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Abstract
Green hydrogen is a cornerstone for the global energy transition, with research detailing advancements across its entire value

chain. Production methods, including evolving electrolysis techniques like alkaline, PEM, solid oxide, and anion exchange mem-
brane electrolysis, along with novel approaches such as seawater and photocatalytic splitting, are being optimized for efficiency and
cost. Challenges in infrastructure, policy support, and industrial integration remain. This body of work comprehensively reviews
green hydrogen’s lifecycle, from generation and storage to diverse applications, alongside its economic, environmental, and social
implications. A focus on circular economy principles guides efforts toward sustainable, widespread adoption.
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Introduction
A significant body of recent work meticulously examines the land-
scape of green hydrogen production, delving into both established
technologies like alkaline and Proton Exchange Membrane (PEM)
electrolysis and exploring promising new frontiers such as solid ox-
ide and anion exchange membrane electrolysis. This research not
only details the technological underpinnings but also critically as-
sesses the essential role of robust policy frameworks in accelerat-
ing the widespread adoption of these clean energy solutions. Fur-
thermore, it highlights the substantial technical challenges and eco-
nomic barriers that currently impede broad implementation, stress-

ing an urgent need for concerted research and development efforts
to overcome these hurdles and enable scalability[1].

Separate analyses offer insights into green hydrogen’s trans-
formative potential within the global energy transition. These ar-
ticles thoroughly investigate its present status and future outlook,
pinpointing the crucial policy frameworks required to facilitate its
growth. The authors consistently underscore the significant eco-
nomic, environmental, and technological advantages that green hy-
drogen offers, while candidly acknowledging the prerequisite for
substantial financial investment and extensive infrastructural de-
velopment to achieve widespread adoption and successful scaling
across various sectors[2].

Comprehensive reviews meticulously outline the entire green
hydrogen value chain, providing a holistic perspective from initial
production stages to final applications. These reviews detail diverse
productionmethods, particularly electrolysis powered by renewable
energy sources, and then trace the journey through various storage
technologies, transmission infrastructure, and a spectrum of appli-
cations spanning multiple sectors. A central theme emerging from
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this literature is the necessity for an integrated and coordinated ap-
proach to foster a successful global hydrogen energy transition, ex-
plicitly detailing the technical and logistical hurdles that must be
navigated[3].

Several overviews specifically concentrate on the myriad of
green hydrogen production methods. They provide detailed com-
parisons of their respective efficiencies, levels of technological ma-
turity, and overall environmental impacts. These studies bring to
light key advancements in electrolysis technologies and their seam-
less integration with diverse renewable energy sources. A prevail-
ing conclusion is the critical and immediate need for strategies fo-
cused on cost reduction and the scaling up of these technologies to
achieve industrial feasibility and economic competitiveness[4].

A notable segment of research explores current developments
and future prospects concerning green hydrogen deployment across
key industrial sectors. These investigations precisely identify spe-
cific industrial processes ripe for decarbonization through the in-
tegration of green hydrogen, systematically assessing the technical
readiness and economic viability associated with these transitions.
They also meticulously delineate the various barriers that currently
impede wider adoption within these critical industries[5].

Further comprehensive reviews offer a deep dive into green
hydrogen’s complete lifecycle, encompassing everything from its
initial production and subsequent storage to its transportation and
eventual utilization. These papers effectively highlight recent ad-
vancements at each distinct stage of this lifecycle, engaging in dis-
cussions about persistent technological challenges, and projecting
future prospects for effectively integrating green hydrogen into the
broader global energy system, optimizing its role and impact[6].

Analyses often assess the trajectory of the global energy tran-
sition toward green hydrogen through an in-depth evaluation of its
economic viability, anticipated environmental benefits, and com-
plex social implications. These discussions cover a wide array of
factors that crucially influence its adoption, including the imper-
ative for strong policy support, significant infrastructure develop-
ment, and ensuring broad public acceptance, ultimately presenting
a holistic view of green hydrogen’s profound societal impact[7].

Another crucial area of inquiry explores the synergistic relation-
ship between green hydrogen and the principles of the circular econ-
omy. This research reviews recent practical applications, outlines
emergent opportunities, and acknowledges prevailing challenges.
It effectively illustrates how green hydrogen stands to significantly
facilitate resource efficiency and contribute to substantial waste re-
duction, thereby fostering a more sustainable industrial ecosystem

and markedly minimizing overall environmental impact[8].

Advanced reviews specifically focus on the innovative and par-
ticularly challenging area of green hydrogen production from sea-
water electrolysis. They provide a meticulous examination of the
latest breakthroughs in catalysts, advancedmembrane technologies,
and optimized system designs. A core aspect of this research is ad-
dressing the inherent challenges of salt corrosion and the manage-
ment of byproduct formation, which remain critical considerations
for developing truly sustainable and scalable seawater splitting tech-
nologies[9].

Lastly, comprehensive reviews detail significant advancements
in photocatalytic materials designed for sustainable green hydro-
gen production. These studies systematically cover variousmaterial
classes, explain their underlying mechanisms, and present their per-
formance metrics. They emphasize innovations aimed at substan-
tially enhancing both the efficiency and stability required for solar-
driven water splitting, positioning it as a highly promising pathway
for achieving low-cost and environmentally friendly hydrogen gen-
eration[10].

Description
Green hydrogen is widely acknowledged as a pivotal component
in the global energy transition, holding immense potential to de-
carbonize various industrial sectors and mitigate the pressing chal-
lenges of climate change. Extensive research explores its current
standing and projects its future prospects, consistently emphasiz-
ing the crucial need for well-defined, supportive policy frameworks
to guide its widespread adoption and scaling across economies [2].
However, the journey towards a hydrogen-based economy is char-
acterized by significant obstacles. Substantial technical challenges,
such as optimizing electrolysis processes, and considerable eco-
nomic barriers, including high production costs and infrastructure
development, demand innovative solutions and sustained research
and development efforts [1]. A holistic assessment of this transition
also considers not just the technical feasibility but also the intri-
cate layers of economic viability, the profound environmental ben-
efits, and the broader social implications. This includes examining
the necessity for robust policy support, extensive infrastructure de-
velopment, and ensuring broad public acceptance, thus providing a
multifaceted view of green hydrogen’s potential societal impact and
the factors influencing its successful integration [7].

At the heart of green hydrogen’s potential are its diverse pro-
duction methods, primarily electrolysis powered by renewable en-
ergy sources. Existing technologies such as alkaline and Proton Ex-
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change Membrane (PEM) electrolysis are under continuous review,
alongside the emergence of innovations like solid oxide and anion
exchange membrane electrolysis [1]. Detailed overviews compare
the efficiencies, technological maturities, and environmental foot-
prints of these various methods, spotlighting advancements in elec-
trolysis technologies and their integration with renewables, while
highlighting the critical need for cost reduction and scaling for in-
dustrial viability [4]. Beyond traditional electrolysis, novel ap-
proaches are gaining traction, including advanced reviews focused
on green hydrogen production from seawater electrolysis. This par-
ticular area involves meticulously examining developments in cata-
lysts, membranes, and system designs to tackle challenges like salt
corrosion and byproduct formation, which are vital for sustainable
and scalable seawater splitting [9]. Additionally, advancements in
photocatalytic materials for sustainable green hydrogen production
are being extensively reviewed, covering different material classes,
their mechanisms, and performance metrics. The goal here is to
enhance efficiency and stability for solar-driven water splitting, a
promising path for low-cost, environmentally friendly hydrogen
generation [10].

The successful integration of green hydrogen into the global en-
ergy system fundamentally requires a comprehensive and integrated
understanding of its entire value chain. This chain meticulously
encompasses the initial production methods, a range of advanced
storage technologies, robust and efficient transmission infrastruc-
ture, and its diverse applications across a multitude of industrial and
energy sectors [3]. A thorough review of green hydrogen’s com-
plete lifecycle meticulously traces its path from its initial genera-
tion and subsequent storage to its complex transportation logistics
and eventual utilization. This body of work consistently spotlights
recent advancements occurring at each distinct stage of this lifecy-
cle, engages in detailed discussions about the ongoing technologi-
cal challenges that need addressing, and proactively explores future
prospects for its effective integration into the broader global energy
system [6]. The overarching emphasis is on developing an inte-
grated and coordinated approach to skillfully navigate the consider-
able technical and logistical hurdles inherent in establishing a truly
robust and globally interconnected hydrogen economy [3], ensuring
a smooth transition and reliable supply.

A critical area of focus for green hydrogen deployment is its
application within industrial sectors. Current research examines
the developments and future prospects here, identifying key in-
dustrial processes that are prime candidates for decarbonization by
switching to green hydrogen. This involves a careful assessment of
the technical readiness and economic viability of these transitions,
alongside a clear articulation of the barriers that must be overcome

for wider industrial adoption [5]. Such strategic deployment is es-
sential for minimizing the carbon footprint of heavy industries.

Beyond the purely technical considerations, the broader soci-
etal impact of green hydrogen represents a significant and actively
researched area. Its transformative potential in the global energy
transition is rigorously examined through the lens of its economic
advantages, profound environmental benefits, and a wide array of
technological strengths. This examination also prudently consid-
ers the substantial financial investment and extensive infrastructural
development required for its successful scaling and widespread de-
ployment [2]. The global energy transition towards green hydro-
gen is often assessed with an in-depth analysis of its intricate eco-
nomic viability, its compelling environmental benefits in terms of
emissions reduction, and its complex social implications. Factors
critically influencing its adoption, such as consistent policy sup-
port, strategic infrastructure development, and securing broad pub-
lic acceptance, are thoroughly discussed to provide a holistic and
nuanced view of its potential societal footprint [7]. A particularly
insightful area of inquiry also explores the synergistic relationship
between green hydrogen technologies and the foundational princi-
ples of the circular economy. This research highlights how green
hydrogen can actively foster greater resource efficiency and con-
tribute to substantial waste reduction across industries, thereby con-
tributing significantly to the development of a more sustainable in-
dustrial ecosystem and markedly minimizing overall environmental
impact [8]. This integrated and forward-looking perspective is ab-
solutely crucial for realizing the full potential of green hydrogen as
a foundational cornerstone of future sustainable development and a
cleaner planet.

Conclusion
Green hydrogen is a key player in the global energy transition, with
extensive research focusing on its production, storage, transmis-
sion, and applications. Current production methods predominantly
involve electrolysis, including alkaline, PEM, solid oxide, and an-
ion exchange membrane technologies, often powered by renewable
energy sources. There’s significant effort to advance these electrol-
ysis methods, alongside exploring innovative techniques like sea-
water electrolysis and photocatalytic water splitting, aiming for im-
proved efficiency, stability, and cost reduction. The lifecycle of
green hydrogen spans from its generation to its storage, transporta-
tion, and eventual utilization across various industrial sectors for
decarbonization. Integrating green hydrogen into the energy sys-
tem requires substantial investment in infrastructure, robust policy
frameworks, and addressing technical and economic barriers. Be-
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yond production, the broader implications of green hydrogen extend
to its economic viability, environmental benefits, social acceptance,
and its synergistic role in fostering a circular economy by promoting
resource efficiency and waste reduction. Studies also highlight the
critical need for continued research and development to overcome
hurdles like salt corrosion in seawater electrolysis, improve cata-
lyst performance, and scale up operations for widespread industrial
adoption. Ultimately, the goal is to establish an integrated hydrogen
value chain that supports a sustainable and decarbonized future.
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