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Abstract: The use of green hydrogen as a high-energy fuel of the future may be an opportunity to balance the
unstable energy system, which still remains renewable energy sources. This work is a comprehensive review
of recent advancements in green hydrogen production. The review outlines the current energy consumption
trends. It presents the tasks and challenges of the Hydrogen Economy towards green hydrogen, including
production, purification, transmission, storage, and conversion into electricity. This work discusses the main
types of water electrolyzers: alkaline electrolyzers, proton exchange membrane electrolyzers, solid oxide
electrolyzers, and anion exchange membrane electrolyzers. Despite the higher production costs of green
hydrogen compared to grey hydrogen, the review suggests that as renewable energy technologies become
cheaper and more efficient, the cost of green hydrogen is expected to decrease. The review highlights the need
for cost-effective and efficient electrode materials for large-scale applications. It concludes by comparing the
operating parameters and cost considerations of the different electrolyzer technologies. It sets targets for 2050
to improve the efficiency, durability, and scalability of electrolyzers. The review underscores the importance
of ongoing research and development to address the limitations of current electrolyzer technology and to make
green hydrogen production more competitive with fossil fuels.
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1. Introduction

The most popular and widely used fuels for energy production are coal, petroleum, natural gas
and oils [1-3]. Unfortunately, when these fossil fuels are burned, in addition to the energy needed,
they also release industrial gases that pose a potential threat to the natural environment [4].
Undesirable by-products of the combustion of fossil fuels include sulfur(IV) oxide, carbon(Il) oxide,
carbon(IV) oxide, nitrogen oxides, dust and ashes, as well as hydrocarbons that have not been burned.
The combustion process also emits heavy metals such as radium, thorium and lead, which are
contained as admixtures in fossil fuels. All emitted combustion products change the natural
environment irreversibly, polluting the air, soil and groundwater, and contributing to the accelerated
death of plants and animals, an increase in the incidence of asthma, allergies, cardiovascular diseases
and cancer. The effects of air pollution in the form of smog, the ozone hole, acid rain, odors and the
greenhouse effect are particularly dangerous to human health and life [5,6].

Reducing the amount of pollution in the combustion process of fossil fuels can be ensured by
the modernization of outdated industrial plants, waste-free or at least low-waste production, reuse
of exhaust gases, or energy saving. Taking into account the fact that the Earth’s fossil fuel resources
are slowly decreasing and the need to diversify energy to avoid an energy crisis, it is necessary to
generate electricity from renewable sources at an affordable price [1,3]. Primary energy consumption
by source on a global scale in 2022 as shown in Figure 1 was already 166,588.47 TWh [7]. Primary
energy assuming that it is unconverted energy available as a resource was based on the substitution
method. It includes energy needed by the end user in the form of electricity, transportation and
heating, as well as inefficiencies and energy lost in converting raw materials into a usable form.
Primary energy consumption for fossil fuels including coal, oil and gas amounted to as much as
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137,236.67 TWh, which constitutes over 83 % of the total consumption. The highest value of 52,969.59
TWh among depleting fossil fuels was achieved in the case of oil. Primary energy consumption for
nuclear and renewables in 2022 was only 6,702.34 TWh and 22,649.47 TWh, respectively. It should be
noted that primary energy consumption for other renewables should be increased.

W Coal M Oil M Gas M Nuclear [l Hydropower [l Wind M Solar [l Other renewables

World 44,854 TWh 52,970 TWh 39,413 TWh 166,588 TWh

—_— =1

Figure 1. Primary energy consumption by source, World, 2022 [7].

Electricity production from fossil fuels, nuclear and renewables in the world from 1985 to 2023
is presented in Figure 2 [8]. Yearly electricity generation, capacity, emissions, import, and demand
data for over 200 geographies are contained in this dataset.
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Figure 2. Electricity production from fossil fuels, nuclear and renewable, World [8].

The share of fossil fuels in global electricity production has not changed much over the last three
decades, decreasing only from 64 to 61 %, while the share of nuclear has decreased from 15 to 9 %
and the share of renewables has increased from 21 to 30 %. Total electricity production in 2023
amounted to 29,479 TWh, of which 17,879 TWh was generated from fossil fuels, 2,686 TWh from
nuclear, and 8,914 TWh from renewables. One can see that a global upward trend in the
implementation of renewable technologies is observed, which is partially offset by a decline in
nuclear energy production.
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The current challenge for the global energy economy is to implement a large-scale, low-emission
energy alternative to fossil fuels that is cheap, safe and sustainable [9]. The key to progress in reducing
pollutant emissions and combating energy poverty is energy source and its price. Balancing
greenhouse gas emissions and their removals will enable the global economy to transition to zero-
emission activities, but requires a comprehensive approach and a long-term strategy based on
innovative technologies as priority tasks [1-3].

Investments in the Hydrogen Economy (HE) will allow the use of hydrogen as an energy carrier
that will help meet the growing energy demand due to the excessive development of civilization and
depleting fossil fuel resources [10-14]. Due to the possibility of ecologically obtaining energy from
renewable energy sources (RES) for green hydrogen production, research and development (R&D) is
being carried out on the search for new electrode materials capable of catalytic participation in
reducing the energy barrier for obtaining green hydrogen through the emission-free process of
electrolysis [11,14-23]. The current technologies used for green hydrogen production primarily
involve four types of electrolyzers like alkaline electrolyzers (AEs) [17,21,24-28], proton exchange
membrane (PEM) electrolyzers [18,21,29-35], solid oxide electrolyzers (SOEs) [19,21,36—48], and
anion exchange membrane (AEM) electrolyzers [20,21,49-58]. In addition to these electrolyzer
technologies, there are other innovative methods being researched and developed for green
hydrogen production, including photoelectrochemical (PEC) water splitting, which uses solar energy
directly to drive electrolysis [59-66], biological hydrogen production, which involves using
microorganisms to produce hydrogen through processes like fermentation or biophotolysis [66-72],
and high-temperature electrolysis (HTE), which operates similarly to SOEs and can use heat from
nuclear reactors or concentrated solar power to improve efficiency [73-78].

The choice of technology for green hydrogen production depends on various factors, including
the availability and cost of renewable energy, the scale of production, system efficiency, capital and
operating costs, and the specific application or end-use of the hydrogen. As the demand for green
hydrogen grows, it is expected that these technologies will continue to evolve and become more cost-
effective and efficient [21,79,80]. Therefore, the main aim of this review work was to highlight the
latest trends on the development of technologies for green hydrogen production including
requirements for key components and materials of water electrolyzers as well as operating principle
of AEs, PEM electrolyzers, SOEs and AEM electrolyzers. The subject of discussion were also current
tasks and challenges of HE related to green hydrogen. The review provides a detailed analysis of the
advantages of green hydrogen over grey hydrogen, which is produced from fossil fuels. The literature
review on which the article is based covers the years 2020-2024.

2. Tasks and Challenges of Hydrogen Economy Towards Green Hydrogen

Figure 3 presents the main tasks of the HE towards green hydrogen [81-84]. R&D research
conducted within the functional stages of the HE concerns green hydrogen production (stage I), green
hydrogen purification and transmission (stage II), green hydrogen storage (stage III), and conversion
of chemical energy of green hydrogen into electricity using fuel cells (stage 1V) [13,14,85]. Stage I
primarily involves the development of low-emission or emission-free methods of hydrogen
production [86-89]. A concept of green hydrogen production through water electrolysis supporting
a net zero emissions in the future is shown in Figure 3a [81]. Currently, mainly prototype solutions
and technologies are used in hydrogen energy. Their costs must be significantly reduced in
widespread use and mass production for hydrogen energy to be competitive with conventional fossil
fuel-based energy [85]. Hydrogen can be transferred using gas pipelines as in the case of natural gas
(stage II) [90-94], or transported under pressure using tankers (stage III) [95-100].
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Figure 3. Hydrogen Economy (HE) tasks towards green hydrogen: (a) A concept of green hydrogen
production through water electrolysis (stage I) [81]; (b) Green hydrogen purification and transmission
(stage II) [82]; (c) Green hydrogen storage (stage III) [83]; (d) Green hydrogen conversion by fuel cells
(stage IV) [84].

An exemplary pipeline in modern style for green hydrogen long-distance transport is shown in
Figure 3b [82]. Current challenges related to the HE focus on the search for new methods of green
hydrogen storing (stage III) [101-103] as Figure 3c shows [83], and converting green hydrogen (stage
IV) [103-105] by fuel cells (Figure 3d) [84]. Hydrogen storage is the most difficult technical barrier to
overcome, which hinders the implementation of hydrogen technologies on an industrial scale.
Presently, expensive pressure vessels and less durable cryogenic tanks are used to store hydrogen. In
the stage III, it is necessary to develop methods for storing hydrogen, especially for transport
applications [95,99,103]. Progress in technologies for obtaining materials for hydrogen storage is a
factor determining the economic success of using hydrogen to power cars. Therefore, R&D research
is being conducted on the safe storage of hydrogen in the crystalline structures of metals and their
alloys [95,100-103,106-108]. The most important indicator for the use of hydrogen in fuel cells in stage
IV is the level of its purity requiring the 5.0 standard. Even the smallest traces of hydrogen
contamination may damage the efficiency and durability of the fuel cell system, especially in
hydrogen vehicles. Due to the need to reduce emissions in each economic sector, not only the purity
of hydrogen, but also the origin of the energy used in the hydrogen production process becomes
particularly important.

Currently approximately 96 % of the total hydrogen production in the world is based on fossil
fuels and only 4 % on water electrolysis of which approximately 1 % uses energy from renewable
energy sources for electrolysis process, in which green hydrogen is obtained in a zero-emission way
[109]. According to data published by the International Energy Agency, in 2021 the total global
production of hydrogen was 94 million tonnes (Mt H2) including 74 Mt H2 of pure hydrogen
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production and around 20 Mt H> mixed with carbon-containing gases in methanol production and
steel manufacturing as shown in Figure 4 [109].
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Figure 4. Hydrogen production mix, 2020 and 2021 [109].

Emissions associated with the hydrogen production based on fossil fuels were above 900 Mt
CO:z. The majority of hydrogen is produced from natural gas without Carbon Capture, Utilisation
and Storage (CCUS) technologies, accounting for 62 % of total hydrogen production [109]. This
method, known as steam methane reforming (SMR), is the most common due to its cost-effectiveness
and the widespread availability of natural gas. Approximately 18 % of total hydrogen production is
hydrogen produced in refineries as a by-product of naphtha reforming, which is then used in various
refinery processes such as hydrocracking and desulfurization. Hydrogen production from coal
represents 19 % of the total production. This method, known as coal gasification, is less
environmentally friendly than SMR due to higher carbon emissions. Less than 1 % crude oil was also
used to produce hydrogen. Low-emission hydrogen production, which accounts for less than 1 % of
the total, is almost entirely from fossil fuels with CCUS. This indicates that while there’s a push
towards cleaner hydrogen production, it’s still in its infancy. Hydrogen produced via water
electrolysis, using electricity, is a very small fraction of the total, but it saw a significant increase of
almost 20 % from 2020. This growth reflects the increasing deployment of water electrolyzers, driven
by the need for green hydrogen in various sectors, including transportation, industry, and power
generation. The data shows a strong reliance on fossil fuels for hydrogen production, with natural
gas being the dominant source. The shift towards cleaner production methods, such as water
electrolysis powered by renewable energy, is growing but still represents a minor part of the overall
hydrogen market. The increasing interest in hydrogen as a clean energy carrier and its potential role
in decarbonizing various sectors underscores the need for further development and deployment of
low-emission hydrogen production technologies. This includes scaling up electrolysis powered by
renewable energy sources to produce green hydrogen, as well as enhancing CCUS technologies to
reduce the carbon footprint of hydrogen production from fossil fuels.

3. Grey, Blue, Green and Pink Hydrogen

Figure 5 shows a concept illustration of grey, blue, green, and pink hydrogen production. Grey
hydrogen is a term used to describe hydrogen that is produced from fossil fuels in high-emission
processes primarily through SMR (Figure 5a) [110].
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Figure 5. Type of hydrogen production: (a) Grey hydrogen [110]; (b) Blue hydrogen [111]; (c) Green
hydrogen [112]; (d) Pink hydrogen [113].

Water Steam
Process

)
Water (H,0) “ »

Methane <l
or coal -

® Water Steam
() Process with
Water (H,0) ‘ m)  Carbon Capture

Methane <l

or coal

(b)

The SMR process involves reacting natural gas (methane, CHa) with steam (H20) to produce
hydrogen (Hz) and carbon monoxide (CO) at a temperature of 700-1000 °C in the presence of an
appropriate metal catalyst according to the following chemical Reaction (1) [114,115]:

CHs + 2H20 — CO: + 4Ho. (1)

The SMR process produces high emissions of carbon dioxide (CO2), a greenhouse gas, as a by-
product of 9-12 kg CO2/kg Hz. Although methane is a raw material that ensures high efficiency,
resource sufficiency and relatively low costs compared to other methods using fossil fuels, the SMR
process requires significant energy inputs and, due to its emissivity, contributes to climate change
and environmental concerns. Grey hydrogen is the most common form of hydrogen produced today,
accounting for the majority of the hydrogen used globally. The production of grey hydrogen in the
world already exceeds 55 Mt per year. Grey hydrogen is widely used in various industries, including
chemical production, refining, and as a feedstock for the production of ammonia and methanol. To
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address the environmental impact of grey hydrogen production, there are efforts to develop and
implement CCUS technologies [116,117]. When these technologies are applied to the SMR process,
the resulting hydrogen is often referred to as blue hydrogen as shown in Figure 5b [111]. The goal of
CCUS is to capture the carbon dioxide emissions from the SMR process and store them underground
or use them in other applications, thereby reducing the net carbon footprint of hydrogen production.
Implementing CCUS technologies for grey hydrogen production involves several challenges as high
costs, energy penalties, transportation and storage, and other [109]. The initial capital expenditure for
CCUS infrastructure is significant. This includes the cost of capture technologies, transportation
systems, and storage facilities. Additionally, the operational costs can be high due to the energy
requirements for capturing and compressing CO:. Capturing CO2 from industrial processes typically
requires a lot of energy, which can reduce the overall efficiency of the hydrogen production process.
This energy penalty can increase the cost of hydrogen and may lead to higher greenhouse gas
emissions if the additional energy comes from fossil fuels. Transporting large volumes of CO:2 to
storage sites can be challenging and costly. It requires pipelines, ships, or trucks, and the routes must
be carefully planned. Capturing CO: from the flue gases of hydrogen production facilities is
technically challenging, especially if the concentration of CO: is low. The capture process must be
highly efficient to be economically viable, and it must not significantly disrupt the existing industrial
processes. Demonstrating CCUS at a pilot or demonstration scale does not guarantee that it can be
effectively scaled up to meet the needs of large industrial hydrogen production. Scaling up requires
overcoming engineering challenges and ensuring the economic viability of the process. As renewable
energy sources and technologies advance, green hydrogen produced from electrolysis using
renewable electricity may become more competitive. This could reduce the incentive for investing in
CCUS for grey hydrogen production. Addressing these challenges requires a combination of
technological innovation, policy support, investment in infrastructure, and public engagement to
ensure that CCUS can play a role in decarbonizing hydrogen production and other industrial
processes.

In contrast, green hydrogen is produced through processes that do not emit carbon dioxide, such
as water electrolysis, which ensures the production of hydrogen of the highest purity and is the most
promising, but unfortunately currently the most expensive method [10,11,14-16,85-89,101].
Therefore, new catalysts with high electroactivity are being developed [118]. Green hydrogen
obtained electrolytically can be used to balance energy surpluses produced using electricity
generated by RES, and in the long run it may become competitive with grey hydrogen produced from
fossil fuels in high-emission processes [114-116]. Figure 5c illustrates a diagram of green hydrogen
production [112]. The process begins with the generation of electricity from RES. For example, solar
photovoltaic panels convert sunlight into electricity, or wind turbines generate electricity from the
kinetic energy of the wind. The renewable electricity is then used to power an electrolyzer. The
hydrogen gas produced is collected and may undergo further purification processes to remove any
remaining moisture or impurities, ensuring it is suitable for its intended use. Once purified, the
hydrogen can be stored in high-pressure tanks, underground caverns, or other storage facilities. It
can then be distributed to where it is needed, either through pipelines or by transporting it in
compressed or liquefied form. Green hydrogen is considered a key component of a sustainable
energy future because it can be used in various applications, including powering fuel cells in vehicles,
heating buildings, or as a feedstock in industrial processes, without emitting pollutants or greenhouse
gases. However, the production of green hydrogen is currently more expensive than hydrogen
produced from fossil fuels, largely due to the higher costs of renewable electricity and electrolysis
equipment. As technology advances and economies of scale are achieved, the cost of green hydrogen
is expected to decrease, making it more competitive with other forms of hydrogen and energy
carriers.

Table 1 presents a comparative analysis of green hydrogen and grey hydrogen, highlighting the
advantages of green hydrogen in terms of environmental benefits, sustainability, energy security,
versatility, economic opportunities, health, air quality, and technological innovation.


https://doi.org/10.20944/preprints202408.0254.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024

Table 1. The advantages of green hydrogen, produced from renewable energy sources through the

electrolysis of water, over grey hydrogen, which is produced from fossil fuels, typically via SMR of

natural gas.

Advantage Grey hydrogen Green hydrogen

Environmental e Grey hydrogen production through e A clean energy carrier with zero

benefits SMR releases significant amounts of greenhouse gas emissions at the point
carbon dioxide, contributing to of use, as it only produces water when
climate change and global warming. combined with oxygen in a fuel cell or

burned for energy.

Renewable and e Grey hydrogen relies on finite fossil e Derived from renewable energy

sustainable fuel resources, which are subject to sources, which are inexhaustible and
depletion and price fluctuations. do not deplete natural resources.

Energy security ¢ Grey hydrogen production is often e By using domestic renewable energy
linked to the availability and cost of sources, green hydrogen can enhance
natural gas, which can vary due to energy  security by  reducing
geopolitical ~factors and market dependence on imported fossil fuels.
dynamics.

Versatility e Grey hydrogen is also versatile, its use ~ ® Green hydrogen can be used in a wide
perpetuates the dependence on fossil range of applications, including
fuels and the associated transportation, power generation,
environmental impacts. industrial processes, and as a storage

medium for renewable energy,
providing  flexibility in energy
systems.

Economic ¢ Grey hydrogen production is often e The production of green hydrogen can

opportunities part of established fossil fuel create new industries and jobs in
industries, with fewer opportunities renewable energy and related sectors,
for innovation and economic contributing to economic
expansion in renewable energy diversification and growth.
technologies.

Health and air quality

The SMR process and the combustion
of gray hydrogen can release NOx and
other pollutants, contributing to poor
air quality and health issues.

Green hydrogen does not produce air
pollutants that can harm human
health, such as nitrogen oxides (NOx),
sulfur dioxide (SO2), or particulate
matter (PM).

Technological
innovation

Grey hydrogen technology is more
mature and less likely to benefit from
the same pace of innovation and cost
reductions seen in renewable energy
sectors.

in
the
improvement of renewable energy

Investment green hydrogen

supports development and

technologies, electrolysis systems, and

energy storage solutions, driving

technological advancements.

d0i:10.20944/preprints202408.0254.v1

Green hydrogen is produced from RES through the electrolysis of water, offering a clean energy
carrier with zero greenhouse gas emissions at the point of use. In contrast, grey hydrogen, produced
from fossil fuels via SMR, releases significant amounts of carbon dioxide, contributing to climate
change. Green hydrogen’s production from inexhaustible RES enhances energy security by reducing
reliance on imported fossil fuels, which are subject to depletion and price fluctuations. Green
hydrogen’s versatility allows it to be used in various applications, such as transportation, power
generation, industrial processes, and as a storage medium for renewable energy, potentially
providing flexibility in energy systems. Moreover, green hydrogen does not produce air pollutants
like NOx, SOz, or PM, which can harm human health and contribute to poor air quality. Investment
in green hydrogen supports technological advancements in renewable energy technologies,
electrolysis systems, and energy storage solutions. This contrasts with grey hydrogen technology,
which is more mature and less likely to benefit from the same pace of innovation and cost reductions
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seen in renewable energy sectors. Green hydrogen is positioned as a more sustainable,
environmentally friendly, and versatile energy source compared to grey hydrogen, with the potential
to drive economic growth, improve air quality, and foster technological innovation in the energy
sector.

Despite these advantages, the widespread adoption of green hydrogen is currently limited by
its higher production costs compared to grey hydrogen. The global hydrogen generation market size
was estimated at USD 170.14 billion in 2023, and is expected to grow at a compound annual growth
rate of 9.3 % from 2024 to 2030 [119]. Grey hydrogen, produced from natural gas through SMR,
benefits from well-established industrial processes and typically has lower production costs, often in
the range of $1 to $2 per kilogram, depending on the price of natural gas and the efficiency of the
production process. In contrast, green hydrogen, produced via electrolysis powered by renewable
energy, can cost between $3 and $6 per kilogram or more, depending on factors such as the cost of
electricity, the capacity factor of the renewable energy source, and the cost of the electrolyzer.
However, as renewable energy technologies become cheaper and more efficient, and as economies of
scale are achieved in electrolysis equipment, the cost of green hydrogen is expected to decrease,
making it a more competitive alternative to fossil fuel-based hydrogen. The transition from grey to
green hydrogen aligns with the goals of sustainability, environmental protection, and the reduction
of anthropogenic impacts on the climate and ecosystems. As green hydrogen technologies mature
and costs decrease, the potential for these environmental benefits to be realized on a large scale
increases.

The latest concept of hydrogen production in the water electrolysis process assumes the use of
nuclear energy (Figure 5d) [114]. Hydrogen produced by nuclear-powered water electrolysis is called
pink hydrogen, or alternately violet, purple or red. The production of pink hydrogen will ensure low
emissions, target profitability and will be able to complement production from RES, and thus meet
the growing demand of industry and energy. The wide range of hydrogen colours confirms the belief
that the potential of hydrogen fuel is huge and, more importantly, it will be developed even more
strongly in the coming years.

4. Key Components and Materials of Water Electrolyzers

The production of green hydrogen through electrolysis involves the use of an electrolyzer, where
water is split into its constituent hydrogen and oxygen gases by passing an electric current through
it [81,89,120]. In the electrolyzer, water is fed into the system, and an electric current is applied to two
electrodes— the anode and the cathode —which are separated by a membrane as shown in Figure 6
[121]. At the cathode, electrons from the electric current cause water molecules to gain electrons
(reduction) and form hydrogen gas. At the anode, water molecules lose electrons (oxidation) and
produce oxygen gas and positively charged hydrogen ions. The hydrogen ions migrate through the
membrane to the cathode, where they combine with electrons to form hydrogen gas. The efficiency
of different electrolyzer technologies for green hydrogen production can vary depending on the
design of electrolyzer, the operating conditions, the energy source used, the electrical energy input,
the conductivity of the electrolyte, and, to a large extent, electrode materials used for the HER at the
cathode and the OER at the anode.
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Table 2 summarizes the key components and materials of various types of electrolyzers, such as
AEs, PEM electrolyzers, AEM electrolyzers and SOEs, used in the production of green hydrogen [21].

Table 2. Components and materials of AEs, PEM eletrolyzers, AEM electrolyzers, and SOEs
technology, where: PFSA — Perfluoroacidsulfonic, PTFE — Polytetrafluoroethylene, ETFE — Ethylene
Tetrafluorethylene, PSF — poly(bisphenol-A sulfone), PSU — Polysulfone, YSZ — yttriastabilized
zirconia, DVB - divinylbenzene, PPS — Polyphenylene sulphide, LSCF — LaossSro4Coo.2Fe0sOs-», LSM

— (La1xSrx)1yMnO:s [21].
Component AEs PEM electrolyzers AEM SOEs
electrolyzers
Electrolyte KOH 5-7 mol L PFSA membranes DVB polymer Yttria-stabilized
support with KOH  Zirconia (YSZ)
or NaHCOs 1 mol
L1
Separator ZrO:2 stabilized with ~ Solid electrolyte Solid electrolyte Solid electrolyte
PPS mesh
Electrode/catalyst Nickel coated Iridium oxide High surface area  Perovskite-type
(oxygen side) perforated stainless Ni or NiFeCo (e.g., LSCF, LSM)
steel alloys
Electrode/catalyst Nickel coated Platinum High surface area  Ni/YSZ
(hydrogen side) perforated stainless nanoparticles on Nickel
steel carbon black
Porous  transport Nickel mesh Platinum coated Nickel foam Coarse Nickel-
layer (not always present)  sintered porous mesh or foam
Anode titanium
Porous  transport Nickel mesh Sintered porous Nickel foam or None
layer Cathode titanium or carbon carbon cloth
cloth
Bipolar plate anode  Nickel-coated Platinum-coated Nickel-coated None
stainless steel Titanium stainless steel
Bipolar plate  Nickel-coated Gold-coated Nickel-coated Cobalt-coated
cathode stainless steel titanium stainless steel stainless steel

Frames and sealing

PSU, PTFE, EPDM

PTFE, PSU, ETFE

PTFE, Silicon

Ceramic glass

The cells colored grey represent conditions or a component that show significant variation across
manufacturers or R&D institutions. Based on the data obtained by the International Renewable
Energy Agency depicted in Table 2 [21], it can be observed that AEM electrolyzers and SOEs are less
mature at lab scale compared to other types, such as already commercial AEs or PEM electrolyzers,
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which might have more standardized or optimized components and conditions across different
manufacturers. For AEM electrolyzers, the technology is relatively new and still under development,
which could lead to a wide range of materials and operating conditions being explored by different
institutions. AEM electrolyzers operate in an alkaline environment, which can offer advantages in
terms of catalyst activity and durability but also presents challenges in terms of membrane stability
and performance. SOEs operate at high temperatures, which creates challenges in material selection,
thermal expansion mismatch, and durability. The significant variation in these technologies could
indicate that they are still in the research phase, with many institutions experimenting with different
approaches to improve performance, durability, and cost-effectiveness. This diversity of approaches
is typical in the early stages of technology development and is essential for the eventual maturation
and commercialization of these technologies.

Each type has specific materials and configurations for their electrolyte, separator,
electrodes/catalysts, and bipolar plates (Table 2) [21]. For AE, the electrolyte is a solution of KOH, the
separator is ZrO: stabilized with a PPS mesh, and the electrodes are nickel-coated stainless steel with
a nickel mesh as the porous transport layer. The bipolar plates are made of nickel-coated stainless
steel. PEM electrolyzers use PFSA membranes as the electrolyte, a solid electrolyte for the separator,
and platinum nanoparticles on carbon black for the hydrogen side electrode. The oxygen side
electrode is made of high surface area Ni or NiFeCo alloys, and the bipolar plates are nickel-coated
steel or stainless steel. AEM electrolyzers employ DVB polymer support with either KOH or NaHCOs
as the electrolyte, a solid electrolyte separator, and perovskite-type catalysts like LSCF or LSM for the
oxygen side electrode. The hydrogen side uses high surface area nickel, and the bipolar plates are
made of nickel-coated stainless steel. SOEs utilize yttria-stabilized zirconia (YSZ) as both the
electrolyte and separator. The oxygen side electrode is made of perovskite-type materials, and the
hydrogen side uses Ni/YSZ. The bipolar plates are constructed from nickel-coated stainless steel or
cobalt-coated stainless steel.

The current limitations in electrolyzer technology that are being actively addressed by R&D
strategies include many factors as efficiency, cost, durability and lifetime, scalability, energy source
integration, hydrogen compression and storage, system integration and control
[10,11,15,16,21,26,70,79]. While electrolyzers can convert electricity into hydrogen, the process is not
yet as efficient as desired. Energy losses occur due to electrical resistance, heat generation, and
inefficiencies in the electrochemical reactions. R&D is focused on improving the efficiency of the
electrolysis process, which includes developing better catalysts, optimizing cell design, and
improving the electrical conductivity of materials [86,99,102,113,125,143]. The cost of electrolyzers
and their components, such as membranes, catalysts, and bipolar plates, is currently high [18-
20,23,25,29,30-35,52,54,55]. This is partly due to the use of expensive materials like precious metals
as catalysts. R&D is working on reducing costs by finding alternatives to these expensive materials,
improving manufacturing processes, and scaling up production to benefit from economies of scale.
Electrolyzers need to operate for thousands of hours under varying conditions to be economically
viable (Table 2) [21]. However, degradation of components over time can lead to reduced efficiency
and increased maintenance costs [38,39,43-46,74,78,138,141]. R&D is focused on enhancing the
durability of electrolyzer components, including the development of more robust membranes,
catalysts, and other materials that can withstand corrosive environments and maintain performance
over extended periods. To meet the growing demand for green hydrogen, electrolzers need to be
scaled up effectively. This involves not only building larger electrolyzers but also ensuring that they
can be manufactured and operated at scale without significant increases in cost or decreases in
efficiency. R&D is exploring modular designs and standardization to facilitate scalability [79,96].
Electrolyzers are most environmentally beneficial when powered by RES like wind and solar.
However, the intermittent nature of these sources can pose challenges for continuous hydrogen
production. R&D is investigating ways to better integrate electrolyzers with variable RES, including
energy storage solutions and smart grid technologies. After production, hydrogen needs to be
compressed and stored for transportation or use. This step can account for a significant portion of the
overall cost and energy requirements. R&D is exploring inexpensive and effective methods for
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hydrogen compression and storage, including new materials for storage tanks and innovative
compression technologies. Optimizing the operation of electrolyzers within larger energy systems
requires advanced control systems and integration strategies [36,102,130,141]. R&D is focused on
developing smart control algorithms and integration solutions that can maximize the efficiency and
flexibility of hydrogen production systems. By addressing these limitations, R&D strategies aim to
make green hydrogen production more efficient, cost-effective, and scalable, thereby enabling it to
compete with fossil fuels and other forms of energy storage in various applications.

5. Current Technologies Used for Green Hydrogen Production

5.1. Alkaline Electrolyzers (AEs)

AEs are the most mature and commonly used electrolyzers for industrial-scale hydrogen
production [17,21,24-28,122-126]. Figure 7a shows an alkaline electrolyzer and water isolated [127].
The operating principle of AE is schematically illustrated in Figure 7b [124]. Operating parameters of
AE are summarized in Table 2. AEs are characterized by their straightforward design and ease of
production, with electrode areas up to 3 m2 They utilize a concentrated KOH solution as the
electrolyte, zirconium dioxide-based diaphragms, and nickel-coated stainless-steel electrodes. The
OH™ ion serves as the ionic charge carrier, facilitating the electrochemical reaction. The
electrochemical reactions in an AE involve the transfer of electrons and the exchange of ions at the
electrodes. At the anode, water is oxidized to produce oxygen gas, protons, and electrons. The half-
reaction releases electrons to the anode, which then flow through an external circuit to the cathode
as described in Reaction (2):

Anode reaction

+ - 2
(Oxidation): 2H,0 —» O, + 4H" + 4e @)

H, == . o e == o,

Cathode
2H,0 + 2¢ > H, + 20H°

Anode
20H > H,0 +% 0, +2e°

5M KOH/H,0 mmmp

|
§ GDL Diaphragm TL
Flow field separator plates N Flow field separator plates

Cathode Electrode (Ni) Anode Electrode (Ni)

Figure 7. Type of electrolyzer: (a) Alkaline electrolyzer (AE) and water isolated [127]; (b) Principle of
AE [124].

At the cathode, the protons that have been produced at the anode, along with electrons from the
external circuit, combine to form hydrogen gas. The electrons are supplied to the cathode by the
external circuit, completing the electrical circuit according to the half-reaction given in Reaction (3):

Cathode reaction
(Reduction):

Combining the two half-reactions gives the overall Reaction (4), which shows that water is split

into hydrogen and oxygen gases:

Overall reaction: 2H,0 > 2H, +0O,. 4)
In AEs, the alkaline electrolyte facilitates the movement of ions between the electrodes. The
hydroxide ions from the electrolyte participate in the reactions at the electrodes. At the anode,
hydroxide ions are oxidized to form oxygen gas and water, while at the cathode, they combine with

4H* +4e” > 2H, - ®)

the protons and electrons to form water and hydrogen gas.
Table 3 outlines the operating parameters and cost considerations for AE technology, which is
used for green hydrogen production [21].
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Table 3. Operating parameters of AE, where LHV is lower heating value [21].

Parameter 2020 Target 2050 R&D focus

Nominal current density  0.2-0.8 A cm™ >2Acm? Diaphragm

Voltage range (limits) 143V <17V Catalysts

Operating temperature 70-90 °C >90 °C Diaphragm, frames,
balance of plant
components

Cell pressure <30 bar > 70 bar Diaphragm, cell, frames

Load range 15-100 % 5-300 % Diaphragm

Hydrogen purity 99.9-99.9998 % >99.9999 % Diaphragm

Voltage efficiency (LHV)  50-68 % >70 % Catalysts, temperature

Electrical efficiency  47-66 kWh kg™! Ha <42 kWh kg H Diaphragm, catalysts
(stack)

Electrical efficiency 50-78 kWh kg™ H2 <45 kWh kg™ H2 Balance of plant
(system)

Lifetime (stack) 60,000 hours 100,000 hours Electrodes

Stack unit size 1 MW 10 MW Electrodes

Electrode area 10,000-30,000 cm? 30,000 cm? Electrodes

Cold start (to nominal
load)

<50 minutes

< 30 minutes

Insulation (design)

Capital costs (stack) USD 270/kW < USD 100/kW Electrodes
minimum 1 MW
Capital costs (system) USD 500-1000/kW <USD 200/kW Balance of plant

minimum 10 MW
In 2020, AE operated with a nominal current density range of 0.2 to 0.8 A cm, a voltage range
of 1.4 to 3V, and a temperature range of 70 to 90 °C. The cell pressure was below 30 bar, with a load
range of 15 to 100 % and hydrogen purity between 99.9 and 99.9998 %. The voltage efficiency based
on the lower heating value (LHV) was 50 to 68 %, with electrical efficiency for the stack and system
at 47 to 66 kWh kg™ Hz and 50 to 78 kWh kg™ Hy, respectively. The stack lifetime was approximately
60,000 hours. By 2050, the targets for AE include a nominal current density exceeding 2 A cm™, a

voltage below 1.7 V, an operating temperature above 90 °C, and a cell pressure greater than 70 bar.
The load range is expected to be 5 to 300 %, with hydrogen purity exceeding 99.9999 %. The voltage
efficiency is targeted to be over 70 %, with electrical efficiency for the stack and system reducing to
less than 42 kWh kg™ Hz and 45 kWh kg™ Hy, respectively. The stack lifetime is projected to increase
to 100,000 hours. R&D efforts are focused on various components, including the diaphragm, catalysts,
cell frames, balance of plant components, and electrodes. The minimum size for a stack unitis 1 MW,
with an electrode area of 10,000 to 30,000 cm2. The time to reach nominal load from a cold start should
be less than 50 minutes for a 1 MW unit and less than 30 minutes for a 10 MW unit. Capital costs for
the stack in 2020 were USD 270/kW for a minimum 1 MW unit and less than USD 100/kW for a 10
MW unit. For the system, capital costs were between USD 500 and 1000/kW for a minimum 10 MW
unit, with a target to reduce this to less than USD 200/kW.

AEs are reliable and have a long operational lifetime, but they typically have lower efficiency
and energy density compared to other types of electrolyzers. They are known for their robustness
and typically operate at lower current densities. However, the design limitations include the
intermixing of hydrogen and oxygen gases due to the permeability of the diaphragm, which can be
mitigated by using thicker diaphragms or adding spacers, but at the cost of increased resistance and
reduced efficiency. Advancements in alkaline electrolyzer technology have seen the introduction of
zerogap electrodes, thinner diaphragms, and improved electrocatalysts, which have helped to close
the performance gap with PEM technology. Despite these advancements, alkaline systems are known
for their reliability and long lifespan. The operation of alkaline electrolyzers involves the recirculation
of the KOH electrolyte through the stack, which introduces a pressure drop and requires specific
pumping solutions. This recirculation can negatively impact efficiency, with power consumption for
pumping typically less than 0.1 % of the stack’s power consumption but varying significantly among
manufacturers. Some systems operate without the need for pumping peripherals. The produced
gases must be separated from the alkaline solution in gas-water separators located above the stack.
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The water column within these separators acts as a buffer for load changes, and the water
management system controls the filling level of each separator. Water permeation through the
diaphragm is a factor that must be managed, and a mixing pipe is used to balance the OH~ charges
consumed or produced during the electrochemical reaction. AEs can operate at high pressures by
maintaining both sides of the stack at high pressure within a high-pressure vessel. This configuration
requires more robust cell frames and balance of plant materials, which can increase the capital
expenditure [21]. However, the need to balance charges between the anode and cathode complicates
the operation of the stack at differential pressures compared to PEM technology.

5.2. Proton Exchange Membrane (PEM) Electrolyzers

PEM electrolyzers use a solid polymer electrolyte to conduct protons from the anode to the
cathode while keeping the electronic conductivity low to prevent short-circuiting [18,21,29—
35,124,128-133]. The electrochemical reactions in PEM electrolyzers are similar to those in AEs but
are facilitated by the proton exchange membrane, which plays a crucial role. The membrane also
serves to keep the hydrogen and oxygen gases separated to prevent recombination, which is
important for safety reasons. Minimalist and photorealistic image of a PEM electrolyzer, showcasing
technological sophistication and commercial potential is shown in Figure 8a [134]. Figure 8b
illustrates the operating principle of PEM [124].

Anode

H,0 - 2H* + %2 0, + 2¢

Cathode
2H*+2¢ > H,

/ GDL t.
Flow field separator plates Flow field separator plates
Cathode Electrode (Pt/C) Anode Electrode (Ir0;)

(o) (d)

Figure 8. Type of electrolyzer: (a) Proton exchange membrane (PEM) electrolyzer [134]; (b) Principle
of PEM [124].

In a PEM electrolyzer, the oxidation reaction occurs at the anode, in which water is oxidized to
produce oxygen gas, protons, and electrons in the half-reaction represented as Reaction (5):

Anode reaction
(Oxidation):

The Reaction (5) releases electrons to the anode, which then flow through an external circuit to
the cathode.

At the cathode, the reduction reaction takes place, where the protons that have been produced
at the anode, along with electrons from the external circuit, combine to form hydrogen gas. In the
half-reaction, the electrons are supplied to the cathode by the external circuit, completing the
electrical circuit as described Reaction (6):

Cathode reaction
(Reduction):

Reaction 7 represents the overall electrolysis reaction showing the water splitting into hydrogen

and oxygen gases as a result of combining the two half-reactions:

Overall reaction: 2H,0 - 2H, +0,. (7)
Table 4 presents the operating parameters of PEM electrolyzers, a key technology for green
hydrogen production, as outlined by the International Renewable Energy Agency in their 2020 report
[21]. The Table 4 compares the nominal current density, voltage range, operating temperature, and
cell pressure between the year 2020 and the target for 2050, indicating a significant improvement in

2H,0 > O, + 4H* + 4e”. ()

4H* +4e” —2H, - (6)
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efficiency and operational parameters by the latter year. In 2020, PEM electrolyzers operated with a
nominal current density of 1-2 A cm™?, a voltage range of 1.4-2.5V, a temperature between 50-80 °C,
and a cell pressure below 30 bar. By 2050, the target is to achieve a higher current density of 4-6 A
cm?, a reduced voltage of less than 1.7 V, an increased operating temperature of 80 °C, and a higher
cell pressure exceeding 70 bar. These advancements are expected to enhance the durability and
efficiency of the electrolyzers.

Table 4. Operating parameters of PEM, where: MEA — membrane electrode assembly, PTLs — porous
transport layers, BPs — bipolar plates [21].

Parameter 2020 Target 2050 R&D focus

Nominal current density 1-2 A cm™ 4-6Acm? Design, membrane

Voltage range (limits) 1.4-25V <17V Catalyst, membrane

Operating temperature 50-80 °C 80 °C Effect on durability

Cell pressure <30 bar >70 bar Membrane, reconversion
catalysts

Load range 5-120 % 5-300 % Membrane

Hydrogen purity 99.9-99.9999 % Same Membrane

Voltage efficiency (LHV)  50-68 % >80 % Catalysts

Electrical efficiency  47-66 kWh kg™! Ha <42 kWh kg H Catalysts/membrane

(stack)

Electrical efficiency  50-83 kWh kg™! Ha <45 kWh kg H Balance of plant

(system)

Lifetime (stack) 50,000-80,000 hours 100,000-120,000 hours = Membrane, catalysts,
PTLs

Stack unit size 1MW 10 MW MEA, PTL

Electrode area 1500 cm? > 10,000 cm?2 MEA, PTL

Cold start (to nominal <20 minutes <5 minutes Insulation (design)

load)

Capital costs (stack) USD 400/kW < USD 100/kW MEA, PTLs, BPs

minimum 1 MW

Capital costs (system) USD 700-1400/kW <USD 200/kW Rectifier, water

minimum 10 MW purification

R&D efforts are focused on various aspects such as design improvements, membrane and
catalyst technologies, and the impact on durability (Table 4). Specifically, the R&D aims to improve
the membrane, reconversion catalysts, and the balance of plant components like the membrane
electrode assembly (MEA) and platinum group metal (PGM) catalysts.

The Table 4 also outlines the load range, hydrogen purity, voltage efficiency, electrical efficiency,
and lifetime of the electrolyzer stack and system. In 2020, the load range was 5-120 %, with hydrogen
purity varying from 99.9-99.9999 %. The voltage efficiency was 50-68 %, and the electrical efficiency
ranged from 47-66 kWh kg™ H: for the stack and 50-83 kWh kg™ H: for the system. The stack lifetime
was between 50,000-80,000 hours, with a unit size of 1 MW and an electrode area of 1500 cm?2. By
2050, the load range is expected to increase to 5-300 %, with hydrogen purity maintained, voltage
efficiency exceeding 80 %, and electrical efficiency dropping below 42 kWh kg™ H> for the stack and
45 kWh kg™ H: for the system. The stack lifetime is projected to extend to 100,000-120,000 hours,
with larger unit sizes of 10 MW and an electrode area greater than 10,000 cm2.

Capital costs for the electrolyzer stack and system are also highlighted in Table 4. In 2020, the
minimum capital cost for a 1 MW stack was USD 400/kW, with a target of less than 5 minutes for a
cold start to nominal load. For a 10 MW system, the capital costs ranged from USD 700-1400/kW. The
Table 4 sets future targets of less than USD 100/kW for the stack and less than USD 200/kW for the
system, indicating a significant reduction in costs by 2050. Further insights and developments in PEM
electrolyzer technology are discussed more specific in [21].

PEM electrolyzers operate at low temperatures and can respond more quickly to changes in
power supply, making them well-suited for integration with variable RES like solar and wind. They
are more efficient and have a higher power density than AEs, but they can be more expensive due to
the use of precious metal catalysts such as platinum and the need for high-purity deionized water.
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Efficiency of PEM electrolyzers is generally higher than AEs. PEM electrolyzers offer faster response
times, higher current densities, and the ability to operate at higher pressures, which can lead to higher
efficiencies and potentially lower compression costs for the green hydrogen produced. Despite their
higher cost compared to alkaline electrolyzers, PEMs offer a compact and straightforward design that
is sensitive to water impurities. The technology is rapidly advancing, with electrode areas increasing
and the promise of future large-scale MW stack units.

PEM systems are characterized by their simplicity, requiring only circulation pumps, heat
exchangers, and pressure control at the anode side. The cathode side involves a gas separator, de-
oxygenation component, gas dryer, and final compressor step. These systems offer design flexibility,
including atmospheric, differential, and balanced pressure operations, which can reduce costs and
maintenance. Balanced pressure operation keeps the anode and cathode at the same pressure, while
atmospheric pressure operation maintains a constant pressure below one standard atmosphere.
Differential pressure operation, which can range from 30 to 70 bar, requires a thicker membrane for
stability and may need an additional catalyst to reconvert hydrogen that permeates back to water,
potentially reducing efficiency.

PEM electrolyzers are efficient and robust systems for hydrogen production, with the potential
for large-scale applications. They operate under high-pressure differentials and require specialized
materials to withstand harsh conditions. Despite their higher cost and sensitivity to impurities, PEMs
offer a simple design with operational flexibility, making them a promising technology for the future
of hydrogen production.

5.3. Solid Oxide Electrolyzers (SOEs)

SOEs operate at high temperatures, typically between 700 and 850 °C, which allows for the
efficient electrolysis of water vapor to produce hydrogen using a solid oxide or ceramic electrolyte
[19,21,36-48,124,135-141]. They can achieve higher efficiency by using some of the heat energy in
addition to electrical energy, which is particularly useful when integrated with industrial processes
that produce excess heat. Efficiency of SOEs is high, potentially up to 85 % or more on an HHYV basis,
due to their ability to utilize high-temperature heat. SOEs operate at very high temperatures, which
allows for the integration of waste heat from industrial processes or solar thermal energy, improving
overall efficiency. They are still in the development stage and are not yet widely used commercially.
Figure 9a shows the world’s largest SOE installed at the NASA facility in California [142]. This 4AMW
unit will be 20-25% more efficient than same-sized commercially available alkaline or PEM
electrolyzers. Schematic illustration of SOE operating principle is presented in Figure 9b [124].

2 r
Cathode " : Anode
H,0 +2¢ — H, + 0> - — % 0, +2e
H,0 e=p [ €
GDL Membrane PTL
Flow field separator plates Flow field separator plates
Cathode Electrode (Ni/YSZ) Anode Electrode (LSCF, LMS)

(e) (f)
Figure 9. Type of electrolyzer: (a) Solid oxide electrolyzer (SOE) [142]; (b) Principle of SOE [124].

The electrochemical reactions in a SOE occur at the interfaces between the electrodes and the
electrolyte. At the cathode, the reduction reaction occurs, in which water molecules from the cathode
side are reduced to form hydrogen gas and oxygen ions. The O? ions then migrate through the solid
oxide electrolyte towards the anode. The half-reaction is represented as Reaction (8):
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Cathode reaction
(Reduction):
At the anode, the oxygen ions reaching the anode release their electrons to the anode, completing

H,0+2¢” - H, +0™. (8)

the electrical circuit. These OH™ ions then combine to form oxygen gas. The half-reaction related to
oxidation at the anode is represented by Reaction (9):
Anode reaction
(Oxidation):
Reaction 10 shows the overall electrolysis reaction in a SOE combining the reactions at the

407 > 20, +8¢” 9)

cathode and anode:

2H,0 —» 2H, + O,. (10)
This reaction shows that water is split into hydrogen and oxygen gases.
Table 5 outlines the specifications and targets for SOEs for the production of green hydrogen,

Overall reaction:

comparing the parameters in 2020 with the projected targets for 2050 [21]. Based on key parameters
it can be stated that nominal current density is expected to increase from 0.3-1 A cm=2 in 2020 to over
2 cm by 2050. The voltage range is to be reduced from an upper limit of 1.5 V in 2020 to less than
1.48 V by 2050. Operating temperature, aiming to decrease from 700-850 °C to less than 600 °C. Cell
pressure is to increase from 1 bar to over 20 bar. The load range is to be expanded from 30-125% to
0-200%. Hydrogen purity is to be improved from 99.9% to over 99.9999%. Voltage efficiency (LHV)
and electrical efficiency (stack and system) both target more than 85 % improvement and reduction
of energy consumption to less than 35 kWh kg Hz and less than 40 kWh kg Hz, respectively. Stack
life will increase significantly from less than 20,000 hours to 80,000 hours. Stack unit size is expected
to be increased from 5 kW to 200 kW. R&D focus areas are identified for each parameter, with a
particular emphasis on electrolyte, electrodes, catalysts, and the balance of plant. Additionally, the
Table 5 notes the importance of reducing capital costs for both the stack and the system, with targets
of less than USD 200/kW for the stack and less than USD 300/kW for the system for a minimum size
of 1 MW and 10 MW, respectively.

Table 5. Components of SOE [21].

Parameter 2020 Target 2050 R&D focus

Nominal current density  0.3-1 A cm™ >2cm™? Electrolyte, electrodes
Voltage range (limits) 1.0-1.5V <148V Catalysts

Operating temperature 700-850 °C <600 °C Electrolyte

Cell pressure 1 bar > 20 bar Electrolyte, electrodes
Load range 30-125 % 0-200 % Electrolyte, electrodes
Hydrogen purity 99.9 % >99.9999 % Electrolyte, electrodes
Voltage efficiency (LHV) 75-85 % > 85 % Catalysts

Electrical efficiency 35-50 kWh kg™ H <35 kWh kg™ H2 Electrolyte, electrodes
(stack)

Electrical efficiency 40-50 kWh kg™ H <40 kWh kg™ H2 Balance of plant
(system)

Lifetime (stack) <20,000 hours 80,000 hours All

Stack unit size 5kW 200 kW All

Electrode area 200 cm? 500 cm? All

Cold start (to nominal
load)

> 600 minutes

< 300 minutes

Insulation (design)

Capital costs (stack) >TUSD 2000/kW < USD 200/kW Electrolyte, electrodes
minimum 1 MW
Capital costs (system) Unknown < USD 300/kW All

minimum 10 MW

SOEs are high-temperature devices offering several advantages. The elevated temperatures

facilitate favorable chemical reactions, allowing for the use of inexpensive nickel electrodes and a
reduction in electricity demand due to the utilization of waste heat, which can lead to apparent
efficiencies exceeding 100 %. Additionally, SOEs have the potential to operate in reverse as fuel cells
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and can facilitate the co-electrolysis of CO2 and water to produce syngas, a critical feedstock for the
chemical industry.

Despite these benefits, SOEs face challenges such as accelerated degradation and reduced
lifespan due to thermo-chemical cycling, particularly during shutdowns and ramping periods. Other
issues include difficulties with sealing at high differential pressures, electrode contamination from
sealants like silica, and other contaminants from system components. Currently, SOEs are deployed
at a small scale, with some demonstration projects reaching 1 MW.

SOEs can be integrated with heat-generating technologies to enhance system efficiency, as the
energy demand for water electrolysis decreases with increasing temperature due to Joule heating.
This allows for the use of external heat sources, such as industrial waste heat or concentrated solar
power, to drive the water-splitting reaction. A notable renewable application is the coupling of
SOECs with concentrated solar power, which can provide both the electricity and heat required for
the electrolysis process.

SOEs offer benefits like using inexpensive electrodes and waste heat for increased efficiency, but
face challenges in scaling up and maintaining performance due to material degradation, sealing
difficulties, and system integration complexities.

5.4. Anion Exchange Membrane (AEM) Electrolyzers

AEM electrolyzers are a newer technology that aims to combine the advantages of AEs and PEM
electrolyzers [20,21,49-58,124,143-149]. AEM electrolyzers use a solid polymer electrolyte that
conducts hydroxide ions from the cathode to the anode and can operate with less-pure water than
PEM electrolyzers. Figure 10a presents the AEM Flex 120 with a configuration from 70 to 480 kW
enables your streamlined launch of green hydrogen in pilots from industrial process heat to re-
fuelling [150]. This modular AEM ensures reactivity to intermittent renewable energy, built-in
redundancy, and easy to scale. Diagram of the AEM operating principle is shown in Figure 10b [124].

Ol ' e d ]

| d
H, ¢ | | BNl == 0,

Cathode [ 5 [ g Anode

GD! TL
Flow field separator plates Flow field separator plates

Cathode Electrode (Ni) Anode Electrode (Ni Fe Co)

(a) (b)

Figure 10. Type of electrolyzer: (a) Anion exchange membrane (AEM) electrolyzer [150]; (b) Principle
of AEM [124].

An AEM electrolyzer uses an anion exchange membrane as the electrolyte, which selectively
conducts anions such as OH™ ions while blocking cations. The AEM electrolyzer operates similarly to
a PEM electrolyzer but with the charge carriers reversed. In an AEM electrolyzer, anions migrate
from the anode to the cathode, while in a PEM electrolyzer, cations (protons) migrate from the anode
to the cathode.

In an AEM electrolyzer, water is oxidized to produce oxygen gas, protons, electrons, and
hydroxide ions at the anode. The half-reaction is represented as Reaction (11):

Anode reaction
(Oxidation):
This reaction releases hydroxide ions to the anode side of the AEM. The OH™ ions produced at

2H,0 - O, + 4H* +4e™ + 40H"- 11)

the anode migrate through the anion exchange membrane to the cathode side.
At the cathode, the hydroxide ions combine with the protons to form water and hydrogen gas.
The half-reaction is described by Reaction (12):

Cathode reaction B B
2H,0+2e¢” — H, + 20H". (12)
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(Reduction):
The electrons are supplied to the cathode by the external circuit, completing the electrical circuit.
Combining the two half-reactions leads to Reaction 13 that represents the overall electrolysis reaction
showing that water is split into hydrogen and oxygen gases (Reaction 13):

Overall reaction: 2H,0 - 2H, +O,. (13)

In an AEM electrolyzer, the anion exchange membrane plays a crucial role by allowing
hydroxide ions to pass through while blocking other ions and gases. This ensures that the hydrogen
produced at the cathode is pure and that the oxygen produced at the anode is kept separate, which
is important for safety and efficiency.

Table 6 presents operating parameters for AEM technology and provides a comparison between
the current (2020) and target (2050) operating conditions for AEM electrolyzers, highlighting the
significant improvements needed to meet the climate objective [21]. In 2020, AEM electrolyzers
operated with a nominal current density range of 0.2 to 2 A cm, a voltage range of 1.4 t0 2.0 V, and
a temperature between 40 to 60 °C. The cell pressure was below 35 bar, with a load range of 5 to 100
%, producing hydrogen with purity between 99.9 to 99.999 %. The voltage efficiency based on the
LHV was 52 to 67 %, and the electrical efficiency for the stack and system was 51.5 to 66 kWh kg™ Hz
and 57 to 69 kWh kg™ H>, respectively. The stack lifetime exceeded 5,000 hours, with a unit size of
2.5 kW. By 2050, the target operating parameters aim to increase the nominal current density to over
2 A cm™?, reduce the voltage to less than 2 V, and operate at a higher temperature of 80 °C and
pressure above 70 bar. The load range is expected to expand to 5 to 200 %, with hydrogen purity
exceeding 99.9999 %. The voltage efficiency is targeted to be over 75 %, with electrical efficiency
reducing the energy consumption to less than 42 kWh kg™ Hz for the stack and less than 45 kWh kg™!
H: for the system. The stack lifetime should reach 100,000 hours, and the unit size is projected to be
2 MW.

Table 6. Operating parameters of AEM, where: MEA — membrane electrode assembly [21].

Parameter 2020 Target 2050 R&D focus

Nominal current density  0.2-2 A cm™? >2Acm? Membrane, reconversion
Voltage range (limits) 1420V <2V Catalyst

Operating temperature 40-60 °C 80 °C Effect on durability
Cell pressure <35 bar > 70 bar Membrane

Load range 5-100 % 5-200 % Membrane

Hydrogen purity 99.9-99.999 % >99.9999 % Membrane

Voltage efficiency (LHV)  52-67 % >75% Catalysts

Electrical efficiency  51.5-66 kWh kg™ H2 <42 kWh kg™ H2 Catalysts/membrane
(stack)

Electrical efficiency  57-69 kWh kg™! Ha <45 kWh kg H Balance of plant
(system)

Lifetime (stack) > 5000 hours 100,000 hours Membrane, electrodes
Stack unit size 25 kW 2 MW MEA

Electrode area <300 cm? 1000 cm? MEA

Cold start (to nominal <20 minutes < 5 minutes Insulation (design)
load)

Capital costs (stack) Unknown < USD 100/kW MEA

minimum 1 MW

Capital costs (system) Unknown < USD 200/kW Rectifier

minimum 10 MW

R&D efforts are focused on improving the membrane, catalysts, durability, and the balance of
plant components. The electrode area for a cold start to nominal load should be less than 300 cm? for
a time under 20 minutes or less than 1000 cm? for under 5 minutes. The capital costs for a stack with
a minimum size of 1 MW are currently unknown but are expected to be less than USD 100/kW, while
the system costs for a minimum 10 MW are also unknown but targeted to be less than USD 200/kW.
The need for substantial advancements in AEM technology to achieve the desired cost reductions
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and efficiency improvements for green hydrogen production, which is crucial for meeting the
stringent climate goals set for 2050 is emphasized.

AEM electrolyzers are of interest due to their potential to use less expensive materials compared
to PEM electrolyzers, as they can operate with non-noble metal catalysts and may allow for the use
of a wider range of membrane materials. However, they face challenges such as the stability of the
membrane and electrolyte in the highly alkaline environment and the management of the gas and
water interfaces within the cell. R&D in this area are ongoing to improve the performance and
durability of AEM electrolyzers.

AEM represent a nascent technology in the realm of electrolyzers, with only a handful of
companies currently commercializing the product. AEMs offer a promising synthesis of the milder
conditions found in alkaline electrolyzers and the efficiency of PEM electrolyzers. This technology
allows for the use of non-precious catalysts and titanium-free components, and like PEM, can operate
under differential pressure. However, AEMs currently face challenges with chemical and mechanical
stability, which results in inconsistent lifespan and performance that falls short of expectations. These
issues are primarily due to low membrane conductivity, suboptimal electrode design, and sluggish
catalyst kinetics. Efforts to enhance performance, such as adjusting membrane conductivity or
introducing supporting electrolytes, may inadvertently compromise durability. The intrinsic lower
conductivity of hydroxide ions compared to protons in PEM necessitates either thinner membranes
or those with higher charge density for AEMs.

Despite these challenges, AEM electrolyszers share many design principles with PEM
electrolyzers. Nonetheless, the immaturity of AEM technology means there is a dearth of information
on the difficulties associated with high differential pressure operation. Improvements are anticipated
in the robustness of AEM membranes, the purity of the gas produced, the ability to endure high
pressure differentials, and the expansion of the power range beyond what AEs can offer. However,
AEM electrolyzers are currently constrained to a narrower power input range compared to PEM
electrolyzers, with the limitation stemming not from the stack itself but from the sizing of the balance
of plant.

6. Conclusions and Future Directions

The future direction of green hydrogen production is pivotal for transitioning to a sustainable
and carbon-neutral energy system. Green hydrogen, produced through the electrolysis of water using
renewable energy sources such as solar, wind, or hydroelectric power, offers a clean alternative to
traditional hydrogen production methods that rely on fossil fuels. The key future directions in green
hydrogen production include efficiency improvements in electrolysis technology, integration with
RES, scaling up production, reducing costs, developing end-use applications, international
collaboration and policy support, innovative business models as well as environmental and social
considerations.

Advancements in electrolyzer technology are crucial for reducing the cost and increasing the
efficiency of green hydrogen production. This includes the development of more durable and
efficient electrolyzer materials that can operate at higher current densities and lower energy
consumption. Enhancing the integration of green hydrogen production with variable renewable
energy sources is essential. This involves developing smart grid technologies and energy storage
solutions that can manage the intermittent nature of renewable energy, ensuring a consistent supply
of electricity for hydrogen production. Scaling up green hydrogen production from pilot and
demonstration projects to large-scale commercial operations is necessary to meet the growing
demand for clean energy. This includes building larger electrolysis plants and establishing
infrastructure for hydrogen transport and storage. Reducing the cost of green hydrogen to be
competitive with hydrogen produced from fossil fuels is a major goal. This can be achieved through
technological advancements, economies of scale, and policy support mechanisms such as subsidies
and carbon pricing. Expanding the use of green hydrogen in various sectors, including
transportation, industry, and power generation, is crucial. This involves developing fuel cells for
vehicles, using hydrogen in industrial processes as a feedstock or fuel, and incorporating hydrogen


https://doi.org/10.20944/preprints202408.0254.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024 doi:10.20944/preprints202408.0254.v1

21

into the gas grid for heating and power generation. International collaboration on research,
development, and deployment of green hydrogen technologies is important for sharing knowledge
and best practices. Additionally, supportive policies such as renewable energy targets, carbon taxes,
and funding for research and development can accelerate the adoption of green hydrogen.
Developing innovative business models that can finance the high upfront costs of green hydrogen
production and infrastructure development is necessary. This includes public-private partnerships,
green bonds, and other financial instruments that can attract investment. Ensuring that the
production and use of green hydrogen are environmentally and socially sustainable is important.
This includes assessing the lifecycle emissions of green hydrogen, ensuring water usage for
electrolysis is sustainable, and considering the social impacts of hydrogen production and use. The
future of green hydrogen production is promising, with the potential to play a significant role in
decarbonizing the global economy. However, realizing this potential will require concerted efforts in
technology development, infrastructure investment, and policy support.
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