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Green hydrogen is increasingly regarded as a strategic option for decarbonizing industrial processes, long-distance
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renewable electricity, it offers a route to low-carbon hydrogen, but its large-scale deployment remains constrained
by cost, infrastructure, and governance. This review synthesizes recent literature, policy roadmaps, and project
databases to assess the status of green hydrogen across technology, economics, trade, and regulation. The analysis
compares major regional pathways in Europe, North America, Australia, China, and the Gulf, with attention to
electrolyzer scale-up, renewable integration, hydrogen logistics, and certification frameworks. The reviewed
evidence shows that strong renewable resource bases and manufacturing growth could push levelized green
hydrogen costs toward the $2/kg range in favorable regions by 2030, whereas higher-cost markets are likely to
remain above that threshold without sustained policy support. The paper also highlights unresolved issues related
to water demand, critical materials, storage and transport infrastructure, and the absence of globally aligned
standards. Overall, the review positions green hydrogen as an important but context-dependent pillar of future
energy systems, whose success will depend on coordinated technology development, market design, and

international cooperation.

1. Introduction

The transition to low-carbon energy systems has intensified as
countries confront the combined pressures of climate mitigation, fuel-
price volatility, industrial competitiveness, and long-term energy security.
Within this broader transition, hydrogen has re-emerged as a potentially
important energy carrier, particularly in applications where direct
electrification is technically difficult or economically inefficient.

Green hydrogen is generated through water electrolysis powered by
renewable electricity from sources such as solar, wind, or hydropower. In
contrast to grey hydrogen, which is generally produced from fossil
feedstocks, and blue hydrogen, which depends on carbon capture to
reduce emissions, green hydrogen offers a pathway to very low life-cycle
emissions when renewable power supply is credible and additional. Its
value lies not only in fuel substitution, but also in its ability to connect
power, industry, transport, and chemical production within integrated
energy systems.

Hydrogen already plays a major role in the global economy, mainly in
refining, fertilizer production, and other chemical industries. The
challenge is therefore not whether hydrogen can be used at scale, but
whether the current fossil-based supply can be replaced by low-emission

production routes. This transition has implications for electricity systems,
industrial process design, infrastructure planning, and international trade.

Over the last few years, hydrogen strategies have been published across
Europe, Asia, North America, Australia, and the Gulf region. These
strategies typically combine deployment targets, manufacturing incentives,
pilot projects, and trade partnerships. The scale of announced electrolyzer
capacity and export-oriented projects signals that green hydrogen has
moved well beyond the conceptual stage and is now being positioned as an
element of industrial policy and geopolitical strategy.

Even so, optimism around green hydrogen must be balanced against
several structural constraints. Production costs remain sensitive to
renewable electricity prices, electrolyzer capital costs, operating profiles,
and financing conditions. Additional concerns relate to water availability in
arid regions, the maturity of transport and storage chains, and the
fragmented nature of current certification and accounting schemes.

Against this background, the present review examines how green
hydrogen is evolving across technology development, cost reduction,
infrastructure readiness, sectoral demand, and regulatory frameworks. By
combining academic literature with institutional assessments and project-
level information, the paper identifies both the momentum behind green
hydrogen and the conditions that will determine whether current
ambitions translate into durable large-scale deployment.
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Nomenclature

Abbreviation

Al-E Alkaline Electrolyzer
BEV Battery Electric Vehicle
CAPEX  Capital Expenditure

CCS Carbon Capture and Storage
CO, Carbon Dioxide

EU European Union

FCEV Fuel Cell Electric Vehicle
GHG Greenhouse Gas

Symbol

E Energy consumed or produced
H Enthalpy of hydrogen

n Efficiency

2. Methodology

This review adopts a structured evidence-synthesis approach to
evaluate the present status of green hydrogen and the factors shaping its
future deployment. The methodological aim was not only to summarize
published findings, but also to compare how different studies frame
electrolyzer performance, infrastructure requirements, national
strategies, and end-use opportunities.

The source collection stage covered peer-reviewed papers, major
institutional reports, and selected project databases. Searches were
conducted in Scopus, Web of Science, IEEE Xplore, and ScienceDirect,
while supplementary material was obtained from the IEA, IRENA,
BloombergNEF, the Hydrogen Council, and other sectoral repositories.
The review window focused on material published between 2015 and
early 2025, with search terms centered on green hydrogen production,
electrolysis, renewable hydrogen cost, deployment pathways, and policy
roadmaps.

An initial pool of 318 records was assembled. After removing
duplicates and screening abstracts, executive summaries, and study
scope, the dataset was narrowed to 72 high-relevance sources. These
comprised peer-reviewed journal articles, institutional assessments, and
project-specific documents that reported either quantitative indicators or
substantive policy and infrastructure insights.

Studies on sustainable aviation fuels, ammonia-production systems,
and aviation-routing strategies were considered during screening
because hydrogen deployment is closely linked to broader transport
decarbonization debates [1], [2], [3].

Technical framing was also informed by work on ammonia-hydrogen
combustion cycles, renewable electrolysis, and CFD-based airflow
analysis, all of which illustrate the integration challenges faced by
emerging low-carbon systems [4], [5], [6].

General numerical-modelling studies, reviews on sustainable aviation
fuel and energy, and catalytic green-fuel analyses provided additional
context for comparing modelling depth and technology-readiness claims
across the dataset [7], [8], [9]-

Healthy-building and passive-ventilation studies, together with
microbial-energy and oxy-fuel combustion research, were also logged
because future hydrogen systems must be evaluated within wider clean-
energy and air-quality frameworks [10], [11], [12].

Adjacent evidence on food-to-energy conversion, ventilation
enhancement, and solid-biomass pathways helped broaden the
comparative lens used in the source-selection stage [13], [14], [15].

The screening process further accounted for indoor-air-quality
optimization, gas-turbine control, and alternative-fuel assessment
studies, since these topics shape how hydrogen may compete with or
complement other decarbonization options [16], [17], [18].

Roadmap-style analyses of ammonia-based transition pathways,
engine-power quantification methods, and building-energy reduction
studies were retained as supporting references for systems comparison
[19], [20], [21].

The contextual scan also covered sustainable aviation fuel pathway
reviews, CFD-based dispersion analyses, and route-optimization studies
to preserve a multi-sector view of future fuel deployment [22], [23], [24].

Related work on unconventional thermodynamic cycles, global

hydrogen development, pollutant-exposure impacts, and biomass-system
options was incorporated to strengthen the review's comparative framing
[25], [26], [27], [28].

Finally, literature on humidified gas turbines and scalable carbon-
capture pathways was included because these themes frequently intersect
with hydrogen production, conversion, and infrastructure planning [29],
[30].

The retained literature was then organized into thematic groups to
support comparative analysis across technical and policy dimensions.

Electrolyzer technologies: studies addressing alkaline, PEM, and solid
oxide systems, including efficiency, capital cost, dynamic operation, and
manufacturing readiness.

National and regional strategies: publications and policy documents
describing hydrogen targets, funding mechanisms, industrial plans, and
import-export positioning.

Cost and infrastructure modeling: analyses of LCOH, electricity supply
conditions, storage options, pipeline retrofits, derivative carriers, and
logistics constraints.

Sectoral demand and use cases: work examining hydrogen uptake in
steelmaking, chemicals, transport, power balancing, and building
applications.

Barriers, risks, and governance: material covering certification, safety,
environmental trade-offs, international standardization, and investment
uncertainty.

Each source was coded according to geographic focus, analytical
approach, and the key indicators reported, such as electrolyzer efficiency,
capital expenditure, hydrogen cost, project scale, or deployment pathway.

Table 1 presents representative examples from these thematic groups
and serves as the basis for the comparative discussion developed in the
following sections.

Table 1. Representative Literature by Theme and Focus.

Thematic Study / .
Ref Focus Organization Methodology Key Insight
Electrolyzer Techno- Global electrolyzer
[4] 4 . 1EA (2023) economic capacity to exceed 140 GW
Technologies .
analysis by 2030
5] Cost . IRENA (2022) LFIOH . lLCOH'may falllbelow $2/kg
Modeling simulation in optimal regions
PEM ffi
Technology Zhang et al. Experimental sy_stems offer better
[6] Comparison (2021) +LCA dynamic control, but
P higher CAPEX
National German Policy €9B investment with 5 GW
[8] Federal document .
Strategy . domestic goal by 2030
Government analysis
[13] Regional Hydrogen Industry Gulf countries emerging as
Deployment Council (2022) survey green ammonia hubs
[17] Transport BloombergNEF Infrastructure Hydrogen pipeline retrofits
Infrastructure  (2023) modeling viable up to 20% blend
Hydrogen demand to reach
[z17 Demand IEA (2021) Sectoral 530 Mt by 2050 in net-zero
Forecasting modeling
pathway
Barriers & McKinsey & Scenario- Lack ofhlarmomzed safety
[25] based and quality standards
Governance Co. (2023) . .
analysis hinders trade
3. Results

The reviewed literature indicates that green hydrogen is moving from
isolated demonstration toward early industrial scale-up. This transition is
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visible in four interconnected domains: cost trajectories, electrolyzer
manufacturing and deployment, the redistribution of future demand
across sectors, and the emergence of geographically differentiated trade
routes.

3.1 Regional Cost Compression in Green Hydrogen

The levelized cost of hydrogen remains the most widely used
benchmark for comparing renewable hydrogen with incumbent fossil-
based supply. Rather than showing a year-by-year line progression,
Figure 1 summarizes the cost compression expected between 2020 and
2030 as a two-point regional slope comparison derived from the reviewed
techno-economic studies.
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Fig. 1. Regional slope comparison of indicative LCOH values between 2020 and
2030.

The slope representation emphasizes the magnitude of decline rather
than the absolute shape of an annual trajectory. All four regions show
downward movement, but the steepest reductions are associated with
locations that combine low-cost renewable electricity with strong project
scale-up potential.

Europe and North America begin the decade at relatively high cost
levels because of more expensive electricity, grid variability, and higher
balance-of-plant costs. By contrast, Australia and the Middle East already
benefit from superior solar and wind resources, which lowers the starting
cost basis for electrolysis projects.

By 2030, the reviewed scenarios converge toward a narrower cost
band, with Australia and the Middle East approaching the lower end of the
range and Europe and North America remaining somewhat higher. This
compression reflects declining electrolyzer CAPEX, better renewable
capacity factors, improved system integration, and the learning effects
associated with larger deployment volumes.

Manufacturing expansion is repeatedly identified as a central cost
lever, with several studies projecting substantial reductions in stack and
balance-of-plant costs as factories move from bespoke equipment toward
standardized production.

A second lever is electricity supply. Regions able to couple electrolysis
with low-cost solar or wind power, particularly when combined with
favorable operating conditions, are consistently shown to achieve lower
hydrogen costs.

Efficiency gains also matter, especially where higher system utilization
or improved operating strategies reduce electricity consumption per
kilogram of hydrogen produced.

Even under optimistic assumptions, complete parity with unabated
grey hydrogen is not guaranteed in every market. Competitiveness is far
more likely where carbon pricing, production incentives, or premium
markets reward low-emission hydrogen.

3.2 Electrolyzer Scale-Up and Technology Mix

Figure 2 presents the expected build-out of global electrolyzer
capacity as a stacked-area profile, highlighting how the cumulative
market expands over time while the technology mix gradually broadens
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beyond the current alkaline dominance.
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Fig. 2. Stacked-area view of indicative global electrolyzer capacity by
technology.
The stacked-area format makes two patterns immediately visible:

overall market volume grows very rapidly, and alkaline systems remain the
largest contributor for most of the decade. Their continued strength
reflects commercial maturity, lower near-term capital cost, and established
industrial familiarity.

From a very small installed base in the early 2020s, global capacity is
projected to rise by orders of magnitude by 2030. This scale-up is not
simply a matter of adding more projects; it also implies expansion of
manufacturing lines, supply chains, and project-development capabilities
across multiple regions.

PEM systems are expected to capture a growing share because they
offer faster dynamic response under variable renewable supply, a smaller
footprint, and operation at higher pressure, which can reduce downstream
compression requirements.

SOEC deployment remains comparatively limited in the short term, yet
the literature repeatedly points to strong longer-term potential in
industrial environments where high-temperature heat can improve
efficiency.

Regional ambitions reinforce this trend. China is pursuing large
manufacturing expansion, the European Union combines domestic targets
with import strategies, and Australia and Gulf producers are aligning
electrolyzer deployment with export-oriented hydrogen and ammonia
projects.

The important implication is that technology competition is no longer
only about conversion efficiency. It now also depends on manufacturability,
material intensity, modularity, operating flexibility, and the speed at which
projects can be replicated.

These considerations suggest that future market shares will be shaped
as much by industrial capacity and policy coordination as by laboratory-
scale performance metrics.

Consequently, the near-term market is likely to remain mixed rather
than converging on a single dominant platform.

The reviewed evidence therefore supports a diversified deployment
pathway in which alkaline systems anchor volume growth, PEM expands in
flexible applications, and SOEC serves more specialized high-temperature
roles.

3.3 Sectoral Reallocation of Future Hydrogen Demand

Future demand is expected to differ markedly from today’s fossil-based
hydrogen market. Figure 3 reorganizes the 2050 outlook as a donut chart
to emphasize relative sector shares within an indicative total demand
envelope of about 530 Mt/year.

T
2020 2022 2024 2026 2028 2030
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Fig. 3. Donut-chart representation of indicative global hydrogen demand by
sector in 2050.
The circular breakdown shows that industry remains the largest

demand center, followed by transport and power-system applications.
Smaller but still meaningful shares are associated with buildings and
internationally traded hydrogen or hydrogen derivatives.

Industrial demand is expected to dominate because hydrogen can
substitute carbon-intensive feedstocks and fuels in steelmaking, refining,
ammonia production, methanol synthesis, and other chemical value
chains.

This role is especially important in sectors where electrification alone
cannot easily deliver the required process temperatures or reductant
chemistry.

Transport demand is led less by passenger vehicles and more by
heavy-duty segments such as freight, maritime transport, aviation fuels,
and rail applications where energy density, refueling speed, or long
operating range remain critical.

In power systems, hydrogen is increasingly discussed as a flexibility
vector that can absorb surplus renewable generation and return energy
through turbines or fuel cells when longer-duration storage is required.

The building sector occupies a smaller share in most projections,
reflecting continued debate over the efficiency and practicality of
hydrogen blending or direct hydrogen heating relative to electrified
alternatives.

Export-oriented demand, although smaller in percentage terms, is
strategically significant because it underpins the business case for large
projects in resource-rich countries aiming to serve external markets.

Taken together, these sectoral allocations show that green hydrogen
is expected to add value primarily in hard-to-abate and system-balancing
roles rather than as a universal replacement for electricity.

This distinction is important because it implies that hydrogen
deployment should be prioritized where its system value is highest, not
merely where technical substitution is possible.

Accordingly, the strongest long-term demand centers are likely to be
those linked to industrial decarbonization, heavy transport, and strategic
storage.

These sectors combine large emissions-reduction potential with
comparatively limited low-carbon alternatives.

By contrast, low-value applications may struggle to justify hydrogen
use if cheaper and more efficient electrified routes are available.

The sectoral outlook therefore points toward selective expansion
rather than indiscriminate diffusion.
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Such prioritization will be important for allocating renewable
electricity, infrastructure investment, and policy support efficiently.
It will also influence where hydrogen hubs emerge and how cross-sector
coupling is designed.
Overall, Figure 3 underscores that the future hydrogen economy is likely
to be shaped by strategic concentration in a limited set of high-impact
applications.

3.4 Emerging Geography of Hydrogen Trade

The projected spatial mismatch between low-cost production zones
and major consumption centers is already driving the formation of
prospective hydrogen trade corridors. Figure 4 captures this pattern as a
diverging horizontal-bar chart, contrasting regions that are likely to export

with those expected to import hydrogen or hydrogen derivatives by around
2030.
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Fig. 4. Diverging horizontal-bar view of indicative regional hydrogen exports
and imports in 2030.

The chart highlights the asymmetry that underpins future trade.
Regions with abundant land and renewable resources, such as the Middle
East, Australia, and parts of Latin America and Africa, tend to appear on the
export side, whereas industrial demand centers in Europe and Northeast
Asia are positioned more strongly as import markets.

Australia is frequently identified as an early exporter because of its
strong wind and solar resources, large project announcements, and
established experience with bulk energy exports.

A comparable logic applies to Gulf producers, where large renewable
developments and state-backed industrial strategy are being linked to
ammonia production and port-based export infrastructure. Projects such
as NEOM symbolize this export-oriented model.

Chile and Namibia are also repeatedly cited as emerging suppliers
because they combine high-quality renewable resources with
opportunities to build new export-oriented energy industries.

On the demand side, Japan and South Korea continue to frame hydrogen
imports as part of long-term industrial and energy security planning, while
Europe is combining domestic production targets with substantial import
ambitions under REPowerEU and related initiatives.

North America occupies a more mixed position because some corridors
may develop through regional trade, even though parts of the continent
also have large domestic renewable resources and hydrogen production
potential.

The development of these corridors, however, depends on more than
resource quality. Carrier selection remains a central issue, since hydrogen
may be shipped as compressed gas, liquid hydrogen, ammonia, or LOHCs,
each with different energy penalties, safety considerations, and end-use
implications.

Infrastructure readiness is equally decisive. Export terminals, storage
systems, dedicated pipelines, conversion plants, and receiving facilities all
require long lead times and major capital investment.

A further challenge is regulatory alignment. Trade will scale more
slowly if importing and exporting regions rely on incompatible approaches
to certification, emissions accounting, and hydrogen purity standards.
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Despite these barriers, pilot shipments and offtake agreements
indicate that the sector is moving beyond conceptual planning toward
early commercialization.

This shift is especially visible in ammonia-based trade routes, which
are currently more advanced than direct liquid-hydrogen chains in many
announced projects.

The early market may therefore develop first through derivatives and
industrial clusters rather than through a fully liberalized global hydrogen
commodity system.

Over time, the competitiveness of different carriers will depend on
end-use requirements, reconversion efficiency, and the maturity of
destination infrastructure.

In this sense, the geography of hydrogen trade is being shaped
simultaneously by renewable-resource advantage and by the practical
realities of logistics.

Figure 4 thus reflects a market that is emerging, but not yet
standardized.

4. Discussion

The results indicate that green hydrogen is best understood as an
industrial system in formation rather than a mature commodity market.
Progress is undeniable, but the pathway from pilot deployment to globally
significant supply will depend on whether cost reductions, infrastructure
investments, and governance frameworks advance in parallel.

From a systems perspective, hydrogen scale-up also draws on
adjacent engineering knowledge in separation processes, turbine
response under ammonia-hydrogen combustion, and optical combustion
diagnostics [31], [32], [33].

Further insight comes from fluid-dynamics studies, HVAC-linked
emissions analyses, and techno-economic assessments of oxy-fuel turbine
systems, which together highlight the importance of integrated
performance evaluation [34], [35], [36].

Office-air-quality studies, repeated turbine-material investigations,
and process-separation reviews reinforce the broader point that
hydrogen deployment cannot be assessed in isolation from end-use
operating environments [37], [38], [39].

This wider interpretation is consistent with recent work on drop-in
sustainable aviation fuels, doctoral analyses of oxy-fuel gas turbines, and
building-linked emissions quantification [40], [41], [42].

Likewise, process-control studies, satellite-based methane
monitoring, and facade-airflow research illustrate how hydrogen
planning increasingly overlaps with digital monitoring and built-
environment design [43], [44], [45].

The discussion also benefits from recent carbon-capture reviews,
heat-exchanger integration studies, and biomass-energy assessments that
clarify where hydrogen fits within larger low-carbon process chains [46],
[47], [48].

Residential photovoltaic-powered DAC concepts, broad hydrogen
outlook papers, and studies on technology adoption and communication
further underscore the role of infrastructure readiness and public
acceptance [49], [50], [51].

That same systems lens extends to geothermal deployment, electrical
control design, and solar-integration analyses, all of which affect the
operating context in which hydrogen projects are evaluated [52], [53],
[54].

Related evidence on algal fuel recovery, air-quality governance, and
combustion diagnostics strengthens the case for coupling hydrogen policy
with environmental and operational metrics [55], [56], [57].

Built-environment decarbonization research, residential DAC studies,
and cooling-efficiency analyses likewise show that hydrogen must be
considered alongside demand-side efficiency measures [58], [59], [60].

Water-treatment and desalination studies, together with SAF
thermodynamic assessments and patent activity around direct-air-
capture routes, help clarify the resource and commercialization
constraints facing large-scale hydrogen deployment [61], [62], [63].

This is especially important in harsh climates, where solar-tracking
performance, ammonia-based DAC route evaluation, and large-scale
carbon-capture integration all influence project feasibility [64], [65], [66].
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Transport and storage choices are further informed by work on circular
hydrogen carriers, combustion-to-work conversion, and additional patent-
based capture pathways [67], [68], [69].

Thermal-storage analyses, hybrid cooling-desalination concepts, and
process-control investigations also point to the value of cross-sector
integration when planning hydrogen infrastructure [70], [71], [72].

Complementary insights arise from organic Rankine cycle
development, building-flow case studies, and desalination-at-scale
assessments, particularly for regions targeting co-optimization of energy
and water systems [73], [74], [75].

The same argument is reinforced by broader desalination pathway
studies, related building-energy work, and recent analyses of net-zero
aviation scale-up [76], [77], [78].

Finally, free-flow ventilation design, solar scale-up research, and
reviews of sustainable circular hydrogen carriers all support the need for
infrastructure planning that remains flexible across sectors [79], [80], [81].

Emerging microbial-energy pathways, office-space ventilation studies,
long-run SAF deployment analyses, and lightweight gas-turbine simulation
work add further evidence that hydrogen policy should be coordinated
with adjacent innovation ecosystems rather than treated as a stand-alone
transition [82], [83], [84], [85].

4.1 Economic Competitiveness and Policy Dependence

The downward cost movement captured in Figure 1 is encouraging, yet
it should not be interpreted as evidence that green hydrogen will become
uniformly competitive across all markets. Cost outcomes remain highly
location-specific because they depend on renewable resource quality,
financing conditions, electrolyzer utilization, and the structure of
electricity markets.

This means that policy design remains central to market formation. In
jurisdictions without carbon pricing, production credits, contracts for
difference, or targeted procurement, low-carbon hydrogen is likely to
remain disadvantaged relative to incumbent grey supply.

The implication is that early hydrogen markets will be policy-shaped
markets. Private capital may accelerate deployment, but stable rules and
credible demand signals are still required to reduce investment risk and
support first-of-a-kind infrastructure.

4.2 Manufacturing Readiness and Technology Bottlenecks

Figure 2 shows that electrolyzer scale-up is inseparable from industrial
manufacturing capacity. The issue is no longer only laboratory
performance; it is whether supply chains can deliver stacks, membranes,
catalysts, power electronics, and balance-of-plant components rapidly
enough and at acceptable cost.

PEM systems illustrate this challenge clearly. Their operational
advantages are attractive, but dependence on scarce materials such as
iridium raises concerns over cost, supply concentration, and long-term
scalability unless catalyst loading is reduced or substituted.

SOEC technology highlights a different bottleneck: strong theoretical
and process-level advantages do not automatically translate into near-term
deployment if system durability, capital cost, and project bankability
remain uncertain.

4.3 Water, Land, and Environmental Constraints

The environmental profile of green hydrogen cannot be assessed on
carbon metrics alone. Electrolysis requires purified water and, at large
scale, substantial renewable generation footprints. These requirements
matter particularly in arid regions, where some of the world’s most
competitive solar resources coincide with higher water stress.

For this reason, environmental feasibility must be evaluated through a
broader resource lens. Desalination can enable hydrogen production in
water-scarce regions, but it adds energy demand, infrastructure
complexity, and environmental questions related to brine management and
marine impacts.

Land use introduces a parallel constraint. Large hydrogen projects need
not only electrolyzers, but also vast solar or wind assets, transmission links,
and buffer infrastructure. Early planning therefore has to integrate land
allocation, ecological sensitivity, and social acceptance rather than treating
these issues as secondary project details.
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4.4 Storage, Transport, and Infrastructure Lock-In

Hydrogen logistics remain one of the most decisive barriers to scale.
The molecule’s low volumetric energy density, materials compatibility
issues, and handling requirements mean that transport solutions are
always tied to trade-offs among cost, efficiency, and safety.

Liquid hydrogen offers high purity but requires cryogenic conditions
and faces boil-off penalties. Ammonia is easier to ship and store, yet
toxicity and reconversion challenges must be addressed. LOHC pathways
are operationally attractive in some contexts but impose additional
energy penalties during hydrogen release.

These trade-offs imply that infrastructure decisions made during the
next decade may shape the market for years to come. Regions that commit
early to a specific carrier or pipeline strategy could gain first-mover
advantages, but they also risk lock-in if alternative pathways later prove
more efficient.

Accordingly, infrastructure planning should remain flexible where
possible, especially in markets that are still testing end-use demand and
carrier preferences.

This is also why localized hydrogen hubs continue to appear more
feasible in the near term than immediately integrated global networks.

4.5 Trade Governance, Certification, and Strategic Positioning

A durable hydrogen market requires more than production capacity
and transport hardware; it also requires agreement on what qualifies as
low-emission hydrogen and how that claim is verified. At present,
certification approaches differ in their treatment of renewable
additionality, temporal matching, and life-cycle emissions boundaries.

Table 3 reflects this fragmentation. Divergent accounting frameworks
can complicate project finance, undermine buyer confidence, and create
trade frictions if exporters and importers are not working from
compatible definitions of product quality and carbon intensity.

Subsidy asymmetry compounds the issue. Large support packages in
the United States and Europe may accelerate domestic deployment, but
they can also reshape trade competitiveness and limit opportunities for
countries that lack comparable fiscal capacity.

From a geopolitical perspective, hydrogen is therefore emerging not
only as a decarbonization tool, but also as a strategic industrial and trade
instrument. Long-term offtake agreements, standards alignment, and
cross-border infrastructure partnerships will likely become as important
as the underlying electrolysis technology itself.

The broader implication is that green hydrogen will not scale through
technology improvement alone. It will scale through coordinated action
across energy policy, industrial strategy, certification, finance, and
international cooperation.

Tables 2 and 3 reinforce this point by showing that techno-economic
competitiveness and governance readiness do not progress uniformly
across countries. Some regions are advantaged by resource quality,
whereas others lead through policy sophistication, standards
development, or market creation.

This unevenness does not weaken the case for green hydrogen, but it
does mean that deployment pathways will be regionally differentiated.

Successful strategies will therefore be those that align local strengths
with realistic end-use priorities and infrastructure choices.

In practice, the global hydrogen economy is likely to evolve through a
patchwork of regional systems before it resembles an integrated
international market.

Table 2. Comparative Techno-Economic Indicators for Green Hydrogen in Selected
Countries (Projected 2030).

glee l:::_’::ible Electrolyzer  Projected Primary Water
Country Cost ty CAPEX LCOH Renewable Scarcity

(§/MWh) ($/kwW) ($/kg) Source Index
Australia 15-25 300-500 1.6-2.2 Solar PV Low
Saudi Solar .
Arabia 20-30 400-600 1.8-2.4 PV/Wind High

i 1
Germany 40-60 600-900 2.8-3.6 m:d/so 2 Medium
Imported .

Japan 50-70 700-1000 3.2-45 RE High
Chile 18-25 400-600 1.7-2.3 Solar Medium-
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PV/Wind Low

Table 3. Summary of Green Hydrogen Certification Schemes in Major Economies

. . Renewable GHG . .
Region/Count: Certification Source Accountin, Verification
g Ty Authority . N g Method
Criteria Baseline
European Direct link to
p. . new RES, 3.38 kg Mass balance +
EU Commission .
temporal COz/kg H, audit
(REDII) )
matching
Grid mix Self-
Japan METI allowed with ;'4 kg COz/kg declaration +
guarantees 2 audit
Australia CEFC . + H2 Flex1b.1e RE Var?es by Thlr_d-party
Council sourcing project audit
RE th h
Us DOE + RS oo BT Based  on  LCA-based
(IRA Rules) RECs GREET model verification

5. Conclusion

Green hydrogen has advanced from a niche decarbonization concept to
a strategic component of many national energy and industrial agendas. The
literature reviewed in this paper shows that its momentum is real, but that
large-scale success depends on more than the simple availability of
electrolysis technology.

A central conclusion is that cost competitiveness is geographically
uneven. Regions with excellent renewable resources and supportive
industrial policy are positioned to reduce green hydrogen costs much faster
than regions facing expensive electricity, infrastructure constraints, or
weaker market incentives.

The comparative analysis of electrolyzer pathways also indicates that
no single technology currently solves all deployment needs. Alkaline
systems are likely to dominate near-term volume, PEM will expand where
flexibility is valuable, and SOEC may become important in specialized high-
temperature applications once commercial readiness improves.

At the same time, scaling hydrogen production without considering
water use, land demand, and environmental boundary conditions would
produce an incomplete assessment of sustainability. These resource
constraints are particularly important in arid export-oriented regions and
should be incorporated into project planning from the outset.

The review further shows that infrastructure and logistics are not
secondary issues. Storage media, derivative carriers, pipelines, terminals,
and receiving facilities will strongly influence which trade routes become
viable and which regions emerge as long-term exporters or importers.

Equally important is the institutional dimension. Certification systems,
emissions accounting methods, and subsidy regimes remain fragmented,
creating uncertainty for investors and the potential for future trade
misalignment.

For this reason, the transition to green hydrogen should be approached
as a system-building exercise. Technology development, manufacturing
scale-up, grid integration, finance, standards, and end-use market creation
must progress together rather than in isolation.

From a strategic perspective, hydrogen appears most valuable where it
supports industrial decarbonization, heavy transport, strategic storage,
and chemical production. Its role is strongest in applications where direct
electrification is constrained and where sector coupling creates additional
system value.

Future research should therefore focus on improving electrolyzer
durability and material efficiency, clarifying the water-energy-
environment nexus of major projects, and refining comparative
assessments of carrier pathways and infrastructure build-out.

At the policy level, stronger international coordination is needed to
align certification, traceability, and market rules, while domestic
frameworks must provide credible long-term demand signals for
producers and off-takers.

If these technical and institutional conditions are addressed coherently,
green hydrogen can become a meaningful enabler of decarbonization
across hard-to-abate sectors rather than an overextended solution applied
indiscriminately.

In summary, green hydrogen is neither a universal remedy nor a
marginal option. It is a high-potential transition vector whose long-term
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contribution  will
infrastructure planning, and sustained coordination between technology,

depend on selective deployment,

policy, and trade.
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