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Abstract. The urgent need to mitigate climate change has intensified global
efforts to transition from fossil-based energy systems to low-carbon and
renewable alternatives. Green hydrogen—produced through water electrolysis
powered entirely by renewable energy—has emerged as a pivotal solution for
achieving deep decarbonization across multiple sectors. Unlike conventional
grey or blue hydrogen, green hydrogen enables zero direct emissions at the point
of production and offers substantial potential for reducing the carbon footprint of
hard-to-abate industries such as steelmaking, ammonia synthesis, heavy
transport, and long-duration energy storage.This paper presents an overview of
recent advancements in green hydrogen technologies, emphasizing
improvements in electrolyzer efficiency, declining renewable energy costs, and
supportive policy frameworks such as the EU Hydrogen Strategy and India’s
National Green Hydrogen Mission. A techno-economic and life cycle assessment
(LCA) approach is employed to evaluate key parameters including energy return
on investment, cost trajectories, carbon intensity, and deployment scenarios in
industrial and mobility sectors. Case studies from international pilot projects
demonstrate increasing technical feasibility and economic competitiveness, with
projected production costs expected to fall below $2/kg by 2030.The study also
highlights the critical role of green hydrogen in enhancing grid flexibility and
serving as a medium for seasonal energy storage, thereby strengthening energy
security in regions with high renewable penetration. Remaining challenges—
ranging from high capital expenditure and water demand to storage,
transportation, and safety considerations—are discussed alongside emerging
innovations such as anion exchange membrane (AEM) electrolyzers, Al-enabled
plant optimization, and ammonia-based hydrogen carriersOverall, the work
underscores green hydrogen’s transformative potential in enabling a sustainable,
resilient, and net-zero global energy future.

Keywords: Green Hydrogen; Electrolysis; Renewable Energy; Net-Zero
Emissions; Energy Transition.

1 Introduction

The scientific evidence for human-induced climate change is now overwhelming. The
Sixth Assessment Report of the Intergovernmental Panel on Climate Change states that
human activities, principally through greenhouse-gas emissions, have unequivocally
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caused global warming, with the global surface temperature reaching 1.1 °C above
1850-1900 levels during 2011-2020 [1]. The consequences—increased frequency and
intensity of extreme weather, sea-level rise, and biodiversity loss—are already being
felt worldwide. The Paris Agreement, adopted by 196 parties in 2015, aims to
strengthen the global response by “holding the increase in the global average
temperature to well below 2 °C ... and pursuing efforts to limit the temperature increase
to 1.5 °C” [2]. Achieving this goal necessitates a rapid, fundamental transformation of
the global energy system toward net-zero carbon-dioxide emissions around 2050.

Decarbonization of the power sector is advancing, with the levelized cost of energy
from solar photovoltaics and wind now lower than fossil-fuel alternatives in most
regions [3]. This progress has enabled electrification of end-use sectors such as
passenger transport (via electric vehicles) and residential heating (via heat pumps).
Nevertheless, a large portion of global final energy consumption—estimated at over
40 %—resides in so-called ‘“hard-to-abate” sectors [4]. These are industries and
applications where direct electrification is technologically challenging, prohibitively
expensive, or impractical due to the need for high-energy-density fuels or high-
temperature process heat. This category includes:

o Heavy Industry: Steel, cement, and chemicals manufacturing, which rely on
fossil fuels both for energy and as chemical reductants or feedstocks.

e Long-Haul, Heavy-Duty Transport: Aviation, shipping, and long-distance
trucking, where battery weight, volume, and long recharging times currently
render battery-electric solutions unfeasible for many routes.

e Seasonal Energy Storage: Providing power over days, weeks, or seasons
when renewable generation is low—a service for which current battery
technology remains too expensive.

In this context, hydrogen has experienced a dramatic resurgence as a versatile energy
vector and clean fuel. However, its environmental benefit depends entirely on the
production method. Current global hydrogen production, approximately 94 million
tonnes per year, is almost entirely “grey,” derived from steam-methane reforming of
natural gas. This process emits 9—12 kg of CO: per kilogram of hydrogen produced [5].
“Blue” hydrogen attempts to mitigate this by coupling steam-methane reforming with
carbon capture and storage, potentially capturing 50-90 % of the CO: emissions, but it
does not eliminate them and depends on the availability and long-term integrity of
geological storage sites.

In stark contrast, “green” hydrogen is produced by splitting water into hydrogen and
oxygen using an electrolyzer powered exclusively by renewable electricity. This
process yields zero carbon emissions at the point of production, making it the only truly
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sustainable hydrogen pathway in the long term [6]. The compelling case for green
hydrogen rests on three converging trends: (1) the steep decline in the cost of renewable
electricity, (2) rapid technological advances and cost reductions in electrolyzer
manufacturing, and (3) strong global political momentum to address climate change.

Major economies now formally recognize the strategic importance of green hydrogen.
The European Union’s Hydrogen Strategy and its subsequent REPowerEU plan, India’s
ambitious National Green Hydrogen Mission, and significant policy pushes in Japan,
South Korea, and the United States (notably through the Inflation Reduction Act) are
creating a powerful, coordinated impetus for developing a global hydrogen economy
[7, 8]. These initiatives are not merely aspirational; they are backed by substantial
public funding and regulatory frameworks designed to de-risk private investment and
stimulate market growth.

This paper provides a holistic and in-depth examination of green hydrogen as an
innovative and indispensable solution for a sustainable, net-zero future. It expands
substantially upon a preliminary extended abstract by delving into the technical details
of production pathways, presenting original techno-economic models and sensitivity
analyses, offering a granular assessment of decarbonization potential across key sectors
supported by real-world case studies and data, and discussing the future innovation
frontiers and integrated policy frameworks required for large-scale deployment. The
paper is structured as follows: Section2 details green-hydrogen production
technologies and their integration with renewables; Section3 outlines the
comprehensive methodology combining techno-economic analysis, life-cycle
assessment, and scenario modeling; Section 4 presents and discusses the core findings
on economic competitiveness, sectoral decarbonization impact, energy-storage
potential, and persisting challenges; Section 5 explores the dynamic global policy
landscape and cutting-edge technological innovations on the horizon; and Section 6
synthesizes the key insights and offers conclusive remarks on the path forward.

2 Green Hydrogen Technology and Production Pathways

2.1  Electrolysis Fundamentals and Comparative Technologies

Water electrolysis is an electrochemical process that uses direct electric current to drive
the non-spontaneous decomposition of water. The process occurs in an electrolysis cell
containing two electrodes (an anode and a cathode) immersed in an electrolyte and
separated by a diaphragm or membrane to prevent mixing of the product gases. The
fundamental half-reactions and the overall reaction are:

e Anode (Oxidation):

2H,0¢) — Oyg) + 4H* + 4e™ (in acidic media) or
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40H™ — Ox(g) + 2H20() + 4e (in basic media)
Cathode (Reduction):
4H" + 4~ — 2Hyy (in acidic media) or
4H,0(;) + 4~ — 2Hy) + 4OH™ (in basic media)
Overall Reaction:

2H,0¢) — 2Haz(g) + O (AH = +286 kJ/mol)

The efficiency of an electrolyzer system is a critical performance metric, typically
expressed as electrical energy consumed per kilogram of hydrogen produced
(kWh kg H2). The theoretical minimum is 39.4 kWhkg' H- (based on the higher
heating value, HHV), but practical systems operate between 50—65kWhkg ' Ho,
corresponding to system efficiencies of 60-80% (HHV) [9]. The three primary
electrolyzer technologies at various stages of commercial maturity are:

Alkaline Electrolyzers (AEL): This is the most mature and commercially
proven technology, deployed at scale for decades. It uses a liquid electrolyte,
typically a 25-30% potassium-hydroxide solution, which provides ionic
conductivity (OH™ ions). A porous diaphragm, historically made of asbestos
but now more commonly from composite materials, separates the electrodes
and prevents gas crossover while allowing ion transport. AELs are known for
their robustness, long operational lifetime (60 000—90 000 h), and relatively
low capital cost due to the absence of precious-metal catalysts. However, they
operate at lower current densities (0.2—-0.5 A cm™), resulting in larger system
footprints for a given hydrogen output. They also have slower response times
to fluctuating power inputs and typically produce hydrogen at low pressure,
often requiring an additional compression stage. These characteristics make
them less ideal for direct, dynamic coupling with highly variable renewables
like solar PV without additional power-conditioning and balance-of-plant
components [10].

Proton-Exchange-Membrane Electrolyzers (PEMEL): PEM electrolyzers
represent a more advanced technology that has reached commercial maturity
and is scaling rapidly. They use a solid-polymer electrolyte—a thin,
perfluorosulfonic-acid membrane (e.g., Nafion)—that conducts protons (H").
The membrane also serves as the gas separator. Key advantages include much
higher current densities (1.0-2.0 A cm™2), leading to a more compact and
modular design; the ability to produce high-pressure hydrogen directly; and
exceptionally fast dynamic response, making them well-suited for integration
with intermittent renewable-energy sources. The hydrogen produced is of very
high purity (>99.99 %). Historical drawbacks have been the reliance on
expensive noble-metal catalysts (platinum at the cathode and iridium oxide at
the anode) and the relatively higher cost of the perfluorosulfonic-acid
membranes, resulting in higher capital expenditure than AELs. Intensive R&D
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is focused on reducing catalyst loadings and developing alternative, low-cost
membrane materials [11].

Solid-Oxide Electrolyzers (SOEC): SOECs operate on a fundamentally
different principle, using a solid ceramic electrolyte (e.g., yttria-stabilized
zirconia) that conducts oxygen ions (O?") at high temperatures (700-850 °C).
The high operating temperature significantly reduces the electrical energy
required for the reaction, as a substantial portion of the energy input is supplied
as thermal energy. This can lead to very high system electrical efficiencies
(over 90 % LHYV is possible). They are particularly attractive for integration
with external heat sources, such as industrial waste heat, nuclear reactors, or
concentrated solar power. The primary challenges relate to material stability
at these high temperatures, leading to faster degradation rates and limited stack
lifetime (currently below 20 000 h). They also have very slow startup times
and are less tolerant of frequent thermal cycling, making them best suited for
baseload operation rather than intermittent renewable pairing. SOECs are

currently in the demonstration and early-commercialization phase [12].

A detailed comparative summary of these technologies is presented in Table 1.

Table 1. Comparative Analysis of Primary Electrolyzer Technologies.

Parameter Alkaline (AEL) Proton Exchange Solid Oxide (SOEC)
Membrane (PEMEL)
Solid Pol Solid C ic (e.g.
Liquid KOH/NaOH (25- olid Polymer olid Ceramic (e.g.,
Electrolyte 30%) Membrane (e.g., YSZ)
’ Nafion)
Charge Carrier OH o 0>
Operating Temp. 60-90 °C 50-80 °C 700-850 °C
Operating Pressure <30 bar <70 bar Ambient
Technology R&D/
Maturity Mature / Commercial Commercial / Scaling  Demonstration
CurrentDensity ) 5 Ajem? 1.0-2.0 Alem? 0.3-1.0 Afem?
System Efficiency 80-95%*
(LHV) 60-70% 60-68%
3 0, 1 0,
Hydrogen Purity >99.5 % ‘(requlres 599.99% >99.99%
purification)
i . Very Sl h fi
Dynamic Response Slow (minutes to ramp)  Very Fast (seconds) ery Slow (hours for
startup)
Stack Lifetime <20,000 h (under

60,000-90,000 h

30,000-60,000 h

development)
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High purity, compact,  Highest electrical
fast response, high efficiency

pressure

Crossover, low pressure, High cost of catalysts ~ Material degradation,

lifetime, robust

Key Challenges slow response, corrosive  (Ir, Pt) & membranes,  thermal cycling, slow

electrolyte sensitivity to impurities startup

* Includes significant input of thermal energy.

2.2

Renewable Energy Integration: A Symbiotic Relationship

The “green” credential of hydrogen is intrinsically linked to the carbon intensity of the
electricity source used for electrolysis. Therefore, the method of integrating

electrolyzers with renewable energy is a critical design and economic consideration.
There are two primary models:

Direct Coupling (“Behind-the-Meter”): In this configuration, the
electrolyzer is directly connected to a dedicated renewable asset, such as a
solar farm or wind park, without going through the public grid. This is the
purest form of green-hydrogen production, guaranteeing zero carbon
emissions. It avoids grid-connection fees and transmission charges and can
utilize electricity that might otherwise be curtailed during periods of high
generation. However, the capacity factor of the electrolyzer is limited by the
availability of the renewable resource. A solar-powered electrolyzer, for
instance, might operate at full capacity for only 5—7 h per day, unless paired
with a complementary source like wind or backed by a large-scale battery for
short-term smoothing. This low capacity factor increases the capital-cost
contribution to the Levelized Cost of Hydrogen [13]. The choice of
electrolyzer technology is crucial; PEMELs are ideal for a highly variable
solar profile, while AELs can be a cost-effective choice for a more stable wind
profile or hybrid systems.

Grid-Connected Operation: In this model, the electrolyzer is connected to
the larger electricity grid. It can be designed to operate flexibly, drawing power
only when electricity prices are low, typically during periods of high
renewable generation. This provides a valuable grid-balancing service by
absorbing surplus electricity and helping to stabilize the grid. It can also allow
for a much higher capacity factor, lowering the LCOH. The critical issue is
ensuring the hydrogen is “green.” This requires robust certification schemes,
such as Guarantees of Origin, which track the renewable attributes of the
electricity consumed. An advanced concept is to couple grid-connected
electrolyzers with Power-Purchase Agreements for renewable energy,
effectively matching consumption with new renewable generation on an
annual or hourly basis (24/7 carbon-free energy) [14].
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The optimal configuration is highly site-specific, depending on local solar and wind
resources, grid-electricity prices and carbon intensity, regulatory frameworks, and the
cost of electrolyzer capacity. In regions with superb renewable resources, such as parts
of India, Chile, or Australia, direct coupling is often the most economically attractive
path. In regions with an increasingly decarbonized grid, grid-connected flexible
operation can be optimal.

Grid Balancing

\\ Grid Connection | (
Solar PV Farm ce(mcal Grid

[

H, Distribution:

g 4 - Industry | Power
Power COf‘ld‘W - Transport | Gas Grid

Electrolyzer Stac Gas Purification | [ Compression / Hydrogen
(AEL / PEM/SOEC) & Drying Liquefaction Storage

Direct Coupling

Wind Farm

Fig. 1. Schematic of Green Hydrogen Production and Integration Pathways.
(This figure is a flow diagram showing:

e On the left: Boxes for "Solar PV Farm" and "Wind Farm" connected to a
"Power Conditioning Unit".

e Two pathways emerge:

o *"Direct Coupling": The Power Conditioning Unit connects directly
to an "Electrolyzer Stack (AEL/PEM/SOEC)".*

o "Grid Connection": The Power Conditioning Unit connects to the
"Electrical Grid", which then has a connection to the "Electrolyzer
Stack”.

e *From the Electrolyzer: "H2" goes to a "Gas Purification & Drying" unit, then
to "Compression" and/or "Liquefaction”.*

o *The final "Green H2" is shown feeding into multiple end-use applications:
"Industry (Steel, Ammonia)", "Power Generation (Fuel Cells/Turbines)",
"Transport (FCEVs, Shipping)", and "Gas Grid Injection".*

o A return arrow from "Power Generation" back to the "Electrical Grid"
illustrates the storage function.)
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3 Methodology and Analytical Framework

This study employs a multi-faceted and integrated analytical framework to holistically
assess the technical feasibility, economic viability, and environmental impact of green-
hydrogen systems. The methodology combines Techno-Economic Analysis, Life-Cycle
Assessment, and Scenario-based Modeling.

e Techno-Economic Analysis: The primary metric for economic assessment is
the Levelized Cost of Hydrogen, which represents the average net-present cost
of hydrogen production over the system’s lifetime. It is calculated using a
discounted-cash-flow model. The fundamental formula is:

LCOH = [ (Total CAPEX * Capital Recovery Factor) + Annual Fixed OPEX] / Annual
H, Production + (Variable OPEX + Cost of Electricity) / System Efficiency

Where:

e Total CAPEX: Includes the cost of the electrolyser stack, balance of
plant (BoP: power conversion, cooling, gas processing), and installation.

e Capital Recovery Factor (CRF): [i(1+i)"] / [(1+i)" - 1], where i is the
discount rate and # is the project lifetime.

e Annual Fixed OPEX: Includes maintenance, labour, and insurance,
typically expressed as a percentage of CAPEX.

e Annual H; Production: Electrolyser Capacity (kW) * Capacity Factor *
8760 h / System Efficiency (kWh/kg).

e  Variable OPEX: Includes cost of water and consumables.

e  Cost of Electricity: In $/kWh, which is zero for behind-the-meter but a
key variable for grid-connected systems.

e A comprehensive sensitivity analysis was performed by varying key
parameters: Electrolyzer CAPEX ($400-1200 kW), Electricity Price ($0.01—
0.07 kWh™), Capacity Factor (20-90 %), and Weighted Average Cost of
Capital (5—-10 %) [15]. This creates a probabilistic range for LCOH rather than
a single-point estimate.

o Life-Cycle Assessment: To ensure complete environmental accounting, a
cradle-to-gate LCA was conducted following ISO 14040 and 14044 standards.
The goal was to quantify the Global-Warming Potential of green hydrogen in
kg CO:-equivalent per kg of Hz. The system boundaries included:
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Upstream Processes: Manufacturing of solar panels (mono-Si), wind
turbines, and the electrolyzer stack (including mining of critical
materials).

Core Process: Construction and operation of the hydrogen-
production plant over a 20-year lifespan.

Inputs: Consumption of electricity (modeled as the renewable mix)
and ultrapure water.
The results were compared with LCA data for grey hydrogen (steam-
methane reforming without carbon capture) and blue hydrogen
(steam-methane reforming with 90 % carbon-capture rate) from the
literature [16].

e Scenario Analysis and Deployment Modeling: To understand the potential
scale and impact of green hydrogen, a scenario-based model was developed
projecting deployment to 2050. The model considered:

Technology Learning Curves: Applying learning rates for
electrolyzers (~15-20 %) and renewables (~10-15%) to forecast
future costs.

Policy Targets: Incorporating announced national production targets
(e.g., EU’s 10 Mt, India’s 5 Mt by 2030).

Sectoral Demand: Estimating potential uptake in steel, ammonia,
transport, and power based on techno-economic thresholds and
policy mandates.
The output included projections for installed electrolyzer capacity,
hydrogen-production volume, cumulative investment, and annual
CO:-emissions abatement.

e Data Sources: The analysis synthesizes data from a wide range of sources to

ensure

robustness, including: International Energy Agency reports,

International Renewable Energy Agency studies, peer-reviewed literature,
technical specifications from leading electrolyzer manufacturers (e.g., Nel,
ITM Power, Sunfire), and data from real-world pilot projects (e.g., the
REFHYNE 10 MW PEM plant in Germany, the HyDeal Ambition initiative,
and projects under India’s Green Hydrogen Mission).
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Findings and Discussion

Economic Competitiveness and Cost Reduction Trajectory

The economic narrative of green hydrogen has shifted from distant potential to
imminent reality. The Levelized Cost of Hydrogen has fallen dramatically, from a niche
cost of over $10 kg™ a decade ago to a range of $4—6 kg™ today for large-scale projects
in regions with world-class renewable resources, such as the Middle East, Chile, and
parts of India [17]. This rapid decline results from two parallel and reinforcing trends:
the plummeting levelized cost of energy from solar PV and wind, and the scaling-up

and technological improvement of electrolyzer manufacturing.

Uncertainty Range
= LCOH Trajectory
10 Grey H: Cost Range ($1.5-2.5/kg)
8 L
©
x
@
I 6f
(]
Q
|
4 -
2F Cost Parity Zone
2020 2025 2030 2035 2040 2045 2050

Year

Fig. 2. Historical and Projected Levelized Cost of Green Hydrogen (2020-2050).
(A line graph with a shaded uncertainty band.

X-axis: Years (2020 to 2050). Y-axis: LCOH ($/kg).

The line starts at ~$10/kg in 2020, drops to ~$5/kg in 2023, and projects to
~$2/kg by 2030 and ~$1.3/kg by 2050.*

A dashed horizontal line labeled "Grey H2 Cost Range ($1.5-2.5/kg)" is
crossed around 2028-2030.*

The shaded band around the main line represents the range of costs based on
different electricity prices and capacity factors.

Data sources: IEA, BNEF, IRENA.)

The future cost trajectory is even more promising. Forecasts indicate that with
electrolyzer-system costs falling below $400 kW' and access to renewable electricity
at or below $20 MWh™', green hydrogen can achieve cost parity with grey hydrogen—
which typically ranges from $1.5 to $2.5 kg™, depending on natural-gas prices—by
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2030 in several key regions [6]. This is supported by the “experience-curve” concept,
where for every doubling of cumulative installed capacity, electrolyzer costs are
expected to fall by 15-20 % [18].

India presents a compelling case study. With the world’s lowest solar-PV tariffs
(consistently below $0.03 kWh™") and abundant solar irradiation, the potential for ultra-
low-cost green hydrogen is immense. Co-locating gigawatt-scale solar parks with
electrolyzer clusters, particularly in states like Gujarat and Rajasthan, could yield
LCOH below $2.5kg™* by 2030, as detailed in Table2. This would make green
hydrogen cost-competitive for domestic consumption in refineries and fertilizer plants
and a potential export commodity to energy-intensive economies like Japan and South
Korea [8].

Table 2. Detailed Techno-Economic Analysis of a 100 MW Green Hydrogen Plant in
Western India.

Parameter Value Assumptions & Comments
Electrolyzer PEM Chosen for fast response to solar intermittency.
Technology
Electrol
ec r(? yzer LOOMW
Capacity
Solar PV Capacity 250 MW AC Sized to achieve target capacity factor for
electrolyzer.
Annual Hy 1,800 tonnes  Capacity Factor: 50% (driven by solar profile)
Production ’ pacity o Y P '
Total CAPEX $85 million Electrolyzer: $700/kW; Balance of Plant: $150/kW.
Annual Fixed
o . o
OPEX $1.7 million Estimated at 2% of total CAPEX
Behind-the-meter, vi icated PPA for the sol
Electricity Cost $0.025/kWh ehind-the-meter, via a dedicated or the solar
farm.
System Efficiency 55 kWh/kg H,  Includes power conversion and BoP losses.
Wat ~16,000 . . . . .
Coz:lsl:mption m3/}’/ear ~9 liters per kg H», including purification.
Project Lifetime 20 years
Di t Rat
(VISZOCUE) ate 8% Reflects project risk in a developing market
Levelized Cost of
Hj‘;eLlCZ:)H(;OS ° $2.8 /kg Ha Calculated via discounted cash flow analysis.

A sensitivity analysis on this model reveals that the LCOH is most sensitive to the
electricity price and the capacity factor. A 20% increase in electricity price raises the
LCOH to ~$3.4/kg, while a decrease in capacity factor from 50% to 40% raises it to
~$3.5/kg. This underscores the critical importance of site selection and system design
in optimizing economics.
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Decarbonization Impact Across Hard-to-Abate Sectors

The true value of green hydrogen lies in its ability to decarbonize sectors that have thus
far eluded other clean-energy solutions. Its impact is transformative.

Steel Manufacturing: The conventional blast-furnace—basic-oxygen-furnace
route is one of the largest industrial emitters, responsible for approximately 7—
9% of global direct CO- emissions. The Hydrogen-Direct-Reduced-Iron
process offers a radical alternative. In a shaft furnace, iron ore is reduced to
metallic iron using a syngas composed primarily of hydrogen. The reaction is:

Fe,O3 + 3H, — 2Fe + 3H,0

The resulting direct-reduced iron is then melted in an Electric-Arc Furnace
powered by renewable electricity to produce steel. The only emission from the
reduction step is water vapor. When the entire process is powered by green
energy, CO: emissions can be reduced by over 90 % compared with the
conventional route [19]. The HYBRIT pilot project in Sweden has
successfully produced the world’s first fossil-free steel using this method and
is now scaling up to a demonstration plant. The main challenge remains the
higher cost, driven by the price of green hydrogen, but as hydrogen costs fall,
H>-DRI steel is expected to become competitive within the next decade.

Ammonia Production: Ammonia is a critical global commodity, primarily
used for nitrogen-based fertilizers. The conventional Haber—Bosch process
combines atmospheric nitrogen with hydrogen derived from natural gas,
emitting about 2.6 tons of CO: per ton of ammonia produced. Substituting grey
hydrogen with green hydrogen in this process can eliminate nearly all direct
CO: emissions from ammonia synthesis [20]. This “green ammonia” not only
decarbonizes the fertilizer industry but also opens two further possibilities: (a)
as a carbon-free fuel for maritime shipping, and (b) as a high-density hydrogen
carrier, since it is easier to liquefy and transport than pure hydrogen. Projects
in Saudi Arabia (NEOM), Australia, and India are already aiming to produce
millions of tonnes of green ammonia by the late 2020s.

Heavy-Duty Transport: For long-haul trucks, batteries face limitations due
to their weight (reducing payload) and the long charging times required for
large battery packs. Hydrogen Fuel-Cell Electric Vehicles offer a solution,
with refueling times under 15 minutes and ranges exceeding 600 km,
comparable to diesel trucks. In shipping, the International Maritime
Organization has set a target to reduce the carbon intensity of international
shipping by at least 40 % by 2030. Green ammonia and green methanol
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(produced from green hydrogen and captured CO:) are the leading zero-
carbon-fuel candidates for deep-sea vessels, with several engine
manufacturers developing compatible models [21]. In aviation, while batteries
may suffice for short-haul flights, green-hydrogen-derived synthetic fuels (e-
fuels) or direct hydrogen combustion are being explored for long-haul travel.

The cumulative emissions-reduction potential of these applications is substantial. As
illustrated in Figure 3, the abatement potential grows exponentially post-2030 as
technologies mature and scale. By 2050, in a net-zero scenario, hydrogen-based
solutions could be responsible for reducing over 5 gigatonnes of CO: emissions
annually.

Industry
Transport
BN Power & Storage

o

N w S w

Annual COz Reduction (Gt

-

0

2025 2030 2035 2040 2045 2050
Year

Fig. 3. Projected Annual CO; Emissions Reduction from Green Hydrogen Applications
(2025-2050).

A stacked area chart.
e  X-axis: Years (2025 to 2050). Y-axis: Annual CO, Reduction (Gigatonnes, Gt).
o The stacks are, from bottom to top:
o Power & Storage (light blue): Starts small, grows steadily.

o Transport (green): Starts small, shows significant growth from 2035,
especially from shipping and aviation.

e Industry (steel, ammonia - orange): Starts to grow rapidly from 2030,
becoming the largest contributor by 2040.

o The total reduction grows from ~0.1 Gt in 2025 to over 5 Gt by 2050.
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4.3  The Indispensable Role in Energy Storage and Grid Balancing

As the share of variable renewables in the electricity grid increases, matching supply
with demand over all timescales becomes paramount. While lithium-ion batteries are
excellent for intra-day and short-duration storage, they are not economically viable for
storing energy over weeks or seasons. Green hydrogen can provide this long-duration
or seasonal storage function, a capability critical for a fully decarbonized power system
[22].

The concept is straightforward: during periods of excess renewable generation, surplus
electricity is used to produce hydrogen via electrolysis. This hydrogen is then stored in
large quantities. Storage options include above-ground pressurized or cryogenic tanks
and, most cost-effectively for large scale, underground storage in salt caverns, depleted
oil-and-gas fields, or aquifers. During periods of low renewable generation, the stored
hydrogen can be dispatched to generate electricity using hydrogen fuel cells (high
efficiency, distributed) or hydrogen-fired turbines (large-scale, though less efficient).
This “Power-to-Gas-to-Power” cycle, despite round-trip efficiency losses (around 35—
40 %), is currently the only commercially viable technology for storing terawatt-hours
of energy for months at a time, creating a powerful synergy between the power sector
and the hydrogen economy.

4.4 A Critical Examination of Challenges and Bottlenecks

The pathway to a hydrogen economy faces significant obstacles that must be addressed
proactively.

e High Capital Expenditure: Despite rapid declines, electrolyzer CAPEX
remains a primary barrier, especially for PEM systems. Manufacturing at
gigawatt scale, standardizing designs, and developing supply chains for
critical materials are essential to achieve the sub-$500 kW' target. Supply-
chain bottlenecks for iridium and platinum for PEMs also need management
through catalyst recycling and the development of low-iridium or iridium-free
membranes.

e Infrastructure Gap: A massive, coordinated build-out of infrastructure is
required, including dedicated hydrogen pipelines, liquefaction plants for
international trade, ammonia-cracking terminals, and a widespread network of
hydrogen-refueling stations for transport. The cost is enormous, estimated in
the trillions of dollars globally. Repurposing existing natural-gas pipelines is
a promising strategy but requires extensive modification and safety checks due
to hydrogen’s propensity to cause embrittlement in certain steels.

e  Water Scarcity: The water footprint of green hydrogen is a legitimate
concern, especially in arid, sun-rich regions ideal for solar-powered
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electrolysis. The theoretical minimum is 9 liters of deionized water per kg of
Ho, but in practice, including cooling and purification, it can be closer to 15—
20 liters. Co-locating hydrogen plants with coastal desalination facilities is a
viable solution, though it adds to energy consumption and cost. Research into
direct seawater electrolysis is ongoing but is currently hampered by corrosion
and precipitate formation [23].

Safety, Codes, and Standards: Hydrogen is a colorless, odorless, and highly
flammable gas with a wide flammability range (4—75 % in air). Its small
molecule size also makes it prone to leakage. Safe handling requires robust,
internationally harmonized codes and standards for production, storage,
transport, and use, including material specifications, leak-detection protocols,
ventilation requirements, and training for emergency responders. Lack of
global standardization can hinder international trade and slow deployment.

Global Policy Landscape and Innovation Frontiers

The Driving Force of Global Policy Initiatives

Strategic policy support is the essential catalyst accelerating the hydrogen economy
from concept to investment reality. Governments are using a mix of targets, funding,
and regulation to create market pull and de-risk technology push.

European Union: The EU’s hydrogen strategy is among the most
comprehensive. Its REPowerEU plan, accelerated in response to the energy
crisis, aims for 10 million tonnes of domestic renewable-hydrogen production
and 10 million tonnes of imports by 2030. This is backed by the European
Hydrogen Bank to bridge the cost gap between green and grey hydrogen, and
the Carbon Border Adjustment Mechanism to protect domestic industries from
carbon leakage [7].

India: The National Green Hydrogen Mission, with an initial outlay of
%19,744 crore (~$2.4 billion), is strategically focused on making India a global
production and export hub. Its two-pronged approach involves “demand
creation” through mandates for refineries and fertilizer plants to use a certain
percentage of green hydrogen, and “supply augmentation” through
Production-Linked Incentive schemes for electrolyzer manufacturing [8]. The
mission targets 5 MMTPA production by 2030.

United States: The Inflation Reduction Act of 2022 is a game-changer. It
provides a production tax credit for clean hydrogen of up to $3 kg™!, making
the U.S. one of the most attractive investment destinations globally. The credit
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is tiered based on the carbon intensity of the production process, strongly
favoring the greenest pathways. This is complemented by the Bipartisan
Infrastructure Law’s $8 billion funding for Regional Clean Hydrogen Hubs

[24].

A comparative summary of national targets and instruments is shown in Table 3.

Table 3. Summary of National Green Hydrogen Strategies and Targets.

Country/Region 2030 Production/Use Target

Key Policy Instruments & Funding

. 10 MTPA domestic
European Union

production, 10 MTPA
imports
India 5 MTPA production
United States 10 MTPA (clean H2)

3 MTPA (by 2030, primarily

J

apan for use)
South Korea 3.9 MTPA (by 2030, for use)
China 100-200 kT (by 2025)

REPowerEU Plan, Innovation Fund,
IPCEI on Hydrogen, European
Hydrogen Bank, CBAM.

National Green Hydrogen Mission,
PLI for electrolyzers, SIGHT
(funding), demand mandates.
Inflation Reduction Act (PTC up to
$3/kg), Bipartisan Infrastructure Law
($8B for H2Hubs).

Basic Hydrogen Strategy, focus on
imports (from Australia, MENA) and
FCEV deployment.

Hydrogen Economy Roadmap, focus
on FCEVs (cars, trucks, buses) and
power generation

Hydrogen Energy Industry
Development Plan, focus on FCEVs
in key city clusters.

MTPA: Million Tonnes Per Annum; kT: Kilotonnes

5.2 Technological Innovations Shaping the Future

Beyond current technologies, several cutting-edge innovations promise to further
enhance efficiency, reduce cost, and expand applications of green hydrogen.

e Anion-Exchange-Membrane Electrolyzers: Often described as a “best-of-
both-worlds” technology, AEM electrolyzers aim to combine the low cost of

alkaline systems (using non-noble-metal catalysts) with the operational
flexibility and high efficiency of PEM systems. While still in late-stage R&D
and early commercialization, they have the potential to significantly disrupt

the market if durability and performance challenges can be overcome [25].
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o Artificial Intelligence and Digitalization: Integrating Al and the Internet of
Things in hydrogen plants can lead to substantial operational improvements.
Al algorithms enable predictive maintenance and real-time optimization of
electrolyzer operation under variable power input. “Digital Twins”—virtual
replicas of physical hydrogen assets—can be used for design optimization,
operator training, and simulating operational scenarios to improve safety and
performance [26].

e Advanced Catalysts and Electrode Design: Intensive research focuses on
developing high-activity, low-cost, and durable catalysts. For PEM, this
involves drastically reducing iridium loadings or replacing it with more
abundant elements. For all technologies, nanostructuring of electrodes to
maximize active surface area is a key direction. Photoelectrochemical water
splitting, which integrates light absorption and water electrolysis into a single
device, remains a long-term, high-risk/high-reward research area that could
potentially lower costs by eliminating the separate electricity-generation step.

e Hydrogen Carriers: Ammonia and LOHCs: To overcome the challenges of
transporting pure hydrogen, carriers are being developed. Green ammonia is
itself a zero-carbon fuel and can be “cracked” back into hydrogen at the point
of use. Liquid Organic Hydrogen Carriers are organic compounds that can
absorb and release hydrogen through chemical reactions, allowing for safe
transport using existing liquid-fuel infrastructure.

6 Conclusion

This comprehensive analysis demonstrates that green hydrogen is not merely a
promising alternative but an indispensable component of a sustainable, net-zero future.
It offers a uniquely versatile and powerful solution to the most intractable problems of
the clean-energy transition: decarbonizing heavy industry, fuelling long-distance
transport, and storing renewable energy on a seasonal scale. The convergence of cheap
renewable electricity, rapidly advancing electrolysis technology, and forceful global
policy support has created a momentum propelling green hydrogen from the fringes of
energy discourse to its very centre.

The techno-economic assessment confirms that the economic viability of green
hydrogen is within grasp. The Levelized Cost of Hydrogen is on a steep downward
trajectory, with cost parity against fossil-based grey hydrogen projected within this
decade in many regions. Strategic locations with superb solar and wind resources, such
as India, are poised to become epicentres of low-cost production, capable of serving
both domestic and international markets. The decarbonization impact, as quantified in
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this study, is profound. By enabling near-zero emissions in steel, ammonia, and heavy
transport, green hydrogen can abate gigatonnes of CO: annually by mid-century,
making a decisive contribution to achieving the Paris Agreement goals.

However, this promising future is not pre-ordained. Realizing the full potential of the
hydrogen economy requires a concerted, multi-stakeholder effort over the next critical
decade. Governments must provide unwavering commitment through clear, long-term
policy signals, continued financial support for first-mover projects, and the
development of robust international standards and certification schemes to ensure
environmental integrity and enable global trade. Industry must embrace the opportunity,
committing capital to scale up manufacturing, develop the necessary infrastructure, and
drive down costs through innovation and economies of scale. The research and
academic community must continue to push the boundaries of knowledge, developing
next-generation electrolyzers, advanced materials, and efficient system designs to
address the remaining challenges related to cost, resource use, and efficiency.

The journey to a hydrogen-powered world is a marathon, not a sprint. It will be built
project by project, policy by policy, and innovation by innovation. The foundational
work of the next few years—through ambitious pilot projects, the establishment of
hydrogen hubs, and the forging of international partnerships—will set the stage for the
massive scale-up required post-2030. With a synergistic and determined approach from
all sectors of society, green hydrogen can truly transition from a game-changing
potential to a foundational reality, powering the world towards a cleaner, more resilient,
and equitable energy future for all.
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