrolyte KOH/NaOH clectrolyte Zirconia (YSZ) [111-113]
Nickel-coated
Electrode (H, side) perforated stainless Iridium oxide Ni/YSZ [111-113]
steel
Nickel-coated
Electrode (O, side) perforated stainless Platinum carbon Perovskites [111-113]
steel
Temperature (°C) 40-90 20-100 600-900 [111,113,114]
Voltage (V) 1.8-2.4 1.8-2.2 0.7-1.5 [111,113,114]
Pressure (bar) <30 <30 <10 [115]
Production (Nm? /h) 10 5 5 [116]
Output gsrl;’ressure 10 35 10 (after PSA) [116]
Gas purity (%) >99.5% >99.995 - [117,118]
Stack energy
consumption 4.2-59 42-55 >3 [119]
(kWh/Nm?)
System efficiency (%
LHV) 55—60 55-70 74-81 [120,121]
Lifetime of stack/h 55-120 60-100 8-20 [120]
Degradation (%/a) 0.25-1.5 0.5-2.5 3-50 [119]
Ma‘mtenance cost (% of 23 35 ) [119]
investment/year)
Capital cost (EUR/kW) 880-1650 1540-2550 >2000 [120]
Technical sophistication Ommp.re.sen’f Commercialization Exploration and [120]
commercialization development phase

According to Table 3, solid oxide electrolysis costs more due to its capital cost, to-
gether with the maintenance cost, which is estimated to be around EUR 2000 per kilowatt
hour, equivalent to USD 1933.02 per kilowatt hour. In contrast, it is more expensive than
other types of electrolysis but considering the efficiency, it is higher and uses low energy
consumption to operate.

8. Commercialization and Market Review

It seems that there are only a few participants in the SOEC area, but they are making
big bets on its potential. This is not surprising, as the technology is getting closer to
being commercialized, and green hydrogen is likely to become one of the main fuels. The
limited commercialization of SOEC in portable and emergency power applications can
be attributed to its significant heat generation, increased weight, and increased need for
appropriate thermal shielding. Nowadays, industries are devoting resources to research
and development in order to tackle such technological issues associated with SOEC. The
global commercialization processes for SOEC are explained in Figure 6.
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Figure 6. Worldwide commercialization of solid oxide electrolysis cells (SOECs) (reproduced
from https:/ /www.insightaceanalytic.com/report/solid-oxide-electrolysis-cell-soec-market /2076,
accessed on 28 September 2023) [122].

Many governments and organizations in countries like Germany and Denmark have
made significant declarations indicating the adoption of net-zero objectives for energy-
related carbon dioxide emissions, which has raised awareness of the need for hydro-
gen. [123,124]. Germany has announced that it will prioritize green hydrogen in its national
hydrogen strategy. This decision reflects the goal of the country to achieve self-sufficiency in
green energy production, as well as its desire to play a leading role in the global energy revo-
lution [125]. As part of this strategy, Germany has already unveiled its PtL plan for aviation
fuels. Other regions and economies have also demonstrated similar initiatives [126].

Although SOECs are expected to become fully commercially viable, their development
will continue for some time. Further research into the electrolysis processes will yield
better performance and longer-lasting benefits, while still meeting cost requirements [127].
For instance, Topsoe plans to build a manufacturing facility that produces highly efficient
solid oxide electrolyzers (SOECs) with an initial capacity of 500 megawatts per year and
the potential to expand to 5 gigawatts per year. Additionally, waste heat generated from
current processes, such as methanol and ammonia synthesis, can be utilized to reduce
the cost of SOEC electrolysis [128]. Topsoe patented SOEC electrolyzers that have effi-
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ciencies exceeding 90% when electrolyzing water into hydrogen, outperforming current
conventional alkaline or PEM electrolyzers. The facility is expected to be operational
by 2023.

Electricity costs are the largest factor influencing the cost of hydrogen production via
electrolysis, and efficiency plays an important role in reducing costs. US-based Bloom
Energy claims to have erected the biggest solid oxide electrolyzer (SOE) in the world at a
NASA research center in California. The 4 MW machine will create 20-25% more hydrogen
per megawatt than any commercially proved alkaline or PEM counterpart, according to
Bloom Energy [129].

9. Conclusions and Recommendations

Hydrogen is considered one of the most promising energy carriers that can be used
to generate electricity from renewable energy, concentrating the use of solar energy. By
varying the technologies currently practiced, green hydrogen can be produced using the
electrolysis of water with electricity generated using renewable energy. Taking into account
the rise of global warming, volatile oil prices, and fossil fuel depletion issues, the production
of hydrogen has received considerable interest through electrolysis as a new stable energy
generation in the future. Subsequently, building electrolyzers to produce hydrogen from
solar and wind energy offers a clean and affordable option, even when taking into account
the cost of delivering hydrogen to consumers or end users. The study aims to explore
various solar energy storage and conversion systems that can be effectively used for civil
purposes. The review leads to the primary findings that may be drawn:

1.  Though hydrogen is an excellent fuel source that is clean and abundant, there are still
a number of issues standing in the way of its mainstreaming despite the promising
characteristics of SOECs; there is still a need to undertake further research into reduc-
ing degradation, and the successful designs for SOECs must be scaled up if they are
to become an industry electrolyzer. Solid-state electrolyzers may pull energy from the
heat they generate as they run at higher temperatures, but there is still an opportunity
for advancement in SOECs. Oxygen SEOCs permit oxygen ions to pass through,
and hydrogen SOECs only permit hydrogen ions to pass through. Nevertheless, the
amount of hydrogen that can be produced was reduced in a single way. However,
hybrid SOECs employ a mixed-ion conductor to simultaneously carry positively
charged hydrogen ions (protons) and negatively charged oxygen ions.

2. Aviable method of storing solar energy and extracting hydrogen is the combination of
solar photovoltaic (PV) cells with high-temperature electrolysis cells. The solar energy
efficiency and solar-to-hydrogen efficiency (STH efficiency) might be as high as 77.05%,
55.99%, and 29.61%, respectively. These figures are anticipated to offer a theoretical
foundation for the study and practical implementation of solar hydrogen generation.
On the other hand, the atmospheric conditions that impact PV cell performance and
STH production and storage are the challenges that stand in the way of solar hydrogen
generation since solar energy fluctuates according to the season. However, there are
fewer studies on the development of PV cells and PETE modules associated with the
SOEC, and this deserves further research.

3. The cost of producing hydrogen using SOECs now comes to about EUR 2000 per
kilowatt-hour or USD 1933.02 per hour in USD. Further study is required to determine
if the components in the SOEC will withstand long-term, high-temperature operation,
even though it has better efficiency and low energy usage. The cost is still higher than
other electrolysis, and further research is needed to reduce the overall system cost.
Furthermore, to support the commercial use of hybrid SOECs, future research should
concentrate on large-scale manufacturing technology and process simplification.
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