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ABSTRACT The decarbonization of hard-to-abate industries is crucial for keeping global warming to
below 2◦C . Green or renewable hydrogen, synthesized through water electrolysis, has emerged as a
sustainable alternative for fossil fuels in energy-intensive sectors such as aluminum, cement, chemicals,
steel, and transportation. However, the scalability of green hydrogen production faces challenges including
infrastructure gaps, energy losses, excessive power consumption, and high costs throughout the value
chain. Therefore, this study analyzes the challenges within the green hydrogen value chain, focusing
on the development of nascent technologies. Presenting a comprehensive synthesis of contemporary
knowledge, this study assesses the potential impacts of green hydrogen on hard-to-abate sectors, emphasizing
the expansion of clean energy infrastructure. Through an exploration of emerging renewable hydrogen
technologies, the study investigates aspects such as economic feasibility, sustainability assessments, and
the achievement of carbon neutrality. Additionally, considerations extend to the potential for large-scale
renewable electricity storage and the realization of net-zero goals. The findings of this study suggest that
emerging technologies have the potential to significantly increase green hydrogen production, offering
affordable solutions for decarbonization. The study affirms that global-scale green hydrogen production
could satisfy up to 24% of global energy needs by 2050, resulting in the abatement of 60 gigatons
of greenhouse gas (GHG) emissions - equivalent to 6% of total cumulative CO2 emission reductions.
To comprehensively evaluate the impact of the hydrogen economy on ecosystem decarbonization, this article
analyzes the feasibility of three business models that emphasize choices for green hydrogen production and
delivery. Finally, the study proposes potential directions for future research on hydrogen valleys, aiming to
foster interconnected hydrogen ecosystems.

INDEX TERMS Green hydrogen, clean energy, renewable electricity storage, decarbonization on hard-to-
abate industries, carbon neutrality, net-zero goals.
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I. INTRODUCTION
A. BACKGROUND
Green hydrogen has emerged as a promising solution in
the global effort to achieve climate neutrality and meet
the ambitious target of limiting global warming to 1.5◦C,
particularly in the industrial, shipping, and aviation sec-
tors [1]. Produced through water electrolysis using renewable
electricity, green hydrogen has the potential to significantly
reduce greenhouse gas emissions and mitigate the adverse
impacts of climate change [2], [3]. However, there are
several challenges that must be addressed to realize the
full potential of a green hydrogen economy, including
the high cost of renewable electricity, elevated production
costs, limited value chain infrastructure, and the need for
international standards [4]. Technological advancements in
green hydrogen are crucial for decarbonizing the hardest and
most expensive industry sectors and meeting the growing
demand for renewable power. Moreover, the integration of
green hydrogen in the transportation sector can provide
significant sustainability benefits, complementing the use
of electric vehicles and supporting the development of
charging infrastructure. Concurrently, the building sector
faces the imperative of transitioning to 100% renewable
heating sources [5], [6]. It is worth noting that efficient
farming practices play a vital role in mitigating agricultural
emissions, particularly in the most challenging agricultural
sector [7].
In a prospective climate-neutral economy, hydrogen has

the potential to serve as a versatile energy carrier and fuel
for hard-to-abate sectors, a chemical feedstock for industrial
processes, a heat source for the building sector, and a medium
for inter-seasonal energy storage in the power sector [8], [9].
In achieving a 100% renewable future, renewable hydrogen
can facilitate emission-free operations in industries, heating,
and transportation. Furthermore, hydrogen has reemerged as
a promising solution to address the intermittency challenge
of renewable energy sources [10], [11].

B. LITERATURE SURVEY AND CONTRIBUTIONS
Hydrogen plays a pivotal role in various applications,
including methanol and ammonia production, oil refining,
metal processing, fuel cell vehicles, and synthetic natural
gas production [12]. Renewable hydrogen technologies, such
as Power-to-power, Power-to-gas, Power-to-fuel, and Power-
to-feedstock, hold promise in enabling the production of
hydrogen, methane, methanol, and ammonia, which are
crucial components of a low-carbon future [13], [14], [15].
The integration of hydrogen into different energy sectors,
encompassing production, storage, and re-electrification,
is an area of investigation [16]. Notably, hydrogen production
from renewable electricity is characterized by negligible
negative environmental impacts and presents opportunities
to achieve ambitious net-zero emission targets [17], [18].
The cost of producing green hydrogen, which encompasses
electricity and electrolytes/catalysts for water electrolysis,

is estimated to be approximately ten dollars per kilogram,
with conversion efficiency ranging from 60-80% [19].
Hydrogen storage, transport, and delivery require signifi-

cant space, with the option of storing hydrogen in liquid form
to minimize space requirements while maintaining it below
its freezing point at -253◦C. Despite this, hydrogen remains
economically prohibitive due to factors such as lack of
infrastructure and associated costs [20]. The development of
affordable decarbonization solutions is crucial for achieving
a sustainable and green energy transition in the long term.
This can be facilitated through advancements in technologies,
government policies, and strategic investments to enhance the
competitiveness of renewable hydrogen production compared
to carbon-based alternatives [21]. The storage and delivery
of hydrogen are crucial components for advancing hydrogen
and fuel cell technologies, which are applicable in various
domains such as stationary power, portable power, andmobil-
ity applications [22], [23]. The establishment of adequate
infrastructure is essential to facilitate widespread consumer
adoption of hydrogen as an energy carrier. This infrastructure
typically involves liquefaction plants, pipelines, storage
tanks, trucks, compressors, and dispensers at refueling
stations, which collectively enable the delivery of hydrogen
fuel to the point of consumption [24].

In comparison to rechargeable batteries, hydrogen regen-
erative fuel cells offer distinct advantages such as remote
energy storage, independence of discharge voltage from
stored energy levels (State of Charge or SoC), and tun-
able recharge/discharge rates for mission-specific applica-
tions [25]. Adopting green hydrogen as a fuel source in
fuel-cell electric vehicles (FCEVs) can lead to doubled
mileage or efficiency compared to hydrogen-based internal
combustion engines [26]. Recent technological and economic
advancements in heavy-duty transportation and heavy indus-
tries suggest that hydrogen-powered FCEVs may become
an ideal choice for future transportation [27]. Ammonia
has also emerged as a potential eco-friendly alternative
fuel with the ability to enable a carbon-free economy,
particularly in the transportation industry [28]. While the
utilization of mature and early-adoption technologies can
significantly reduce emissions, ongoing research innovations
and industrial scale-up efforts may lead to further price
reductions in electric vehicles (EVs) and electrolyzers [29].

Table 1 provides a comprehensive overview of various
fuel properties, including hydrogen, highlighting its unique
characteristics. While hydrogen offers numerous advantages
over fossil fuels in terms of its environmental impact and
versatility, it is important to acknowledge that hydrogen
also presents inherent safety risks. These risks stem from
its high flammability range, low ignition energy, low
viscosity, and low density. These inherent characteristics of
hydrogen can potentially lead to explosions. As a result,
the storage and delivery of hydrogen pose significant
challenges from a safety perspective [30], [31]. Green
hydrogen has the potential to significantly reduce carbon
emissions, but there are several challenges that need to
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TABLE 1. Comparison of properties of hydrogen with other fossil fuels [4], [32], [33], [34], [35], [36].

be addressed for its widespread commercialization. These
challenges include sustainable production, cost-effectiveness,
infrastructure development, global market expansion, and
recognition as a comprehensive solution for transitioning to a
hydrogen-based energy system [37].

There is a lack of comprehensive reviews addressing
the knowledge gaps related to green hydrogen ecosystems.
Therefore, this review aims to provide a comprehensive
perspective on the sustainability and feasibility of renewable
hydrogen production to delivery on the green hydrogen
network, while considering the nascent stages of modern
technological advancements. The review article discusses
the hurdles, opportunities, and advancements related to
interconnected hydrogen ecosystems, including green hydro-
gen production, storage, transport, distribution, and end-use
levels. Overcoming challenges for the large-scale adoption
of green hydrogen involves addressing critical aspects. Cost-
competitive production is a key hurdle, requiring the scaling
up of processes like electrolysis and photo-electrolysis while
improving efficiency for hard-to-abate industries. Catalysts in
hydrogen production and fuel cells need continuous innova-
tion for cost-effectiveness and mitigation of poisoning issues.
Transportation, distribution, and safety optimization are
crucial, involving infrastructure adaptation and material com-
patibility. Lowering component costs, balancing hydrogen
and carbonaceous fuels, and addressing storage challenges
are essential for a robust supply chain. Economic viability,
supportive policies, and regulatory frameworks are vital
for widespread adoption, helping reduce carbon-intensive
practices and promote a low-carbon economy.

C. ORGANIZATION
The structure of the study is organized as follows: Section II
outlines the review methodology, explaining the systematic
approach employed to gather and analyze information on
green hydrogen technologies. Section III provides a tech-
nical overview of green hydrogen production, highlighting
significant hurdles in cost reduction and scaling up in water
electrolyzers. Section IV examines the technological issues

related to hydrogen storage and highlights the challenges
that have hindered the development of a hydrogen economy
pathway. Section V investigates the existing hindrances
to hydrogen transportation and delivery, with a focus
on modern technical solutions. Section VI analyzes the
commercialization aspects of green hydrogen for end-use
applications. Section VII addresses unresolved scientific
issues for future developments in establishing interconnected
hydrogen ecosystems, followed by concluding observations.
Figure 1 shows the research flowchart of this investigation.

II. REVIEW METHODOLOGY
The methodology employed in this review involved a
systematic approach to gather and analyze information on
green hydrogen technologies. A thorough literature review
encompassed articles, research papers, and publications
from reputable sources, covering various aspects of green
hydrogen production, storage, transportation, distribution,
and end-use applications. Additionally, a patent analysis
from 2014 to 2022 was conducted to identify trends in
electrolyzer and fuel cell technologies related to water
electrolysis. A publication analysis tracked research trends
in fuel cells and hydrogen production from 1996 to 2023.
This methodological approach ensures a comprehensive
exploration of challenges, advancements, and opportunities
in the green hydrogen domain.

Using patent information, a study is conducted to analyze
the trends and patterns of electrolyzer and fuel cell tech-
nologies related to water electrolysis from 2014 to 2022,
as shown in Figure 2. The results show the summary of
patent filings by the top 20 jurisdictions for international
water electrolysis patent families. China has emerged as the
global leader in patent filings for water electrolysis, followed
by the United States, Europe, and Japan. However, when it
comes to fuel cell technology, the United States takes the
lead, followed by Europe, Japan, and China. These findings
provide valuable insights into the geographical distribution
of innovation and research activities in these technologies,
as well as the dominance of certain jurisdictions in different
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FIGURE 1. Framework of this study.

aspects of electrolyzer and fuel cell advancements. Figure 3
illustrates the number of publications in the field of fuel
cells and hydrogen production sectors from 1996 to 2023,
focusing on Proton-exchange membrane fuel cells (PEMFC),
Solid oxide fuel cells (SOFC), Alkaline fuel cells (AFC),
Alkaline electrolysis (AEL), Proton exchange membrane
electrolysis (PEMEL), and Solid Oxide electrolysis (SOEL).
The publication trend reveals a significant increase in the
number of publications related to PEM technology, indicating
rapid advancements in this field.

However, there is a scarcity of recent strategic research
assessments in the literature on the commercialization of
green hydrogen. Therefore, this study aims to provide
a comprehensive literature review on systematic research
related to sustainable hydrogen, with a focus on accelerating
the expansion of clean energy infrastructure towards carbon
neutrality. The primary objective of this study is to identify
knowledge gaps pertaining to the implications of green
hydrogen on hard-to-abate sectors in achieving climate
neutrality. Additionally, the study addresses the challenges
and opportunities associated with commercial-scale green
hydrogen production and delivery and suggests potential
business models.

III. RENEWABLES BASED GREEN HYDROGEN
PRODUCTION
The production of hydrogen through water electrolysis
powered by renewable energy sources is currently expensive,
but there is a growing need for increased efficiency and
cost competitiveness in renewable hydrogen production
routes. This requires significant development in electrolyzer
technologies, including those supported by thermal disso-
ciation of water through photocatalysis, concentrated solar,
and biomass/biogas processes [38]. Water electrolysis is a
well-established technology for hydrogen production and

has been implemented at the megawatt (MW) scale in
various industries worldwide. Different types of electrolysis
technologies, such as Alkaline electrolysis (AEL), Anion
exchangemembrane electrolysis (AEMEL), Proton exchange
membrane electrolysis (PEMEL), Proton conducting ceramic
electrolysis (PCCEL), and Solid oxide electrolysis (SOEL),
are being actively researched and developed to improve their
performance and cost-effectiveness in hydrogen production.

A. STRATEGIC RESEARCH AND INNOVATION IN GREEN
HYDROGEN PRODUCTION TECHNOLOGIES
The research and development of green hydrogen tech-
nologies are focused on various aspects, including reducing
capital and operational costs, scaling up to larger sizes (up
to 100 kW), achieving high power usage of 40 kWh/kg,
developing new catalysts, minimizing environmental impact,
and extending the lifetime of the technologies, as summarized
in Table 2. These technological advancements contribute to
the establishment of a sustainable and low-carbon energy
system for the future [39], [40].

Among the promising technologies, Anion Exchange
Membrane (AEM) electrolysis combines the advantages
of Proton Exchange Membrane Electrolysis (PEMEL) in
terms of efficient production of high-purity hydrogen, and
traditional Alkaline Electrolysis (AEL) in terms of cost-
effectiveness, making it a potential candidate for renewable
energy storage and fuel cell vehicle applications. Solid Oxide
Electrolysis (SOEL) technology eliminates the need for
expensive and corrosive liquid electrolytes, making it suitable
for various applications such as renewable energy storage,
industrial hydrogen production, and energy-efficient trans-
portation [64]. Highly efficient Proton Conducting Ceramic
Electrolysis (PCCEL) technology finds applications in indus-
trial hydrogen production, energy storage, grid stabilization,
and fuel cell vehicles [65]. Photoelectrochemical (PEC)
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FIGURE 2. The total number of patents filed from 2014 to 2022 for hydrogen production and fuel cells based on
water electrolysis.

FIGURE 3. The total number of publications from 1996 to 2023 related to fuel cell
and water electrolysis technology.
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TABLE 2. Various pathways for hydrogen production and associated development research actions [41], [42], [43], [44], [45], [46], [47], [48], [49], [50],
[51], [52], [53], [54], [55], [56], [57], [58], [59], [60], [61], [62], [63].
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technology is a promising area of research with potential
applications in renewable energy storage and sustainable fuel
for fuel cell vehicles [66]. Biological (dark fermentation)
hydrogen production aims to develop a sustainable and
cost-effective technology that can provide a reliable source
of clean hydrogen for a wide range of applications, including
transportation and industrial processes [67]. Bioelectrochem-
ical (BEC) hydrogen production has several advantages over
other methods, such as utilizing a wide range of feedstocks,
including organic wastes and wastewater [68]. Solar-driven
hydrogen production has the potential to be a sustainable and
renewable method for hydrogen production, particularly in
regions with high levels of solar irradiation [69].

B. ENERGY LOSSES
In the production of green hydrogen, electrolysis, fermen-
tation, and steam reforming are commonly used processes.
However, electrolysis, which is an electrolytic method, faces
several challenges. These include significant energy losses
of 30-35% at each stage of the value chain, low overall
efficiency ranging from 60-80%, the need for additional
onsite compressors, and a relatively short lifespan of fewer
than 5 years. Furthermore, during the conversion of hydrogen
derivatives such as ammonia, energy losses of 13-25%
may occur. Additionally, around 10-12% of hydrogen can
be lost during transportation, and utilization of hydrogen
in fuel cells may result in an additional energy loss of
40-50% [70]. On the other hand, the fermentation technique
for hydrogen production also has challenges, including
poor hydrogen generation yields, difficulties in scaling
up microbial electrolysis cell systems while maintaining
production rates, and overall efficiency limitations of around
40% [71]. Moreover, steam reforming, which is another
common process, faces challenges such as high complexity,
low overall efficiency, and the need for reformer adaptation of
various compositematerials [72]. These challenges need to be
addressed in order to improve the efficiency and sustainability
of green hydrogen production processes and to enable their
widespread adoption as a clean energy source [73].

Research in the field of water electrolysis should focus
on various aspects to enhance the commercial viability
of the technology. This includes designing large area and
high-pressure stacks, developing monitoring and control
methods for electrolyzers, exploring reversible hydrogena-
tion, improving the balance of plant designs, integrating MW
scale electrolyzers into renewable generation and industrial
production plants, utilizing by-products, and exploring the
production of ammonia, methanol, and synthetic petrochemi-
cals using renewable hydrogen [55], [76], [77]. Furthermore,
continuous improvements are needed in electrolyzer tech-
nology, including enhancing efficiency through improved
surface catalysis and enhanced solar absorption, durability
and lifetime through protective surface coatings and rugged
materials, cost reduction through reduced scarce materi-
als, reversible electrolysis, co-electrolysis, connectivity of

renewables in the overall energy systems, water management,
and scale of deployment. After being produced at a large scale
and a competitive price, green hydrogen may then be further
transformed into energy carrier variants including ammonia,
methane, methanol, and liquid hydrocarbons [78], [79], [80].

For specific electrolysis technologies, research efforts are
targeted toward various aspects. For AEL, integrating porous
transport layers (PTLs) into electrodes and diaphragms can
lead to cost savings. Current research includes increasing
current densities and operating temperature limits, reducing
diaphragm thickness, redesigning catalyst compositions,
designing high-specific area electrodes, and developing
novel PTL/electrode concepts. For PEMEL, bipolar plates
and PTLs play a crucial role in cost reduction. Ongo-
ing research focuses on reducing membrane thickness
and catalyst quantities, eliminating expensive coating on
PTLs, redesigning catalyst-coated membranes, developing
novel recombination catalyst concepts, and exploring novel
PTL/electrode concepts. SOEL research is aimed at achieving
the high efficiency and durability of electrodes. This includes
improving electrolyte conductivity, equipping both electrodes
with matching thermal expansion coefficients, minimizing
reactant crossover, and optimizing mechanical and chemical
stability. For AEMEL, research efforts are focused on
achieving desirable membrane properties and ionomers,
including high mechanical and thermal stability, ionic
conductivity, reduced polymer degradation, and improved
membrane and ionomer conductivity. Critical performance
metrics, including long-term targets for each electrolysis
technology, have been summarized in a Table 3.

C. TECHNOLOGICAL BARRIERS TO GREEN HYDROGEN
COST REDUCTION: SCALING UP ELECTROLYZERS
Renewable hydrogen production through water electrolysis
using solar or wind energy is gaining momentum as a
promising solution to replace fossil fuels in various industrial
applications such as long-haul aviation, freight shipping,
long-distance trucking, oil refining, ammonia production,
and steel manufacturing. However, significant challenges
remain to achieve commercial viability. The high demand
for renewable electricity to power electrolyzers is a major
hurdle, with electricity costs accounting for 80% of the
overall production cost [81]. The electrolyzer, being the most
expensive component, requires cost-effective solutions to
drive down the overall cost of green hydrogen production.
The membrane electrode unit, which constitutes 60% to
70% of the total cost, presents another challenge due to
the use of precious metals [74]. Additionally, achieving the
desired purity of hydrogen at an affordable cost is a critical
concern, as the conversion process to more stable forms
like ammonia can be expensive. Furthermore, challenges
in hydrogen transportation and storage, such as the need
for liquefaction at −253◦C , add to the overall cost of
green hydrogen production. At the end-user level, fuel cell
vehicles, synthetic fuels for aviation, and the cost of hydrogen

VOLUME 12, 2024 23369



M. Jayachandran et al.: Challenges and Opportunities in Green Hydrogen Adoption

TABLE 3. The critical performance metrics including the long-term targets for each of the four electrolysis technologies for the year 2050 [21], [74], [75].

tanks are more expensive than fossil fuel counterparts [1].
To make green hydrogen production economically viable,
it is essential to reduce construction and procurement
costs, improve electrolyzer performance and durability, and
scale up from MW to GW scale. Long-term targets for
green hydrogen production include achieving a cost of
less than USD 200/kW, durability exceeding 50,000 hours,
and approaching 80% efficiency [74]. Transitioning from
the potential to the reality of large-scale green hydrogen
production will require addressing these challenges through
interdisciplinary collaboration and innovation in materials
science, electrochemistry, and renewable energy systems.

The challenges associated with cost reduction in water
electrolysis, as depicted in Figure 4, can potentially be over-
come through technological breakthroughs involving novel
materials, increased manufacturing capacity, and economies
of scale achieved through research [90]. These challenges
fall into several categories, including optimizing operation
conditions and electrolyzer structure, addressing material
scarcity issues, enhancing technological performance and
durability, exploring the stackability of electrolyzers with
membranes, developing novel approaches for solar-driven
water splitting, and managing plant requirements.

The optimal design of stack configuration for each water
electrolysis technology, combined with scaling up plant
capacity from MW to GW scale, has the potential to reduce
costs by up to 50% [91]. This can be achieved by avoiding the
use of scarce materials, such as iridium and platinum, in PEM
electrolyzers, which would enable cost savings and allow for
large-scale deployment of up to 100 GW [91]. Furthermore,
decentralized hydrogen production, facilitated by compact
electrolyzer modules, off-grid renewable energy sources, and
low capital expenditure (CAPEX) investment per unit of
electrolyzer capacity with minimal logistic expenses, has
emerged as a viable solution [62]. A combination of lower
electrolyzer unit capital costs, estimated at USD 130/kW,
along with reduced electricity prices of 20 USD/MWh,
increased lifetime of 20 years, improved efficiency of 76%,
and optimized electrolyzer operation with full load hours
of 4200 hours, could potentially alleviate up to 80% of the

production costs of green hydrogen. As a result, competitive
green hydrogen production costs of less than USD 1/kg could
be achieved, making it a cost-effective alternative to fossil
fuel-based hydrogen [92].

These findings highlight the potential for reducing the
cost of green hydrogen production through advancements
in stack design, scaling up of plant capacity, avoidance of
scarce materials, decentralized production approaches, and
optimization of key operational parameters.

D. FOSTERING INNOVATIONS IN WATER ELECTROLYSIS
FOR REDUCING THE COST OF ELECTROLYZERS
In order to achieve efficient and cost-effective green hydrogen
production through electrolysis, various factors related to
electrolyzer design and operation must be considered.
For instance, the use of thinner membranes, more active
catalysts, and reduced rawmaterial requirements can enhance
efficiency, but may also impact electrolyzer stack durability,
leading to increased capital expenditure (CAPEX) annuity.
Strategies such as employing larger stacks, optimizing
manufacturing processes, and implementing quality control
measures can further improve efficiency and reduce CAPEX.
However, challenges such as low water quality, high-pressure
operation, and limited maintenance can result in higher
operational expenditure (OPEX) and decreased durability.
Therefore, finding a balance between enhancing efficiency
and minimizing costs remains a key challenge in the field of
electrolysis for green hydrogen production. [90].

1) CELL OPERATION CONDITIONS AND STRUCTURE
Electrolyzer cost estimates vary based on the technology
used, with alkaline electrolyzers priced at approximately
$700-900 per kW and PEM electrolyzers being more
expensive at $1300-1500 per kW. When operating PEM
electrolyzers, it’s crucial to maintain temperatures below
80◦C to prevent membrane degradation and ensure optimal
efficiency. Furthermore, an operating pressure of around
30 bar strikes a balance between efficiency and hydrogen
production. Increasing current density in PEM electrolyzers
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FIGURE 4. The technological obstacles to water electrolysis and explores six groups of
sub-technologies for enhancing productivity and reducing overall electrolyzer costs [9], [16], [74], [81],
[82], [83], [84], [85], [86], [87], [88], [89], [90].

can offer cost-saving benefits by enhancing efficiency and
reducing material costs, but it necessitates advanced cooling
systems to manage the increased heat generation. Expanding
the cell area and stack height can also improve efficiency and
reduce the overall cost per kWof electrolysis capacity, though
practical limits need to be considered. These factors collec-
tively impact the design, operation, and cost-effectiveness of
electrolysis systems, which are pivotal in the development
and implementation of hydrogen production technologies.
Optimizing cell operation conditions and structure, such as
operating at higher pressures and temperatures, can enhance
the efficiency of electrolyzers without compromising mem-
brane performance and durability, resulting in lower costs for
green hydrogen production [93].

2) STACKABILITY OF ELECTROLYZERS (STACKS)
For enhancing stack performance, it is essential to redesign
stacks for higher current density, efficiency, lifespan, and
durability while reducing the reliance on precious materials.
This improvement can be achieved by enhancing stack
components such as porous transport layers, bipolar plates,
electrodes, and membranes, as well as minimizing costly
protective coatings. Maximizing the cell area and increasing
the cell count within stacks can significantly boost hydrogen
production. Moreover, extending stack lifespan and reducing
material costs are critical for improving the economic
feasibility of hydrogen production via electrolysis. Scaling

up module sizes can further enhance production rates
and overall efficiency. However, challenges exist, including
the current and anticipated scarcity of electrolyzer stacks,
as well as the absence of gigawatt-scale stack production
in the supply chain, which must be addressed to facilitate
the widespread adoption of hydrogen production through
electrolysis. Advancements in bipolar plates, electrodes, and
porous transport layers can potentially lead to lower capital
costs for electrolyzer stacks. Transitioning from manual
to automated stack production at gigawatt (GW)-scale
manufacturing plants may also result in significant cost
savings [90].

3) SEPARATORS (DIAPHRAGMS, MEMBRANES)
Modifying the thickness of proton exchange membranes
(PEMs) and diaphragms in electrolyzers presents both advan-
tages and challenges. In the case of PEMs, reducing their
thickness from 50 to 25 microns can yield a 40% decrease in
cell resistance and a 10% increase in current density, improv-
ing overall efficiency. However, this comes with potential
trade-offs, as thinner polymer/ceramic membranes may face
durability andmechanical stability issues. Redesigning mem-
branes or diaphragms with catalytic coatings, such as adding
a platinum layer to an anion exchange membrane (AEM),
can significantly reduce hydrogen evolution overpotential by
75% and increase cell voltage by 40% at a given current
density, enhancing performance. Similarly, decreasing the
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thickness of porous diaphragms from 1.5 mm to 0.5 mm
can reduce energy consumption by 40% and boost hydrogen
production rates by 20%. Nonetheless, thinner diaphragms
may be more susceptible to fouling or blockage, potentially
affecting both performance and durability. Balancing these
factors is crucial for optimizing the design and operation of
electrolyzer systems. Implementing effective mass transport
strategies, such as using thinner membranes like ceramic and
polymer electrolyte membranes, can enhance the efficiency
of electrolyzers and reduce electricity consumption [94].

4) ELECTROCATALYST MATERIALS
Current benchmarks for precious group metal (PGM) loading
in PEM electrolyzers stand at around 0.5 mg/cm2, ensuring
stable and efficient performance. Utilizing a porous carbon
support with a thin PGM catalyst layer can significantly
reduce PGM loading while preserving performance, con-
tributing to cost-efficiency. Scaling up production and
exploring alternatives to scarce materials like platinum
and iridium are essential to meet growing demand and
reduce reliance on limited resources. The exploration of
earth-abundant catalysts based on elements like cobalt,
nickel, and iron holds promise, but their long-term stability
and scalability require further investigation. Additionally,
research into non-metallic catalysts, such as carbon-based
nanomaterials, metal-organic frameworks, and 2D materials
like graphene and molybdenum disulfide, is crucial to
develop cost-effective, high-performance catalysts and drive
sustainability in hydrogen production technologies. The
scarcity of certain materials poses a significant barrier to
the cost and scale-up of electrolyzers. Developing alternative
materials, such as non-noble metal alloys and ceramics, could
provide solutions to mitigate this challenge and enable more
cost-effective electrolysis processes [95].

5) BALANCE OF PLANT
Enhancing the efficiency of hydrogen production through
electrolysis involves a multifaceted approach. This includes
improving rectifier efficiency to over 98% to minimize power
losses, optimizing water treatment for energy efficiency
and reduced water consumption (less than 0.5 kWh/m3 of
deionized water circulation), reducing hydrogen compression
energy consumption to less than 5 kWh/kg of hydrogen, and
optimizing buffer storage to match hydrogen production and
demand (targeting at least 24 hours of storage capacity).
Additionally, it entails minimizing energy consumption in
the compression and storage process (less than 10 kWh/kg
of hydrogen), optimizing the cooling system for energy effi-
ciency (targeting less than 1 kWh/kg of hydrogen produced),
and designing the electrolyzer system to maximize the
utilization of renewable energy sourceswith a target of at least
50% renewable energy incorporation. To enhance the overall
efficiency and sustainability of the hydrogen production
system, a comprehensive approach is taken, encompassing
various aspects of the Balance of Plant [96].

6) PHOTOELECTROLYSIS
The development and implementation of photo-electrocatalytic
systems for solar-driven water splitting face several chal-
lenges. These include low photo-electrocatalyst efficiency,
with reported efficiencies ranging from less than 1% to
approximately 15%. Catalyst lifetimes are limited, typically
spanning from hundreds to thousands of hours, and the
high cost of photocatalysts, which can account for up to
90% of the total system cost, poses a significant challenge.
To address these issues, combining photocatalysts with
different absorption properties can expand the applicable
wavelength range, and specialized equipment, such as
photo-reactors and photo-electrochemical cells, is required,
adding to the complexity and cost. Furthermore, the stability
of photocatalysts is a concern, potentially reducing the
efficiency of PV-electrolysis systems over time. Research
suggests that stability can be enhanced through structural
modification or the use of protective coatings, offering
potential solutions to these challenges in the development
of solar-driven water splitting technologies. Despite the
current challenges of technical maturity and route efficiency,
photoelectrolysis offers the potential to integrate electricity
and hydrogen production in a single process, which could
lead to cost savings, in the long run, [97]. Electrolyzers
could be more cost-competitive with photoelectrolysis when
compared to fossil-based energy sources.

In order to achieve more affordable pricing of electrolyz-
ers, continued research on anode and cathode catalysts is
crucial, as these catalysts significantly contribute to the cost
of the stack by increasing surface area (over 50 m2/g)
and utilization (over 80%). Further research on anodic and
cathodic catalysts for both acidic and alkaline electrolyzers,
which are used in on-site hydrogen stations for water
electrolysis, can enable cost-effective refueling [98]. The
development of precious metal-free catalysts, particularly
those that do not contain iridium and titanium, with
comparable activity to electrodes at lower temperatures and
improved durability is of great importance [99]. Targeted
research advancements should focus on reducing interface
resistances and mechanical degradation of catalyst layers,
minimizing contamination issues related to sulfur dioxide
(SO2) dissolution from the stack, addressing thermal instabil-
ity caused by electrode and electrolyte mismatch, and scaling
up stack units [100]. Additional improvements are needed
to mitigate issues such as nickel hydride (NiH) formation
on the cathode, critical degradation of catalysts, control of
the oxidation state of catalysts on the anode, and membrane
poisoning/deactivation by precious elements. Innovations in
the design of recombination catalysts and enhancing the
kinetics of oxygen and hydrogen evolution with nickel-based
alloys are necessary formaintaining long-term stability [101].

In summary, Figure 4 comprehensively addresses the
technological challenges and sub-technologies pertinent to
advancing water electrolysis for hydrogen production. The
six categories cover diverse aspects, ranging from cell opera-
tion conditions and stackability to separators, electrocatalyst
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materials, the balance of the plant, and photoelectrolysis.
These considerations span efficiency optimization, material
usage, cost reduction, and sustainability enhancements.
The outlined challenges and potential solutions underscore
the intricate landscape of water electrolysis, highlighting
key areas demanding attention for the progression and
cost-effectiveness of hydrogen production technologies.

IV. HYDROGEN STORAGE
Hydrogen is a promising method for storing renewable
power and mitigating greenhouse gas emissions, with
hydrogen-powered vehicles being a prominent application.
However, the main challenge in realizing a hydrogen
economy is the development of cost-effective, compact,
conformable, and safe hydrogen storage systems. Distinct
standards for hydrogen storage and fuel cell vehicles are
necessary for stationary and mobility solutions. The hydro-
gen storage system must meet stringent criteria, including
safety, lightweight design, compactness, cost-effectiveness,
durability, long-term performance, and efficient refueling
capabilities [102].

A. CHALLENGES OF STORING HYDROGEN
Hydrogen storage is a critical aspect of the hydrogen
economy, with compression, cooling, or hybrid methods
being the primary approaches employed. However, several
significant barriers hinder the effective storage of hydrogen.
These challenges encompass energy-intensive compression
processes, stringent temperature and pressure requirements
for solid hydrogen storage, complex design considerations,
social and legal concerns, safety issues, high costs, and
limited durability of materials (metals, fiber, polymers, etc.),
as well as the need for purification processes before end-use.
Additionally, bulk storage at geological formations such as
abandoned mines or salt caverns poses logistical challenges,
and the reliance on imports for fuel cell stacks, components,
and hydrogen storage materials further complicates the stor-
age landscape [103]. The multifaceted challenges associated
with hydrogen storage are highlighted in Figure 5.

Dormancy issues involve high-pressure requirements,
heavy containers, super insulation for cryo-compressed
storage, boil-off rates, and energy-intensive liquefaction.
Safety considerations revolve around hydrogen’s explosive
potential, necessitating safe integration with propulsion
and refueling systems, effective insulation, and addressing
concerns with LH2 storage, including boil-off losses and
embrittlement. Hazards encompass potential rupture of
high-pressure storage containers due to high temperatures,
risks associated with larger tanks, steel embrittlement, and
challenges in onboard gas hydrogen storage. Charging and
discharging rates vary, requiring thermal management, faster
refueling systems, and diverse responses. Material selection
must account for permeation, capacity, operating tempera-
tures, reversibility, and the development of new materials.
System weight and volume entail heavy storage, thicker
walls at high pressures, lightweight solutions, increased

storage capacity, and balance of plant considerations. Energy
efficiency differs with system types and can degrade over
time. Durability concerns focus on material embrittlement,
cracking, and degradation. Uniform adoption of standards
and regulations is critical, including fuel quality standards
and pressure relief device codes. System costs, including
expensive vehicular hydrogen storage, highlight the need
for cost-effective storage technologies, recyclable materials,
and sustainability. Fuel costs and the challenge of storing
large hydrogen quantities at ambient conditions emphasize
the importance of efficiency. Fuel quality challenges address
impurities like sulfur compounds, requiring regulatory frame-
works to mitigate safety risks [9], [16], [82], [83], [84], [85],
[86], [87], [88], [89], [102], [103].

B. TECHNICAL BARRIERS IN HYDROGEN STORAGE
Hydrogen, a versatile energy carrier, can be stored in
various forms such as solid, liquid, and gaseous, each
with unique advantages and challenges. Gaseous hydrogen
is often compressed to high pressures, typically up to
700 bars, and stored in different types of tanks including
Type I (metal), Type II (metallic vessel hoop-wrapped
with carbon fiber), Type III (metallic liner fully wrapped with
carbon fiber), Type IV (polymeric liner fully wrapped with
carbon fiber), and Type V (all composite vessel without
liner) to achieve high volumetric density. Cryocompressed
hydrogen storage, achieved by cooling hydrogen to cryogenic
temperatures, also offers high volumetric and gravimetric
efficiency [104], [105].

Liquefaction, which involves compressing hydrogen to
high pressures and cooling it to cryogenic temperatures
(−253◦C), is another storage option, but it incurs energy
losses due to the high power consumption of the liquefaction
process, estimated to be around 20-40% of the fuel energy.
Storage of liquid hydrogen at cryogenic temperatures and
near-ambient pressure (0.6 MPa) requires proper tank insu-
lation to prevent the leakage of evaporated gas. Additionally,
there are challenges associated with the long-term storage
and potential hydrogen loss during the liquefaction process.
However, it is considered to be the most efficient storage
method currently available [81].

Hydrides, including metal, chemical, and complex
hydrides, offer high gravimetric hydrogen storage capacity
in the solid form [106]. Despite their overall energy
efficiency, ammonia synthesis and breaking processes
require significant energy input. Ammonia cracking is
necessary as fuel cells typically require pure hydrogen,
and research efforts have addressed the technical and
economic challenges in this stage. The reliability of the
renewable ammonia supply chain, including safe production,
storage, and transportation, has also been investigated [107],
[108], [109]. Liquid ammonia, stored in cryogenic tanks
refrigerated to −33◦C, is another viable option for hydrogen
storage at modest pressures due to its higher energy
density per volume compared to liquid hydrogen. Liquid
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FIGURE 5. The technological issues associated with hydrogen storage [9], [16], [82], [83], [84], [85], [86], [87],
[88], [89], [102], [103].

organic hydrogen carriers (LOHCs) are potential candidates
for long-term storage and long-distance transportation of
hydrogen, as they can store hydrogen at ambient pressure by
saturating and desaturating hydrogen in the hydrogenation
and dehydrogenation processes, respectively. Additionally,
storage in suitable geological formations such as salt caverns
or abandoned mines, known as suburb storage, can be
a cost-effective option for compressed gaseous hydrogen
storage [110].

1) HYDROGEN LIQUEFACTION
Superinsulated cryogenic tanks are utilized for the delivery
of liquid hydrogen, despite boil-off losses during storage.
These tanks have a high volume-to-surface ratio and are
designed to store cryogenic liquid hydrogen for indus-
trial applications, with temperatures as low as 200K and
elevated pressures as high as 500 bars. To limit boil-
off losses during transport, integrated refrigeration and
storage systems are employed. Advanced cooling materials
and cryogenic containers for hydrogen liquefaction are
being developed to improve energy efficiency and lower
costs. It is anticipated that compressed and liquefied

hydrogen for long-distance liquid renewable transporta-
tion systems will become economically sustainable in the
future [81].

2) LIQUID ORGANIC HYDROGEN CARRIERS
The effective storage and release of hydrogen as an energy
carrier is a critical requirement for its utilization. Hydrogen-
rich aromatic and alicyclic components have been investi-
gated for their ability to absorb and release hydrogen energy
through the hydrogenation process. The feasibility of dis-
tributing hydrogen from liquid organic hydrogen carrier stor-
age technologies to hydrogen refueling stations has garnered
significant research interest. Efforts to enhance roundtrip
efficiency and reduce costs in this context have focused on
the development of novel metal-based catalysts, reduction
of expensive raw materials, improved reactor technologies,
and optimization of high-capacityCO2 hydrogenation/formic
acid dehydrogenation facilities [111]. Furthermore, in backup
power applications, metal-organic framework adsorbents
combined with fuel cells and electrolyzers have been
shown to be price competitive with modern energy storage
technologies [112].
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3) CHEMICAL HYDROGEN STORAGE
The utilization of hydrogen as a fuel has gained attention
due to its ability to be harvested, compressed, stored,
and used during periods of energy scarcity. Ammonia is
currently being considered as a potential alternative to
carbon-based fuels, offering a means of delivering renewable
energy worldwide [107]. In this context, the development
of new catalysts for reforming and cracking processes has
been explored as a replacement for conventional Haber-
Bosch-based ammonia production plants. Electrochemical
lithium-mediated nitrogen reduction reactions have shown
promising results, achieving higher ammonia output rates
of 150 nmol s−1cm−2 and nearly 100% current-to-ammonia
efficiency [113].

4) UNDERGROUND H2 STORAGE FACILITY
Underground gas storage facilities are widely used for the
extensive seasonal storage of hydrogen, where enormous
amounts of hydrogen are preserved in salt or porous caverns.
The use of microporous metal-organic absorbers, which
are targeted to achieve a capital cost of $30 per kg, has
been explored as a potential solution for providing buffering
functions in such storage systems [114].

5) COMPRESSION, PURIFICATION, AND SEPARATION
The refueling of high-pressure storage tanks and managing
start-stop loads in hydrogen refueling stations (HRS) can
be achieved through various methods, including chemical,
thermal, hydride, electrochemical, and turbo compression
techniques. In particular, the development of platinum
group metal (PGM)-free catalysts for proton exchange
membranes in electrochemical and thermochemical purifi-
cation/separation processes is of utmost importance in
achieving high hydrogen purity levels of 99.99% [115].

High-pressure hydrogen storage is widely used in hydro-
gen delivery, onboard hydrogen storage (such as Type III or
Type IV tanks), and hydrogen storage at refueling stations
due to its economic and technological advantages. Low-
temperature liquid hydrogen storage is highly desirable for
long-distance and large-volume hydrogen storage, delivery,
and refueling stations, as it offers high hydrogen storage
density. For smaller-scale and short-distance hydrogen stor-
age and transportation with easy and safe operation, metal
hydride storage is a promising option. Future research in
hydrogen storage should prioritize nanoporous materials or
metal-organic frameworks with high gravimetric capacity,
graphene and composite materials for hydrogen storage,
high-pressure and lightweight hydrogen storage cylinders for
automotive applications, characterization of metal hydrides,
and complex hydrides for thermal management applica-
tions [103], [116], [117], [118], [119], [120], [121].
In summary, Figure 5 provides a comprehensive overview

of the multifaceted challenges associated with hydrogen
storage. These include dormancy, safety, hazards, charging

rates, materials, fuel costs, energy efficiency, durability,
standards, fuel quality, and system weight/volume. High-
pressure containers, cryo-compressed storage, liquefaction
energy requirements, and safety concerns contribute to the
complexity of the storage landscape. Hazards such as rupture
risks and steel embrittlement, varying charging rates, and
material compatibility further add to the intricacies. Addi-
tionally, standards, fuel quality, and system weight/volume
considerations present challenges in the hydrogen storage
domain. Addressing these issues necessitates comprehensive
research and innovative solutions across various hydrogen
storage technologies to promote the development of effective,
safe, and standardized systems, crucial for realizing a
hydrogen-powered future.

V. HYDROGEN TRANSPORTATION AND DISTRIBUTION
Pipelines have been widely recognized as the most
cost-effective mode of transportation for large quantities of
hydrogen, ranging from 10-100 kilotonnes annually, over
distances up to 1500 km [122]. However, for transportation
of hydrogen up to 4000 kg over longer distances to fueling
stations, liquid hydrogen in trucks has been identified as
the most economical option [123], [124]. Despite its cost-
effectiveness, the transportation of liquid hydrogen in ships
incurs significant energy losses due to liquefaction, which
contributes to its high expense [125]. Comparatively, the
transportation costs of ammonia and compressed gaseous
hydrogen are similar. Among the various processes involved
in the hydrogen industry, ammonia synthesis and reformation
are considered the most expensive. Ammonia may become
a preferred option for long-haul oversea shipping [126].
Hydrogen pipelines and tank storage are identified as the
most expensive components in the compressed gaseous
hydrogen value chain. Pressurized tube trailers (200-500 bar)
are found to be ideal for transporting modest quantities of
compressed hydrogen over short distances [127]. However,
to enable the widespread use of hydrogen as a global
energy carrier, revolutionary advancements are needed in
hydrogen transportation and distribution, considering its
low volumetric density and high energy content [128]. One
potential solution for hydrogen production involves utilizing
completely exposed palladium metal cluster catalysts to
convert nitrogen heterocycles into hydrogen. This catalytic
reaction, which does not require any observers, enhances
reactivity and atomic efficiency in the transportation and
utilization of hydrogen [129].

A. DIFFICULTIES OF HYDROGEN DELIVERY FROM AN
INFRASTRUCTURE, OPERATIONAL, TECHNICAL, AND
STANDARDS PERSPECTIVE
The transportation of hydrogen is primarily carried out
through gaseous tube trailers, pipelines, and liquefied hydro-
gen tankers, which are widely used modes for delivering
hydrogen to different destinations. However, the current
hydrogen transmission pipeline infrastructure, which spans
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only about 5000 km, is inadequate to meet the projected
future demand for hydrogen. Although liquefied hydrogen is
more efficient for transportation compared to high-pressure
tube trailers, there is a lack of infrastructure for the
distribution of hydrogen to end-user locations, such as
hydrogen refueling stations, which are limited in number
(only 470), and precise control of hydrogen flow at refueling
stations poses challenges. Quick transfers of compressed
hydrogen can result in evaporation, leading to significant
losses, thermal instability, and inefficient usage of hydrogen.
Additionally, the conversion of existing natural gas pipelines
to hydrogen transportation presents difficulties. It is impera-
tive to expand the current infrastructure to accommodate the
growing demand for green hydrogen-based synthetic fuels.

FIGURE 6. The difficulties of hydrogen delivery from an infrastructure,
operational, technical, and standards perspective [9], [16], [82], [83], [84],
[85], [86], [87], [88], [89].

The key challenges associated with hydrogen trans-
portation are summarized in Figure 6. These challenges
encompass aspects such as cost, energy efficiency, hydrogen
purity, boil-off, hydrogen leakage, safety, and environmental
concerns [130], [131].

1) INFRASTRUCTURE
The establishment of a robust hydrogen infrastructure faces
several challenges, including a notable shortage of hydrogen
delivery infrastructure, the need for substantial investments
in new pipelines, and the development of hydrogen refueling
stations. Hydrogen pipeline transport costs can vary widely,
ranging from approximately $1 to $10 per kilogram of
hydrogen, contingent on factors like transportation distance,
pipeline diameter, and pressure. To address these challenges
and create an efficient transportation network for hydrogen,
significant investments, potentially reaching $200 billion

by 2050, may be required for the development of a
comprehensive hydrogen pipeline network. This network
aims to provide reliable and efficient hydrogen transportation,
including integrated concepts that utilize coastal and offshore
renewable power sources for various applications, port infras-
tructure development to support the transition of waterway
vessels and coastal shipping to hydrogen propulsion, and
the creation of airport hydrogen hubs to cater to local
non-aviation consumers and liquid hydrogen (LH2) fueling
stations. These initiatives are crucial for advancing the
adoption and utilization of hydrogen as an energy carrier in
various sectors [132].

2) TECHNICAL REQUIREMENTS
Meeting the technical requirements for safe and efficient
hydrogen utilization and infrastructure development is essen-
tial. These include stringent purity standards, demanding at
least 99.999% purity with less than 10 ppm impurities during
hydrogen transportation. Adaptations in sensors, compres-
sors, and valves are necessary to handle high pressure, low
hydrogen viscosity, and prevent leaks. Advances in carbon
nanotubes can significantly improve hydrogen flow rates and
longevity, while advancements in composite materials are
crucial for constructing lighter and safer vessel tanks. The
shortage of technical standards impedes the development
of hydrogen-ready grids and the repurposing of existing
gas grids. It’s essential to establish safety, operational, and
maintenance requirements for hydrogen infrastructure, along
with developing energy balance control mechanisms for
hydrogen systems at the Transmission System Operators
(TSOs) and Distribution System Operators (DSOs) levels.
Addressing these technical needs is paramount for the
successful deployment and integration of hydrogen as an
energy carrier [133], [134].

3) STANDARDS
The standardization of hydrogen transportation and safety
is paramount to ensure the widespread and safe adoption
of hydrogen as an energy carrier. This includes establish-
ing standardized safety and pressure limits for hydrogen
transportation, which typically operates within a range of
80 to 345 bar. Addressing the lack of standards in bunkering
compressed hydrogen for maritime use, hydrogen gas quality
for pipelines, vessel tank pressure, tank topology, and the use
of ammonia as ship fuel is critical. Developing standardized
protocols and procedures for handling and transporting
compressed hydrogen is necessary to ensure safety, quality
control, and compatibility with existing infrastructure. For
liquid hydrogen, standard operating procedures for handling,
including filling nozzles and volume debits, and transporta-
tion through tunnels should be required. Additionally, the
creation of a regulatory framework for the safe onward dis-
tribution of hydrogen and the implementation of standardized
hydrogen refueling infrastructure for all mobility applications
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are essential steps in achieving a safe and reliable hydrogen
ecosystem [135].

4) OPERATIONAL CHALLENGES
Hydrogen transportation and operational challenges are
significant hurdles in the widespread adoption of hydrogen
as an energy carrier. These challenges stem from hydrogen’s
volatile and explosive nature, with a wide explosive limit
range, necessitating stringent safety measures. The lack of
harmonization and integration for pipelines and transport fur-
ther complicates safe and efficient hydrogen transportation.
Coordination across the value chain is essential to control
gas quality and quantity and maintain hydrogen purity. The
absence of a framework for handling hydrogen gas quality
at the Transmission System Operator (TSO) level is a major
obstacle in hydrogen adoption. Long-distance hydrogen
transportation faces challenges related to cost reduction,
enhanced energy efficiency, hydrogen purity preservation,
and the prevention of hydrogen leakage risks. Additionally,
the inadequate availability of hydrogen refueling stations
is a key challenge, which can be addressed by identifying
optimal refueling station locations, developing standardized
installation protocols, and ensuring user accessibility to
hydrogen fuel. Overcoming these challenges is vital for
a successful transition to hydrogen as a clean energy
source [136].

Fiber-reinforced polymer (FRP) pipes are increasingly
being employed for the transportation of hydrogen gas.
However, the utilization of polymer materials in vehicle fuel
systems presents significant challenges due to pressure gra-
dients and heat transients that arise during fuel consumption
and refilling operations. Polymers and polymer composites
have been utilized for sealing and bearing applications
in liquid hydrogen environments, addressing the unique
requirements of hydrogen transportation [137].

B. TECHNICAL CHALLENGES ASSOCIATED WITH
HYDROGEN REFUELING STATIONS (HRS)
High-capacity hydrogen refueling stations face technical
challenges, including the need for innovative interfacing
technological components to improve efficiency and reduce
CAPEX and OPEX. These challenges can be addressed
through the development of flexible operation strategies
to accommodate variable renewable energy sources (RES),
enabling low inlet pressure, and implementing heavy-duty
nozzles, flexibles, and chillers. Additionally, efforts should
be made to reduce the overall footprint of HRS and deploy
high-throughput HRS with multi-ton/day capacity. Standard-
ization and industrialization of reliable and safe heavy-duty
HRS equipment are also critical for the advancement of
hydrogen infrastructure [81]. Among various options for
hydrogen transport and storage, the use of hydrogenated
liquid organic hydrogen compounds is considered cost-
effective. However, challenges exist in maintaining extremely
low temperatures around−253◦C , which requires significant

energy input for storage. Further demonstration of bulk
hydrogen storage is needed in various settings, including
urban areas, warehouses, refueling stations, and standalone
systems, to advance the adoption of this technology [110].
In summary, Figure 6 provides a comprehensive overview

of the difficulties associated with hydrogen delivery, span-
ning infrastructure, operational, technical, and standards
perspectives. The challenges include an inadequate hydrogen
delivery infrastructure, high costs of hydrogen pipeline
transport, the necessity for substantial investments, and
the imperative development of a comprehensive hydrogen
pipeline network. Technical challenges encompass stringent
purity standards, adaptations in sensors and valves, and
the shortage of technical standards for hydrogen-ready
grids. Standardization issues, such as pressure limits and
bunkering procedures, add complexity to hydrogen trans-
portation. Operational challenges arise from hydrogen’s
explosive nature, the lack of harmonization across the value
chain, and inadequate availability of hydrogen refueling
stations. Overcoming these challenges is crucial for the
successful deployment and integration of hydrogen as an
energy carrier. Addressing technical challenges in hydro-
gen refueling stations, including interfacing technological
components, operational flexibility, and footprint reduction,
is vital for advancing hydrogen infrastructure. Additionally,
the utilization of hydrogenated liquid organic compounds
for cost-effective transport faces challenges related to energy
input for extremely low-temperature storage. To foster the
widespread adoption of hydrogen technologies, it is imper-
ative to invest in infrastructure development, standardization,
and innovative solutions that enhance the efficiency, safety,
and reliability of hydrogen transportation and distribution
systems.

VI. GREEN HYDROGEN UTILIZATION: FUEL CELL
TECHNOLOGY
Fuel cells have diverse applications, such as large-scale
power plants, data center backup power, and light-duty
and heavy-duty vehicles. Proton-exchange membrane fuel
cells that utilize thin membranes (810 µm thick) operate
at low pressures of around 36 bar. To further improve the
reliability and affordability of PEMFCs, the development of
new materials and catalysts is crucial. Solid oxide fuel cells
with reversible operation capability can potentially extend the
operating hours and maintain system temperature stability.
To successfully commercialize fuel cells, electrocatalysts
for oxygen reduction reactions must meet stringent per-
formance criteria, including high durability, fault-tolerance,
and scalability for high-volume production with consistent
quality [138], [139], [140], [141].

A. HURDLES TO THE COMMERCIALIZATION ASPECTS OF
GREEN HYDROGEN
Although hydrogen fuel cells offer promising advantages
over battery systems for sustainable transportation, the
widespread commercialization of green hydrogen for various

VOLUME 12, 2024 23377



M. Jayachandran et al.: Challenges and Opportunities in Green Hydrogen Adoption

FIGURE 7. The key hurdles to the commercialization aspects of green
hydrogen [5], [9], [16], [82], [83], [84], [85], [86], [87], [88], [89].

end-use applications is hindered by several challenges. These
challenges include concerns related to fuel cell efficiency,
durability, size, robustness, state of health, current densi-
ties, power, methods for monitoring system performance,
thermal and water management, volume and cost control,
purification, and humidification [142], [143], [144]. Major
challenges associated with green hydrogen utilization at
the end-use level are observed in transportation, industrial,
heat generation, and power sectors as well as in fuel cell
applications, as depicted in Figure 7 [142], [143], [144].
One key hurdle is the cost of hydrogen fuel cell systems

for electric vehicles, which currently stands at approximately
$100-200 USD per kilowatt (kW), making fuel cell electric
vehicles (FCEVs) 2-3 times more expensive to produce
than internal combustion engine (ICE) vehicles. However,
it’s essential to consider the long-term cost savings and
environmental benefits. Advancements in technology are
necessary to reduce these costs. Another challenge is the
limited availability of hydrogen refueling stations (HRS),
with each HRS costing around $1-5 million, compared
to the lower costs of battery electric vehicle charging
stations. Significant investment is required to establish
HRS, and partnerships, pilot projects, and technological
advancements are crucial to promote greater adoption of
green hydrogen and ensure cost competitiveness. Initiatives,
government policies, incentives, and collaboration between
automakers and energy companies are also needed to address
the challenges of FCEVs. Additionally, addressing safety
considerations is essential to ensure the safe use of hydrogen
in mobility and co-generation applications, particularly at
airports. Overcoming these challenges will be vital in the
successful commercialization of green hydrogen in the
transport sector [145].
Combined heat and power (CHP) applications, specific

challenges arise in hydrogen utilization level, including

higher flow volume due to hydrogen’s lower energy density,
faster flame speed, and increased NOx emissions from
higher flame temperatures. These challenges can bemitigated
through appropriate infrastructure, equipment, and emission
control technologies. Additionally, for widespread adoption
of hydrogen-based CHP systems, it’s crucial to develop
hydrogen-capable prime movers and a robust hydrogen
infrastructure, making it essential for all CHP prime movers
to be designed to be 100% hydrogen-capable, thus paving the
way for a sustainable and efficient hydrogen-based energy
system [146].
For hydrogen to serve as a competitive long-term renew-

able energy storage solution, the levelized cost of hydrogen
fuel cells, which currently ranges from $0.12-0.68 per kWh,
must become more cost-competitive with lithium-ion-based
storage, which costs between $0.05-0.40 per kWh. Co-firing
hydrogen at gas-fired power plants faces technical barriers
related to fuel cell efficiency, technology cost, production,
infrastructure, safety, and combustion system development.
In addition, the development of combustion systems for
natural gas and hydrogen mixtures up to 100% H2 requires
addressing challenges concerning combustion stability, emis-
sions control, fuel delivery, materials compatibility, and
system performance, underscoring the multifaceted nature
of hydrogen integration and its economic feasibility [147],
[148].

The cost of green hydrogen production from electrolysis
is currently around $3.5-7 per kilogram, while natural gas
costs about $1.5-2 per kilogram. Replacing steam-methane
reforming with renewable hydrogen production processes
for industrial demand faces technical barriers, including
electrolysis efficiency, scaling up hydrogen production,
storage, transportation, regulatory frameworks, partner-
ships, system integration, infrastructure investment, and
cost-competitiveness in production, storage, and transporta-
tion of green hydrogen [21].

Cost challenges in the adoption of hydrogen fuel cells
are notable, with current costs ranging from $40 to $400
per kilowatt (kW) depending on the application. To promote
widespread use, it’s essential to address cost reductions,
enhance system component production, and improve assem-
bly methods. Moreover, enhancing performance aspects
of fuel cells, including reliability, cold start capabilities,
durability, efficiency, control, power, and size & weight con-
siderations, is vital, particularly for increasing power density.
Operation considerations, such as installation, testing, system
integration, and maintenance, are necessary to ensure the
safe and reliable operation of fuel cell systems. Additionally,
assessing the potential benefits and drawbacks of hydrogen
fuel cells should account for their environmental effects,
emissions, hydrogen safety, energy security, and energy
independence. These factors play a crucial role in the broader
adoption and success of hydrogen fuel cell technologies [16].

Small-scale electrolysis systems for residential use come
with a cost range of 2, 000 to 7, 000 per kilowatt (kW), which
varies depending on the system’s size and capacity. However,
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challenges exist in terms of safety standards; current codes
and standards for hydrogen storage and handling require
improvement and updating to address the unique properties
of hydrogen. Moreover, the lack of hydrogen infrastructure
serves as a significant barrier to the widespread adoption of
hydrogen in residential settings. To overcome this challenge,
new infrastructure investments will be necessary to support
the deployment of small-scale electrolysis systems and
hydrogen storage tanks in residential areas, facilitating the
integration of hydrogen as an energy source in homes [149].

High initial costs can be a barrier, as the upfront investment
required for fuel cells and electrolyzers can be daunt-
ing for businesses. Infrastructure development, including
production, storage, and distribution, demands substantial
investment and planning, slowing down the adoption pro-
cess. The development and implementation of regulatory
frameworks and standards is crucial but often complex
and time-consuming. Green hydrogen technologies face
competition from well-established alternatives, hindering
their market penetration. Ensuring economic viability in
comparison to cheaper, established alternatives is a persistent
challenge. Scalability, intermittency of renewable energy
sources, public perception, research and development, supply
chain complexity, and efficient storage and transportation
methods all contribute to the multifaceted challenges of
integrating green hydrogen into various applications and
industries. Overcoming these challenges is vital for realizing
the potential of green hydrogen in decarbonizing the energy
sector [150].

B. INNOVATIONS ON IMPROVING EFFICIENCY, BOOSTING
PRODUCTION CAPACITY OF ELECTROLYZERS/FUEL CELLS
The inadequate interaction between electrodes and elec-
trolytes in ceramic fuel cells often leads to perfor-
mance degradation. To address this issue, the surface
of high-temperature annealed electrolytes can be treated
with simple acids to improve stability and efficacy in
decoupled electrochemical water splitting processes [151],
[152]. Similarly, the unsatisfactory performance of anion
exchange ionomers and membranes poses barriers in anion
exchange membrane fuel cells. However, the utilization of
fluorenyl aryl piperidinium-based membranes and ionomers
have shown high performance in alkaline fuel cells [153].
Thermomechanical instability remains a challenge in the
commercialization of solid oxide fuel cells. One poten-
tial solution is the use of composite electrodes compris-
ing cobalt-based perovskite and negative-thermal-expansion
materials, which have exhibited high activity and stability
when paired with the electrolyte [154]. Another approach
involves using perovskite nickelate electrolytes with high
initial ionic and electronic conductivity, low activation
energy, and performance comparable to the best-performing
electrolytes in SOFCs at the same temperature range [155].
Proton ceramic fuel cells have shown promise in using

hydrogen and hydrocarbon fuels directly to generate power

with high potential efficiency for commercial applications.
PCFCs have demonstrated good performance and durability
in long-term testing with various fuel types without the need
for composition or architecture changes, showing resistance
to issues such as coking, sulfur poisoning, and temper-
ature fluctuations [156]. Next-generation proton-exchange
membrane fuel cell technology based on nanomaterials is
expected to improve membrane electrode assembly, heat
management, and power density [157]. Recent research
has shown that water content in hydrocarbon polymer
membranes in PEMFCs can be controlled by ‘‘nano cracks’’
that act as nanoscale valves, preventing water desorption
and maintaining ion conductivity during dehumidification.
Such hydrocarbon fuel-cell membranes with surface nano
crack coatings exhibit reduced bulk resistance and improved
ionic selectivity, leading to superior electrochemical reaction
performance [158].

One of the major challenges in fuel cell development is
the production of electrodes with high and durable electrocat-
alytic activity in a cost-effective and time-efficient manner.
Metal nanoparticles on electrode architectures have shown
excellent performance in both fuel cells and electrolyzers, and
emerging nanomaterials offer the potential to integrate fuel
cells and electrolyzers into a single device [159].

C. COMMERCIAL-SCALE BUSINESS MODELS OF GREEN
HYDROGEN PRODUCTION AND DELIVERY
Understanding the commercial-scale business models asso-
ciated with its production and delivery is critical for
evaluating its viability as an alternative energy source.
This section analyzes feasibility and sustainability of three
distinct business models for green hydrogen production and
delivery, namely onsite production, off-site production, and
decentralized generation with district distribution.

For large-scale green hydrogen generation, ‘‘Onsite pro-
duction’’ is a commercially viable solution where the
electrolyzer is installed at the end-user site and powered by
solar or wind energy systems. This approach eliminates the
need for transportation infrastructure and associated costs.
However, challenges include limited production capacity
and finding the optimal balance between desired volumes
and generation capability. The medium to long-term solu-
tion involves ‘‘Off-site production’’ and distribution of
green hydrogen. In this model, large-scale electrolyzers
are installed near renewable energy sources, and hydrogen
is transported to end-users via pipelines or trucks. This
approach allows for wider consumer distribution and poten-
tially lower production costs due to economies of scale. The
short-term solution for green hydrogen production is the
‘‘Decentralized generation and district distribution’’. In this
hybrid model, electrolyzers are located close to end-user
consumption points and connected to the local electrical
network, operating on renewable energy. Benefits include
lower production costs due to economies of scale and
shorter development time for the hydrogen grid. However,
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challenges exist in garnering consensus to increase local
volume consumption [92], [160].

This assessment will take into consideration critical
factors such as capital investment, operational costs, revenue
generation, regulatory frameworks, and market demand. The
capital investment required for green hydrogen production
and delivery can vary significantly depending on the project
scale, the technology used, and infrastructure requirements.
For instance, a large-scale green hydrogen production plant
using AEL is estimated to have a capital cost ranging from
$500 to $1400 per kg of hydrogen, PEMEL around $1100
to $1800 per kg of hydrogen, and SOEL $2800 to $5600
per kg of hydrogen. Operational costs are also subject to
variation due to factors such as energy prices, labor rates, and
maintenance requirements. For example, operational costs for
PEMEL can range from $2 to $6 per kg of hydrogen, while
for AEL, it can range from $1 to $3 per kg of hydrogen [161],
[162]. The findings of this study will provide valuable
insights into the viability and feasibility of these business
models, helping inform decision-making processes for the
adoption and implementation of green hydrogen technologies
in the transition towards a sustainable and low-carbon energy
future.

In summary, Figure 7 provides a comprehensive overview
of the hurdles obstructing the commercialization aspects
of green hydrogen utilization, particularly in fuel cell
technology. These challenges span various sectors, including
transportation, heat generation, power generation, industrial
applications, fuel cell development, and residential usage.
Issues such as the cost of fuel cell systems, limited hydrogen
refueling stations, and safety considerations hinder the
widespread adoption of green hydrogen in the transport
sector. In heat generation, challenges arise in handling
higher flow volumes and emissions in hydrogen-based
combined heat and power systems. The power sector faces
barriers related to renewable energy storage and combus-
tion system development. The industrial sector encounters
challenges in achieving cost competitiveness and managing
the transition. Fuel cell technologies confront issues regard-
ing cost, performance aspects, operational challenges, and
environmental concerns. Additionally, the residential sector
faces obstacles in terms of cost range, safety standards,
and infrastructure barriers. Overcoming these multifaceted
challenges is essential for realizing the full potential of green
hydrogen in various applications and industries, necessitating
technological advancements, collaborative initiatives, and
supportive regulatory frameworks.

VII. DISCUSSION OF GREEN HYDROGEN ECOSYSTEM ON
THE PATH TO CLIMATE NEUTRALITY
The green hydrogen value chain encompasses several
critical research areas, including electrolysis technologies,
renewable energy integration, storage and transportation,
fuel cells and applications, materials and catalysts, techno-
economic analysis, lifecycle analysis and sustainability,
policy and regulation, safety and standards, and education

and outreach. Table 4 provides an overview of global
R&D activities in the green hydrogen value chain and
identifies key development research initiatives needed to
bridge technology gaps. Notably, cost-effective electrolyz-
ers and renewable electricity are crucial for competitive
green hydrogen production, while advancements in fuel
cell technology, catalysts, membranes, system components,
and stack assembly are essential for cost-competitive fuel
cells in various sectors such as transportation, logistics,
heating, cooling, and power generation sectors [168]. The
storage of hydrogen necessitates the development of carbon
composite and hydride cylinders using indigenous materials.
Furthermore, hydrogen distribution infrastructure must be
expandedwith the installation of pipelines and dispensing sta-
tions. A comprehensive ecosystem for hydrogen production,
storage, and distribution needs to be established, catering
to both stationary and transport applications. In addition to
technological advancements, supportive policies, regulations,
infrastructure, and political backing are pivotal for a success-
ful transition to a clean hydrogen economy [73]. Achieving
a sustainable, decarbonized, and integrated energy system
requires robust scientific research and innovation efforts,
encompassing areas such as repurposing natural gas infras-
tructure, novel production methods, improved electrolyzers,
safety and material considerations, environmental impact,
and cost-effectiveness of clean hydrogen solutions.

A comprehensive analysis of the requirements, technolog-
ical constraints, and economics of hydrogen utilization in
hard-to-abate sectors has been conducted, with a focus on
the entire hydrogen value chain. To accelerate the deployment
of hydrogen and build interconnected hydrogen ecosystems,
several scientific priorities and challenges are identified for
future research.

A. DEVELOPMENT OF ELECTROLYZERS
Future research in electrolyzer technology should priori-
tize scaling up PEMEL and AEL, improving the thermal
connectivity of SOEL, developing spin-polarized catalysts
for energy-efficient AEMEL, exploring PGM-free catalysts
and electrodes, synthesizing high-purity hydrogen from
methanol and water, integrating electrolyzers into steel
plants for energy management, addressing safety issues
in electrolysis processes, developing intermetallic catalysts
with carbon nanotubes, advancing electrode/cell design
and membrane separation technologies, understanding per-
formance/durability mechanisms, evaluating environmental
impact and circularity of electrolyzers, and exploring the
possibility of impure/seawater electrolysis and direct air
electrolysis [169], [170], [171], [171], [172].

B. DEVELOPMENT OF HYDROGEN STORAGE AND
DISTRIBUTION
Future research should focus on developing new concepts
for large-scale above and underground hydrogen buffer
storage to enable continuous industrial process output,

23380 VOLUME 12, 2024



M. Jayachandran et al.: Challenges and Opportunities in Green Hydrogen Adoption

TABLE 4. Summary of key stakeholders and R&D activities happening globally in the green hydrogen value chain [163], [164], [165], [166], [167].

characterizing and selecting polymer materials for cryogenic
storage systems, exploring advanced materials for hydrogen
storage, developing dedicated liquid hydrogen tanks for

aircraft applications, and adopting a pluralistic approach
for logistical infrastructure to transport the hydrogen from
potential renewable areas to demand centers [173], [174].
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C. PROCESSES ADAPTATION IN THE INDUSTRY
Future research directions in the industrial sector should
include advancements in co-electrolysis processes, integra-
tion of electrolyzers and hydrogen storage tanks, devel-
opment of hydrogen burners for boilers, modification of
melting and smelting processes, conversion of combustion
engines from fossil fuels to efficient internal combustion
engines for heavy-duty commercial hydrogen vehicles,
hosting demonstrations of hydrogen turbines, and design of
dedicated turbines for aircraft [175].

D. ALTERNATIVE HYDROGEN PRODUCTION
Research on other routes of sustainable hydrogen production
for large-scale distributed plants, such as thermochemi-
cal splitting, biomass & biowaste, electro-hydrogenesis,
water thermolysis, photocatalysis, and photoelectrocatalysis,
should be explored [176]. Additionally, substances such
as aluminum, zinc, and silicon that chemically react with
water for hydrogen production should be investigated [38],
[58], [137], [177], [178]. Promising methods, such as
photo-reforming of biodegradable oxygenates and PV/photo-
electrocatalytic cell integration technology, should be further
researched to enhance solar-to-hydrogen efficiency and
device lifespan [179], [180], [181]. Furthermore, liquid elec-
tricity, such as eMethanol (electricity-to-methanol), could be
explored as a green fuel for heavy-duty transport [182].

E. DEVELOPMENT OF FUEL CELL
In the realm of hydrogen technology, advancing fuel cell
technology is pivotal. Research must prioritize critical
materials and stack technologies for electrolysis and fuel
cells, with a focus on enhancing stack designs andmaterials to
improve overall system performance and cost-effectiveness.
Innovative fuel cell concepts tailored to heavy-duty vehicles
are needed to address unique challenges in this sector, such
as power output and durability. Enhancing the durability
and availability of fuel cell components, alongside the
development of advanced hydrogen purification technolo-
gies, is essential for long-term viability. [140], [183], [184].
Research must also explore regenerative fuel cells for
maritime applications and address integration challenges
in Power-to-X systems such as onboard fuel cell storage
and powertrain integration, dedicated solid-oxide (SO) and
proton exchange membrane (PEM) fuel cell systems for
aviation propulsion, thin film reversible solid-oxide fuel cells
as energy storage systems. Additionally, the utilization of
ammonia as a fuel source for solid-oxide fuel cells holds
promise for various applications [14], [78], [185], [186],
[187], [188]. These research priorities and challenges are
instrumental in accelerating the deployment of hydrogen
technologies, particularly in hard-to-abate sectors [189].

VIII. CONCLUSION
In the dynamic landscape of the green hydrogen economy,
achieving a Levelized Cost of Hydrogen (LCOH) production
of $1/kg at GW-scale requires targeted efforts. Emphasizing

improvements in energy conversion efficiency, reducing
CAPEX/OPEX, and enhancing the durability of electrolyzer
systems are pivotal. Collaborative initiatives in research,
technology, and business model innovation are key elements
for shaping a sustainable energy future. Government support
is crucial for the entire hydrogen production value chain,
particularly in hard-to-abate sectors where a harmonious
blend of technology advancements and market incentives is
vital. Despite notable progress, persistent economic scale
challenges for crucial components demand immediate atten-
tion. Overcoming these challenges is essential for technology
readiness, successful green hydrogen commercialization, and
substantial contributions to carbon neutrality.

Proposing future research directions, several key areas
demand exploration. Key directions include exploring large-
scale, sustainable energy conversion processes using novel
materials, prioritizing high-density solid-state materials for
hydrogen storage, developing highly efficient power con-
verters, establishing regulatory frameworks, and innovatively
exploring sector coupling through hydrogen. This compre-
hensive approach aims to propel hydrogen and fuel cell
technologies into mainstream use, fostering a sustainable and
low-carbon future across diverse industries.
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