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India’s energy sector is undergoing a major transformation as the nation targets energy independence by 2047
and net-zero emissions by 2070. With a high dependency on energy imports, a strategic shift toward renewable
energy and decarbonisation is crucial. Hydrogen has emerged as a promising solution to address energy storage
and sustainability challenges, prompting emerging countries to develop strong hydrogen infrastructures. This
paper examines various methods involved in the hydrogen value chain, from production to utilisation, from the
perspective of transitioning economies. By identifying key parameters and existing gaps, this paper aims to

support policymakers and stakeholders in designing effective strategies to accelerate the development of a
sustainable and secure hydrogen economy. India currently relies on carbon-intensive hydrogen from fossil fuels.
Green hydrogen faces high costs and infrastructure gaps. Despite storage and safety concerns, hydrogen shows
strong potential for clean energy and industry transformation.

1. Introduction

India’s energy landscape is undergoing a significant transformation
as the country aims to achieve energy independence by 2047. Currently,
India relies heavily on imported fossil fuels and spends over $160 billion
annually on energy imports, which poses a major challenge to both
economic stability and energy security [1]. In response, the country is
prioritising a strategic shift towards cleaner energy sources, particularly
renewable energy, to meet its growing demand while aligning with its
climate commitments. India has made substantial progress in expanding
its renewable energy portfolio, with a cumulative installed capacity
exceeding 220 GW as of March 31, 2025, positioning it among the top
countries globally in renewable energy deployment [2]. However, the
intermittent nature of solar and wind energy highlights the critical need
for efficient and scalable energy storage solutions. In this context,
hydrogen has emerged as a transformative energy carrier. Hydrogen not
only addresses the challenge of energy storage but also offers a pathway
to decarbonise hard-to-abate sectors such as steel, cement, chemicals,
heavy-duty transport, and power generation.

Hydrogen is regenerative and can be produced through various
methods. Hydrogen storage is also flexible, catering to various needs,
and hydrogen can be transported over long distances. It is a versatile fuel
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that can be used in combustion engines, turbines, or fuel cells to
generate energy. Compared with conventional fuels, it has a very high
energy content (120-142 MJ/kg), making it ideal for long-distance
transportation or powering heavy-duty vehicles. Some of its properties
are given in Table 1 [3].

During combustion, hydrogen burns cleanly with air, releasing only
water vapour as a byproduct. This makes it an environmentally friendly
option, as conventional fossil fuels emit pollutants. Combustion requires
a fuel to be gaseous or vapourised, and hydrogen achieves this state at
very low temperatures because of its low boiling point of —252.8 °C. It is
highly flammable and requires less energy to ignite. It has a high
flammability range and can burn with air from 4 to 75 % by volume (for
gasoline, it is 1-7.6 %). It has a high flame speed of 1.7 m/s, facilitating
quicker heat release and avoiding incomplete combustion [4]. It has a
high autoignition temperature of 500 °C, allowing for a higher
compression ratio and thermal efficiency than conventional fuels in
combustion engines. Additionally, hydrogen has an extremely high oc-
tane number, exceeding 130, which prevents unwanted autoignition.

In a fuel cell, hydrogen reacts electrochemically with oxygen from
the air to produce electricity, with water and heat as the only byprod-
ucts. Fuel cells offer a clean and efficient way to generate electricity
without releasing any harmful pollutants and are suitable for applica-
tions where low emissions and high efficiency are crucial.
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Abbreviations

AEC Alkaline Electrolyser Cell
AEMEC Anion Exchange Membrane Electrolyser Cell
BEV Battery electric vehicles

CAPEX Capital Expenses

CCGT Combined-cycle gas turbines

CCH, Cryo-compressed hydrogen

CCHP Combined cooling, heating, and power
CCUS Carbon capture, utilisation, and storage
CGH, Compressed gas hydrogen

CNG Compressed natural gas

COF Covalent Organic Framework

GHG Greenhouse gas
HFC Hydrogen Fuel Cell

HFCV  Hydrogen fuel cell vehicles
H,S Hydrogen sulphide

ICE Internal Combustion Engines
LCA Life cycle assessment

LCOH  Levelised cost of hydrogen

LH, Liquefied hydrogen
LiBH4 Lithium Borohydride

LiBH4@Ah-BN LiBH,4 with activated hexagonal boron nitride
LOHC  Liquid organic hydrogen carrier

MCH Methylcyclohexane

MEC Microbial Electrolysis Cell

MMT Million Metric Tonnes

MOF Metal Organic Frameworks

NaBH; Sodium Borohydride

NG Natural gas

NOy Nitrogen oxides

OPEX Operational Expenses

PEMEC Proton Exchange Membrane Electrolyser Cell
PtG Power-to-gas

PV Photovoltaic

SCWG  Supercritical water gasification

SCWO  Supercritical water oxidation

SMR Steam Methane Reforming

SOEC Solid Oxide Electrolyser Cell

TEA Techno-Economic Analysis

TRL Technology Readiness Level

UHS Underground hydrogen storage
US-DOE United States — Department of Energy

Table 1
Properties of hydrogen.

Property Value

Density (NTP) 0.08375 kg/m®

Specific Volume (NTP) 11.94 m3/kg
Boiling point (1 atm) —252.8°C
Melting point (1 atm) —259.2 °C
Lower Calorific Value 120 MJ/kg
Higher Calorific Value 141.8 MJ/kg
Flame temperature in air 2045 °C
Flammability range 4-75 %
Ignition Energy 0.2 mJ
Autoignition temperature 500 °C

NTP (normal temperature and pressure) = 20 °C and 1 atm.

Hydrogen presents several advantages as an energy carrier, primarily
in terms of environmental sustainability and energy efficiency, which
significantly reduce greenhouse gas (GHG) emissions and mitigate
climate change. Additionally, hydrogen is a versatile energy carrier that
can be used across various sectors, including transportation, industry,
and electricity generation. As a renewable and clean energy source,
hydrogen is pivotal in fostering a transition towards a more sustainable
and low-carbon energy landscape.

Recognising this potential, the Government of India launched the
National Green Hydrogen Mission (NGHM), which sets an ambitious
target of producing 5 million metric tonnes (MMTs) of green hydrogen
annually by 2030 [5]. This initiative is supported by plans to install 125
GW of renewable energy capacity dedicated to hydrogen production,
alongside large-scale investments in electrolyser manufacturing,
hydrogen refuelling infrastructure, and research and development.

The development of a hydrogen economy necessitates a compre-
hensive and coordinated approach that encompasses policy frameworks,
public-private partnerships, and international collaborations. The
technical challenges associated with hydrogen production, storage, and
transportation must also be addressed to ensure both safety and eco-
nomic viability. India plans to become a global leader in hydrogen
technologies by leveraging its abundant renewable resources, skilled
scientific base, and increasing industrial interest. A robust hydrogen
infrastructure can enhance energy security and significantly contribute

to India’s long-term decarbonisation goals and economic growth.

This paper is motivated by the growing need to transition to clean
energy, with hydrogen emerging as a key solution for decarbonising
sectors such as industry, transport, and power. While global research on
hydrogen is extensive, there is an apparent lack of integrated studies
tailored to the Indian context. This study addresses that gap by
reviewing the technological and economic aspects of hydrogen pro-
duction, storage, transportation, and applications within India’s energy
landscape. Its novelty lies in offering a comprehensive, context-specific
analysis that identifies strategic priorities across the hydrogen value
chain, serving as a valuable guide for policymakers and stakeholders
shaping India’s hydrogen future.

The present research work supports the Sustainable Development
Goals (SDGs) 7, 11, and 13, which aim for clean energy, sustainable
transportation, and a pollution-free environment, respectively.

2. Production of hydrogen

Despite being the most abundant element in the universe, hydrogen
does not occur naturally in its molecular form on Earth. It needs to be
produced from compounds such as water or hydrocarbons through
various methods. The diverse sources, feedstocks, and processes used to
produce hydrogen are shown in Fig. 1 [6]. Hydrogen production from
fossil fuels remains the dominant method globally, with approximately
95 % of hydrogen being generated from feedstocks such as natural gas,
oil, and coal [7]. Hydrogen is colour-coded on the basis of its production
method and energy source, as shown in Fig. 2.

2.1. Reforming

Steam methane reforming (SMR) is one of the most widely used
methods for producing hydrogen. It involves reacting natural gas with
steam under high pressure and at temperatures of 700-1000 °C to pro-
duce hydrogen [8]. Emissions from this process range from 9 to 11
kgCOo/kgHo, limiting its environmental sustainability [9]. Hydrogen
production from biomass-derived acetic acid via steam reforming has
also been widely studied; however, most catalysts struggle with the
acid-rich components of bio-oil [10]. Ethanol is a renewable, biode-
gradable, and easily transportable fuel, and catalytic steam reforming
offers an effective pathway for its conversion to hydrogen. Additionally,
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ethanol steam reforming prevents catalyst poisoning and carbon
buildup. However, ensuring long-term sustainability remains a chal-
lenge [11]. Glycerol steam reforming is a sustainable hydrogen pro-
duction method optimised at 900 K with a 9:1 water/glycerol ratio,
costing $4.46,/kgHz [12]. Steam reforming of other liquid hydrocarbons,
such as heavy naphtha, kerosene, and diesel, is a promising technology
for producing hydrogen at existing gas stations, enabling efficient onsite
conversion [13].

Partial oxidation (PO) is a technique in which hydrocarbons are
partially burned in the presence of oxygen to produce hydrogen and
carbon monoxide. Autothermal reforming combines steam reforming
and partial oxidation in a single reactor to increase efficiency. Dry
reforming uses carbon dioxide instead of steam, offering the advantage
of reducing greenhouse gas emissions. Plasma reforming and decom-
position involve breaking down hydrocarbons through advanced tech-
nologies such as plasma arcs or catalytic processes.

Another hydrogen production approach combines acid gas to syngas
(AG2S) and sorption-enhanced water gas shift (SEWGS) processes. AG2S
converts HoS and CO, into hydrogen and sulphur, followed by amine

scrubbing for purification. SEWGS, operating at 350-400 °C, minimises
energy losses, enables HyS recycling, and captures CO; efficiently,
achieving a hydrogen production efficiency of approximately 25 % [14].

2.2. Gasification

During gasification, coal or biomass is heated above 750 °C without
combustion in a controlled oxygen environment, resulting in a series of
reactions that convert the feedstock into syngas and ash/slag, producing
H,, CO, and CO,, [15]. Gasification is also one of the most cost-effective
methods for producing biohydrogen, with eucalyptus wood gasification
having one of the lowest carbon footprints (—1.6 kg CO5 eq./kg Hy)
[16]. Biomass gasification using bamboo wood can achieve an efficiency
of 53.6 %, producing 106.9 g/s hydrogen [17]. The bamboo in Northeast
India can generate 23.92 PJ of energy, making it an economical option
for localised energy solutions [18]. Biomass gasification faces barriers to
commercialisation due to technological challenges, including tar for-
mation and agglomeration, biomass variability, and gaps in imple-
mentation and policy support [19].
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Steam gasification of waste plastics enables the simultaneous pro-
duction of hydrogen and methanol, offering a sustainable energy alter-
native while mitigating the environmental impact of plastic waste [20].
Supercritical water gasification (SCWG) efficiently converts wet feed-
stocks without energy-intensive drying. Its hydrogen production cost is
lower than that of several conventional methods, but slightly higher
than that of pyrolysis and specific thermochemical water-splitting cycles
[21]. Black liquor, a hazardous byproduct of the Kraft process, can be
converted into hydrogen-rich gas or heat via SCWG and supercritical
water oxidation (SCWO). The SCWG achieves a maximum energy effi-
ciency of 41.53 % and a minimum hydrogen production cost of 23.28
RMB (~$3.2)/kg Hy, whereas the SCWO reaches 19.89 % efficiency
[22]. However, the SCWG requires considerable thermal energy to reach
high operating temperatures, reducing its overall efficiency. The selec-
tion of energy sources and process-energy configuration is crucial for
making the SCWG process more economical [23].

2.3. Carbon capture, utilisation, and storage

Carbon capture, utilisation, and storage (CCUS) is a critical tech-
nology for reducing CO, emissions and combating climate change, with
carbon mineralisation offering long-term sequestration benefits. India
has substantial geological storage capacity in basaltic rocks, saline
aquifers, and depleted oil reserves [24,25]. Projects such as CO2-EOR
(enhanced oil recovery) pilots have demonstrated potential for emission
reduction [26]. CCUS-enabled hydrogen production, cogasification of
coal and biomass, and CO, utilisation for green chemicals offer
cost-effective,  low-emission  solutions. = Adding CCUS to
biomass-to-hydrogen (BTH) production increases energy consumption
by 17 %, investment by 1.3 %, and production costs by 14.6-19.4 %,
with a payback period of 5-6 years [27]. Despite a 17 % lower energy
efficiency, a COy capture rate of 80 % is optimal, enabling negative
greenhouse gas emissions. In India, CCUS is crucial for meeting climate
commitments and reducing emission intensity in accordance with the
Paris Agreement. However, many CCUS technologies are at Technology
Readiness Levels (TRLs) 6 and 7 globally, whereas in India, they are at
TRLs 4 and 5 [28]. The future of CCUS infrastructure in India remains
uncertain, but its retrofit potential for existing plants could aid in sector
decarbonisation. Currently, carbon capture in India is limited to specific
industries where it is an integral part of the process [29]. India needs
robust policies, technological advancements, and large-scale deploy-
ment over the next decade to realise its potential and contribute to the
global energy transition.

2.4. Pyrolysis

During pyrolysis, the biomass is heated above 300 °C in an anaerobic
atmosphere. In the absence of oxygen, biomass thermally decomposes
into combustible gases and biochar [15]. The hydrogen yield from
biomass varies on the basis of its composition, with smaller particle sizes
improving yield by increasing the surface area and reaction rates.
High-purity hydrogen can be produced from the pyrolysis of the organic
fraction of municipal solid waste, offering a carbon-negative energy
recycling solution. Fast pyrolysis can generate hydrogen yields of up to
45 %, with a cost range of $1.25-$2.20 per kg [30]. Its economic
feasibility depends on population density, waste resources, product
price, and labour costs, making it particularly viable in developing
countries [31].

Methane pyrolysis, also known as methane cracking or decomposi-
tion, thermally splits methane into hydrogen and solid carbon without
generating carbon dioxide. Its zero CO emissions make it a promising
bridge technology for sustainable energy transition [32]. Electron beam
plasma methane pyrolysis is a COx-free hydrogen production method,
with hydrogen costs ranging from $2.55-$5.00 per kg under current
economic conditions [33]. Future price trends suggest significant cost
reductions, making plasma pyrolysis a more competitive option. Its
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carbon footprint is much lower than that of traditional hydrogen pro-
duction, with emissions ranging from 1.9 to 6.4 kgCOy/kgH, [33].

2.5. Biohydrogen

Biohydrogen is a promising zero-carbon alternative to fossil fuels,
utilising various biowaste sources such as agricultural residues, food
waste, and industrial and beverage wastewater [34]. Biological methods
such as fermentation employ microorganisms to break down organic
material, producing hydrogen. Anaerobic digestion (AD) is a sustainable
microbial process that converts up to 95 % of organic matter into
methane, CO9, hydrogen, and polyhydroxyalkanoates (PHAs), and uses
biowaste as feedstock for energy-rich gases and value-added products
[35]. Dark fermentation is facilitated by anaerobes in the absence of
light and oxygen. Gasification and fermentation are cost-effective
methods for biohydrogen production. Gasification is the most devel-
oped method and has the highest technology readiness level, whereas
fermentation results in the lowest greenhouse gas emissions. Dark
fermentation is efficient, especially when combined with photo
fermentation and microbial electrolysis cells (MECs) [36]. However,
hydrogen production from biomass needs further improvement to ach-
ieve higher efficiency, and competitive scalability and large-scale pro-
duction remain significant challenges. Advancing biohydrogen
production requires optimising industrially viable microorganisms,
innovative bioreactor designs, and hybrid methods such as dark
fermentation integrated with electro fermentation [37].

Lignocellulosic biomass is a promising feedstock for biohydrogen
production because of its renewable, sustainable, and abundant nature
[38]. Utilising lignocellulosic waste as feedstock and dynamic mem-
brane bioreactors can improve efficiency while coproducing biomethane
and value-added chemicals, enhancing the economic feasibility of
large-scale biohydrogen production [37]. Palm oil mill effluent (POME)
can also be a viable raw material for biological hydrogen and methane
production because of its rich composition of carbohydrates, lipids, and
proteins, which can be metabolised through dark fermentation [39]. The
production can be financially viable at 99.9 % purity, with a payback
period of 8.5 years and an 18.48 % return on investment [40]. Con-
verting waste such as starch-based wastewater, mango juice effluent,
and sugarcane straw hemicellulose hydrolysate into hydrogen also offers
an efficient way to reduce disposal costs while generating a sustainable
energy source [41-43].

In India, 94 % of waste is poorly managed, and waste generation
increases by 1.3 % annually [44]. Waste is increasingly viewed as a
valuable feedstock for hydrogen production, with significant potential
for industrial-scale innovation through scientific integration, financial
support, and long-term policies promoting sustainable waste manage-
ment and bioeconomic development [45]. Although hydrogen produc-
tion from food waste through dark fermentation has potential, its
economic feasibility remains questionable [46]. Additionally, the com-
plex composition of food waste and interactions with microbes make
enhancement challenging. However, strategies such as lactate-driven
fermentation, bioaugmentation, metabolic engineering, and synthetic
microbiomes offer promising solutions [47].

2.6. Electrolysis

Electrolysis splits water into hydrogen and oxygen using electricity.
This method offers a clean and sustainable method for hydrogen pro-
duction. The main types of water electrolyser technologies are alkaline
electrolyser cells (AECs), proton exchange membrane electrolyser cells
(PEMECs), solid oxide electrolyser cells (SOECs), and emerging anion
exchange membrane electrolyser cells (AEMECs). Each of these systems
differs in terms of materials, operating conditions, efficiency, cost, and
suitability for different applications. A schematic of these systems is
shown in Fig. 3 [48-50].

AECs are the most mature and widely used type, having been in use
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Fig. 3. Schematic of electrolyser technologies.

for over a century. They use a liquid alkaline solution, usually potassium
hydroxide (KOH), as the electrolyte. The system operates at relatively
low temperatures (50-80 °C) and uses nickel-based electrodes [49]. One
of the key advantages of AECs is their low capital cost and long lifespan
[51]. They are particularly well-suited for continuous, industrial-scale
hydrogen production [50]. However, AECs are less responsive to fluc-
tuating electricity input, making them less ideal for integration with
intermittent renewable energy sources. Additionally, handling and
maintaining the liquid electrolyte adds some complexity and potential
corrosion challenges.

PEMECs use a solid polymer membrane that conducts protons from
the anode to the cathode. PEMECs operate at temperatures 60-200 °C,
achieve high current densities, and offer a fast dynamic response to
changes in power input [49]. This makes them highly suitable for
coupling with renewable energy sources, such as solar and wind, where
the electricity supply fluctuates throughout the day [52]. PEMEC with a
high-pressure cathode enhances hydrogen transmission efficiency by
eliminating the need for compressors [53]. PEMECs produce very
high-purity hydrogen and have a compact design [49]. However, they
rely on expensive materials, including precious metal catalysts such as
platinum and iridium, and require highly purified (deionised) water.
These factors contribute to higher capital and operational costs; how-
ever, ongoing research is steadily improving their cost efficiency and

durability. A transition from AEC to PEMEC systems is expected between
2020 and 2030, driven by reduced costs and increased operational
flexibility.

SOECs represent a type of high-temperature electrolysis technology.
These systems utilise a solid ceramic material as the electrolyte and
conduct oxygen ions rather than protons [50]. One of the key benefits of
SOECs is their high efficiency, particularly when integrated into pro-
cesses that can supply the necessary heat, such as industrial waste heat
systems [50]. SOECs can also perform coelectrolysis, producing syngas
from water and carbon dioxide, which is useful in synthetic fuel pro-
duction [54]. Reducing costs and extending lifespan are crucial factors
for SOEC technologies.

AEMECs are an emerging technology that aims to combine the
benefits of both AECs and PEMECs. AEMECs operate at low tempera-
tures and utilise an alkaline solid polymer membrane, which enables the
use of nonprecious metal catalysts, potentially leading to significant cost
reductions [50]. They eliminate the need for liquid electrolytes and
complex water purification, offering a simpler, safer, and more envi-
ronmentally friendly system. While AEMEC technology has potential for
decentralised and low-cost green hydrogen production, it is still in the
early stages of development. Current challenges include achieving
long-term durability, improving performance, and scaling up production
for commercial use.
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The SOCE is expected to match the AEC in terms of capital expenses
(CAPEX) in the long term, whereas PEMECs are poised soon to become
the most cost-effective option [55]. A combined approach of R&D in-
vestment and production expansion is recommended to drive stand-
ardisation and cost efficiency in electrolysis technologies [56]. A
comparison of AEC, AEMEC, PEMEC, and SOEC electrolyser technolo-
gies is shown in Table 2 [49-51].

Producing 1 kg of hydrogen via electrolysis requires 9 L of fresh
water, and meeting India’s hydrogen demand would consume up to
0.05 % of the country’s water supply [57]. While water use for elec-
trolysis appears minor at the national scale, facility placement must
avoid water-stressed areas, given India’s increasing water scarcity.
Research into seawater electrolysis and large-scale desalination offers
alternative solutions, with desalination costs of approximately X1.5/kg
for hydrogen production [57]. Seawater brine electrolysis for offshore
use could be promising if impurities are effectively managed or
advanced water treatment technologies are employed [58]. Compared
with water electrolysis, treating nontraditional water sources, such as
industrial wastewater, municipal wastewater and seawater, requires
minimal energy and costs while offering vast hydrogen energy potential
[59].

2.6.1. Green hydrogen

India has made substantial investments in renewable energy tech-
nologies, particularly in solar and wind power. As of March 2025, the
country’s installed renewable energy capacity reached 172.37 GW,
representing a significant increase of approximately 331.46 % from
39.95 GW in 2014-15 [60]. Solar energy has driven much of this
expansion, with installed capacity rising from 3.99 GW to 105.65 GW
over the past decade. Wind power also experienced notable growth,
increasing from 23.44 GW to 50.04 GW during the same period. Addi-
tionally, India’s extensive 7500 km coastline offers promising prospects
for tidal energy development [61]. The government has also targeted 10
GW of geothermal power generation by 2030 [62]. At the 26th UN
Climate Change Conference of the Parties (COP26) in 2021, India
pledged to achieve 500 GW of nonfossil fuel-based energy capacity by
2030 as part of its Panchamrit commitments [63]. Additionally, the
National Green Hydrogen Mission (NGHM) aims to increase the
renewable energy capacity by an additional 125 GW [5].

The solar photovoltaic (PV)-based PEMEC achieves an energy effi-
ciency of 16.95 %, yielding hydrogen at a rate of 2.26 g/s [17]. India’s
solar-based green hydrogen production potential varies between 0.008
and 0.019 kg/m?/day [64]. Research on wind hydrogen systems is
evolving from energy storage to hydrogen production for export and
transportation. Wind-based electrolysis has one of the least harmful
environmental impacts on climate change [65]. Using existing wind
farm infrastructure and excluding the cost of the wind farm in the
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investment for the wind-hydrogen plant can help lower the overall
hydrogen production cost [66]. By 2030, production costs could
significantly decrease, making offshore hydrogen production competi-
tive with hydrogen production from SMR [67]. The economic feasibility
of renewable hydrogen production depends on optimising renewable
energy sources and electrolysis types. Onshore wind power-AEC has the
lowest levelised cost of hydrogen (LCOH) at $7.25/kgHj, whereas
PV-PEM has the highest at $13.44/kgH> [68]. The renewable energy
capacity factor has the greatest impact on LCOH, followed by the CAPEX
and OPEX of the renewable power plant. Geothermal energy-based
hydrogen production systems can operate with an efficiency of 10.45
%, generating hydrogen at a rate of 32.02 g/s [17].

Green hydrogen production costs are currently high but are pro-
jected to decline by more than 50 % by 2030, positioning green
hydrogen to compete with fossil-based alternatives [57]. Owing to
decreasing electrolyser prices, lower net energy costs, and economies of
scale, green hydrogen is becoming increasingly viable for large-scale
production compared with grey, brown, or blue hydrogen pathways
[69,70]. Furthermore, the commercialisation of fuel cell vehicles and
the expansion of hydrogen refuelling infrastructure are expected to
significantly influence production and distribution costs [71].

Expanding renewable capacity not only enhances energy access but
also lowers carbon intensity and increases the cost competitiveness of
green hydrogen production. India is increasingly prioritising green
hydrogen as a strategic solution to reduce energy costs and dependence
on oil imports, thereby enhancing long-term energy security and resil-
ience [72]. The transition to green hydrogen offers a sustainable
pathway to mitigate future energy crises and achieve energy indepen-
dence and net-zero emissions. A proposed National Green Hydrogen
Roadmap (Fig. 4 [1]) outlines sectoral adoption timelines and strategies
for scaling hydrogen applications across industries.

Other sources include nuclear power-to-hydrogen conversion, which
offers a stable and competitive alternative to renewable-based elec-
trolysis, particularly with existing or planned nuclear infrastructure. In
India, nuclear-powered electrolysers can produce 1.8-4.0 million metric
tons of hydrogen annually, meeting 6 %-15 % of the demand for green
hydrogen and potentially reducing CO2 emissions by 490-570 million
tons per year across various industries [73]. The cost of hydrogen is
predominantly influenced by the price of nuclear electricity [74]. India’s
current installed nuclear power capacity is approximately 7.5 GW and is
projected to increase threefold by mid-2030 [75]. Hydrogen can also be
produced via reverse electrodialysis (RED), which uses the salinity
gradient between two solutions to generate electrical energy, which can
then drive water electrolysis, offering a sustainable and renewable
method for hydrogen generation [76].

Table 2

Comparison of electrolyser technologies.
Electrolyser technologies AEC AEMEC PEMEC SOEC
Electrolyte Alkaline/Liquid Alkaline/Solid (polymer) Acidic/Solid (polymer) 0, or H" conducting/Solid (ceramic)
Electrode material Nickel-based Nonprecious metals Platinum group metals Perovskites, ceramics
Operating temperature (°C) 50-80 50-60 60-200 500-1000
Operating pressure (bar) <30 <35 <80 0-2
Start-up time Moderate Short Short Long
Required water quality Lower-purity acceptable High purity High purity High purity
Efficiency (%) 68-77 <74 70-80 80-90.8
Durability High Moderate High Low to moderate
Scalability Moderate to high High High Low to moderate
System complexity Low Moderate High High
Hydrogen purity (%) 99.5-99.9998 99.99 99.9-99.9999 99.9-99.99
Lifetime (h) >60,000 20,000-60,000 50,000-80,000 ~20,000
CAPEX ($/kW) 500-1400 Yet to be commercialised 1100-1800 2800-5600
TRL TRL-9 TRL-6 TRL-9 TRL-7-TRL-8
Development Status Mature R&D Commercialised R&D

Applications Large-scale industrial

Industrial, potential for mobility

Mobility, small-scale High-temperature industrial processes
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2.7. Photo-driven processes

Photoelectrochemical (PEC) water splitting operates through redox
reactions initiated by charge carriers produced from sunlight interacting
with the catalyst’s active regions. It is a simple process with minimal
environmental impact; however, challenges remain in the development
of suitable materials for commercial viability [77]. Photocatalysis offers
advantages in terms of selectivity, biofouling resistance, and stability,
with PEC processes potentially bridging the strengths for future devel-
opment despite their solar dependency [78].

Hydrogen production from industrial wastewater via solar photo-
catalysis provides dual environmental sustainability benefits through
sulphide degradation and economic advantages through the use of
renewable solar energy [79]. A particulate photocatalytic hydrogen
production system uses suspended photocatalyst particles in a liquid
medium to harness light energy and drive water splitting into hydrogen
and oxygen. High costs and design complexity hinder their large-scale
application. Addressing limitations such as visible-light-responsive
photocatalysts and efficient charge carrier separation could signifi-
cantly improve the efficiency of photocatalyst-based hydrogen produc-
tion systems, potentially achieving target costs of $1-$3.5 per kgH, at
10 % efficiency [80].

Bio photolysis uses the ability of photosynthetic organisms to split
water molecules using sunlight, whereas metabolic processes explore
natural microbial pathways to generate hydrogen. Photobioreactors
have low efficiencies (1.8-5.6 %) but offer lower hydrogen production
costs than biodiesel or biogas [81]. They require less land than tradi-
tional biofuels and can operate in dry regions, making them promising
long-term energy solutions.

These diverse methods demonstrate the versatility of hydrogen
production technologies, each tailored to specific feedstocks and energy
sources. The choice of hydrogen production pathway and technology
depends on the available energy source, feedstock type, and purity
required for its intended application [82].

2.8. Comparative analysis of hydrogen production

Hydrogen is currently produced through SMR (48 %), partial oil
oxidation (30 %), coal gasification (18 %), and electrolysis (4 %)
worldwide [83]. SMR and coal gasification dominate hydrogen pro-
duction because of their cost effectiveness, although they pose signifi-
cant environmental challenges [84]. Even in India, most hydrogen
production is sourced primarily from fossil fuels and as a byproduct in
the chloralkali industry, with most of it being used at production sites
[73]. Integrating carbon capture and transitioning to renewable
hydrogen production offer more sustainable alternatives. Renewable
methods, such as water electrolysis with proton exchange membrane
(PEM) technology, are emerging as scalable solutions, with solar and
wind providing the best environmental performance [85]. Biomass
gasification and microbial hydrogen production offer low-carbon op-
tions, but they face challenges related to efficiency and scalability.
Photonic methods are more environmentally sustainable than thermal
methods, which pose greater challenges. Nuclear energy is a promising,
low-cost, and low-impact option for future hydrogen production if safety
and technological maturity are addressed. A balanced blue-green
hydrogen decarbonisation approach can leverage fossil fuels in
high-value applications while advancing renewable energy solutions
[86]. A comparison of various production methods in terms of effi-
ciency, cost, emissions, and TRL is shown in Fig. 5 [71,87-89].

The current priority is to develop large-scale, efficient, and cost-
effective hydrogen production systems while reducing the initial cost,
incorporating advanced novel materials, and utilising sustainable onsite
production using local resources.

3. Storage of hydrogen

Owing to the low volumetric energy density of hydrogen, efficient
storage is essential for transportation, grid integration, and industry
applications. It can be stored in various forms, including compressed
gas, liquid hydrogen, or solid-state storage via metal hydrides, chemical
carriers, or adsorption materials, as shown in Fig. 6 [90,91]. Each form
has certain advantages and challenges related to efficiency, safety, cost,
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and scalability.
3.1. Compressed gas hydrogen

Compressed gas hydrogen (CGHy) is a widely used technology for
both small and large-scale hydrogen storage, utilising pressure vessels
and salt caverns. Type III and IV pressure vessels are commonly used in
transportation and stationary applications, such as power plants,
because of their ease of use, efficiency, and lightweight design. Type IV
tanks can handle pressures up to 70 MPa, making them suitable for
mobile applications. However, they have several drawbacks, including
the need for up to 15 % of hydrogen’s energy content in pressurisation,
hydrogen permeation at high pressures, and the high cost of carbon fibre
materials [90]. Additionally, CGH; at 70 MPa accounts for only 15 % of

the energy density of gasoline, requiring more storage space. Durability,
reliability, and safety remain concerns for long-term high-pressure
storage [92]. Further research into material selection, qualification
tests, and operating conditions is needed. The rapid charging and dis-
charging of these tanks can cause temperature fluctuations due to the
Joule-Thomson effect [93]. This might lead to thermal stress, micro-
cracks, and a reduced state of charge, highlighting the importance of
managing the inlet gas temperature, filling rates and precooling to avoid
damage [94].

Underground hydrogen storage (UHS) is most effective in depleted
reservoirs and saline aquifers because of their greater capacity, whereas
salt caverns are better for cyclical storage in low-population areas [95].
However, hydrogen should not be stored at depths greater than 3700 m
to prevent migration [96]. Compared with pure hydrogen, hydrogen—
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methane blends can store more energy, with a 75 % blend increasing
energy storage by 65 % [97]. Efficient injection and withdrawal depend
on proper placement and optimised gas cycling. The internal pressure of
the cavern should be between 24 % and 80 % of the overburden pressure
for safety [96]. Geochemical and microbiological reactions can reduce
the storage capacity over time, making quartz-rich sandstone and
low-CO reservoirs ideal for minimising risks. Salt caverns are cost
effective, with 98 % efficiency and minimal contamination risk, and are
suitable for industrial and power applications [57]. However, hydrogen
storage in natural reservoirs and salt caverns is still developing, with
limited knowledge of potential consequences. Additionally, because of
geological conditions, salt cavern storage is not applicable in all regions
[98]. India holds over 75 % of South Asia’s 29,799.43 TWh UHS ca-
pacity [97]. Major UHS potential exists in the Mumbai Offshore,
Krishna—-Godavari, and Vindhyan Basins. The most viable basins for
hydrogen storage, considering their proximity to green hydrogen sites,
include the Krishna-Godavari, Mumbai Offshore, Saurashtra, Cambay,
Bhima-Kaladgi, Kutch, and Rajasthan basins. The Cauvery and
Krishna-Godavari basins have the capacity to store hydrogen and sup-
ply it continuously for seven years, providing long-term energy security
to the southeastern region [99]. The levelised cost of hydrogen storage
(LCHS) at these sites is $2.01 per kg [97]. Selecting sites for UHS re-
quires careful analysis of geological, engineering, and safety factors, as
well as addressing various technical, economic, legal, and social chal-
lenges before full-scale implementation [100,101].

3.2. Liquefied hydrogen

Liquefied hydrogen (LHp) at —253 °C (20 K) is a traditional and
advanced storage method that is ideal for large-scale storage due to
minimal evaporation losses [102]. However, LHy requires significant
energy (up to 35 % of its content) and efficient insulation, limiting its use
in aerospace applications [90]. Storage of LHj at this temperature can
cause corrosion due to ice formation, requiring specialised materials for
safety and reliability [103]. Stainless steel is the most commonly used
material because of its temperature performance and corrosion resis-
tance. Researchers are also exploring aluminium, titanium alloys, and
composite materials for high strength and lightweight storage, although
hydrogen permeation is a challenge for composite containers [104].

Compared with CGHy and LHj, cryocompressed hydrogen (CCHy)
offers higher storage densities within moderate pressure and tempera-
ture ranges. CGH, and LH; tanks are efficient (99 % efficiency) with
high discharge rates, making them suitable for small-scale applications
[57]. The extremely low temperatures required for liquefaction may
limit the viability of LHy and CCHj, for future hydrogen economy [105].

3.3. Adsorption-based storage

Metal organic frameworks (MOFs) show significant potential for
hydrogen energy applications because of their high surface area, per-
manent and tuneable porosity, and modifiable pore surface chemistry.
Several MOFs exceed the United States - Department of Energy’s (US-
DOE) target of gravimetric capacity at 77 K and high pressures, although
only a few meet the volumetric capacity target of 40 g/L [106,107].
Balancing the volumetric and gravimetric capacities of MOFs is crucial
for developing materials suitable for cryo-adsorption tanks in mobile
applications.

Covalent organic frameworks (COFs) have garnered significant
attention because of their low density, adjustable structure, function-
alisation, and stability, making them promising materials for applica-
tions in adsorption, catalysis, membranes, sensors, and energy storage.
Research on COFs is active in the USA, Germany, Japan, China, and
India [108]. However, challenges remain, such as the need for better
synthesis methods for mass production, limited environmental appli-
cations, and insufficient research on safety and toxicity. Adsorptive
storage on high-surface-area materials is approaching its theoretical
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limits, making further progress unlikely [109].

Carbon materials, particularly carbon nanofibres and nanotubes,
exhibit favourable hydrogen storage capacities, reaching up to 6.5 % by
weight (wt%) [110]. However, they require low operating temperatures
for effective hydrogen uptake [111]. The hydrogen storage capacity
depends on the surface area and micropore size and can be enhanced
through thermal treatments or metal doping. While theoretical studies
suggest high storage capacities, experimental validation is still limited.
Carbon nanorings doped with titanium (Ti) atoms are effective for
hydrogen storage both below 225 K and 1 atm pressure, as well as at
high pressure at room temperature, with a desorption temperature of
450 K due to stronger interactions between Hy and the Ti-doped
nanorings [112]. Carbon nanotubes and MOFs, especially when doped
with transition metal particles, are considered highly promising for
hydrogen storage in transportation applications [113].

3.4. Absorption-based storage

Solid-state hydrogen storage, mainly metal hydrides, is a safer and
more practical alternative to high-pressure compression and cryogenic
liquefaction [114]. It operates under nearly ambient conditions, making
it less risky than compressed hydrogen storage. While most metal hy-
drides store under 2 wt% hydrogen, magnesium-based hydrides can
store up to 7.5 wt%, although they require high temperatures for
hydrogen release [115]. Metal hydrides offer high volumetric density,
safety, and compactness and are used in applications such as solar power
and thermal energy storage [90]. However, their low storage capacity,
slow hydrogen release kinetics, and poor performance at low tempera-
tures limit their use in vehicles [114]. Ongoing research aims to increase
performance through catalysts, alloying, nanostructuring, and nano-
confinement [116]. Despite their potential, metal hydrides remain
expensive [111]. Current technologies have not yet achieved the tech-
noeconomic viability needed for large-scale hydrogen storage.

Complex hydrides offer high hydrogen storage capacity but suffer
from slow hydrogen release and high thermodynamic stability. While
adding catalysts and nanoparticles can improve kinetics, reversibility
remains challenging. Large-scale production of these alloys is still
limited, so advancements in production technology are needed to meet
the growing demand [117]. Hydrides such as lithium borohydride
(LiBH4) and sodium alanates provide high storage capacities, but their
practical use is hindered by slow kinetics and high desorption temper-
atures (e.g., over 470 °C for LiBHy) [118]. LiBH4 has a high gravimetric
hydrogen density (18.5 wt%) and volumetric storage capacity (121
kg/rn3), but its thermodynamic limitations restrict its use [119]. A
nanocomposite of LiBH4 with activated hexagonal boron nitride (LiB-
H4@Ah-BN) shows hydrogen storage of 2.3 wt% at 100 °C and dehy-
drogenation occurring between 110 °C and 150 °C, making it a potential
candidate for fuel cell applications [120]. Sodium borohydride (NaBH,4)
offers a high storage capacity (10.8 wt%) [121]. It is nontoxic and un-
dergoes self-hydrolysis with water, making it suitable for hydrogen
generation. Ammonia borane meets DOE vehicular targets but requires
purification [90]. Interstitial hydrides offer fast kinetics and are suitable
for stationary applications.

Chemical hydrogen storage technologies such as methanol,
ammonia, and liquid organic hydrogen carriers (LOHCs) have lower
electricity demands than hydrogen liquefaction but require more ther-
mal energy. These thermal needs can be met in industrial applications,
potentially via hydrogen carrier combustion or external fuel [98].
Methylcyclohexane (MCH) and ammonia require significant energy for
hydrogenation and dehydrogenation, reducing their effective energy by
32 % [122]. Ammonia is the most feasible for widespread use, partic-
ularly when it is used directly without decomposition, due to its high
hydrogen density, established technology, and CO»-free potential [123].
However, these methods face challenges such as toxicity and the pres-
ence of ammonia residue. Advances in solid-state ammonia storage have
increased safety and hydrogen density, and ammonia electrolysis may
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offer clean hydrogen at low temperatures [124]. Ammonia reduces the
storage tank size due to its high energy density, although its use involves
energy losses and additional conversion equipment for conversion and
reconversion to pure hydrogen [57]. Toluene and dibenzyl toluene are
the most promising LOHCs. However, dehydrogenation requires tem-
peratures above 300 °C [125]. Compared with fossil-based options,
green formic acid is considered the most cost-effective hydrogen carrier
and is safer and more affordable [126]. Liquid organic hydrides, such as
methylcyclohexane and toluene, are recommended for on-board appli-
cations, whereas mixed hydride systems are suitable for stationary use
[105]. LOHCs are promising for short-term storage and transportation
because of their fuel-like properties; however, some LOHCs require
further research before practical application [118].

Transition-metal (TM) atoms form Kubas dihydrogen complexes,
which possess a strong hydrogen storage potential due to reversible Hy
adsorption at room temperature and ambient pressure. TM-decorated
nanomaterials can achieve high hydrogen storage capacities (approxi-
mately 9 wt%), but clustering issues reduce their effectiveness [127]. In
contrast, calcium (Ca) atoms form Kubas-like interactions with Hy, have
lower cohesive energy, and are less likely to cluster, making them more
suitable for hydrogen storage. Additionally, Kubas interactions enable
the development of vanadium hydrazide gels, which offer a reversible
storage capacity of 4.04 wt% at 77 K and 85 bar and 23.2 kgH,/m® at
room temperature and 85 bar, outperforming compressed gas storage
[128]. These materials have minimal kinetic barriers, making them ideal
for increasing hydrogen storage and vehicle range in compressed gas
tanks. Kubas-interaction-based materials are becoming key in-
termediates between metal hydrides and physisorption materials, with
increasing importance in hydrogen storage research [129].

3.5. Comparative analysis of hydrogen storage

Among the storage options, compressed hydrogen has the lowest
cost, estimated at approximately ¥20-30/kg [57]. Liquid hydrogen is
more expensive, costing approximately I50-60/kg, likely because of the
energy-intensive liquefaction process. Metal hydride storage is the most
expensive, exceeding X 100/kg, making it the least economical option
[130]. Salt cavern storage is the most cost-effective option, with a cost of
%3.7/kg in 2020, which is projected to decrease to X1.5/kg by 2050 [57].
Rock cavern storage is more expensive at X10.4/kg in 2020, decreasing
to X 3.7/kg by 2050 [57]. Steel tank storage is significantly more
expensive, with ¥48.1/kg in 2020 (700 kg capacity), and is expected to
decrease to ¥40.0/kg by 2050 (1100 kg capacity) [57].

Despite advancements in various hydrogen storage methods, no
material fully meets the US-DOE’s targets for transportation applica-
tions, necessitating further research [114]. Current hydrogen storage
efforts focus on achieving high gravimetric and volumetric storage
densities, efficient operation at low temperatures and pressures, and the
development of recyclable systems. Key challenges include high system
costs, variations in efficiency on the basis of storage methods, and lim-
itations in system weight and volume owing to containment vessels and
storage media. Additionally, regulatory standards for environmental
and safety concerns, durability, and operability require consistent per-
formance and long lifetimes. Storage methods such as chemical storage
and metal hydrides face trade-offs in terms of capacity, safety, and
reversibility. There is a need for catalysts, alloys, and nanostructures to
enhance hydrogen absorption and desorption properties [131]. Ongoing
research aims to improve these aspects and develop lightweight,
high-capacity, and reversible storage solutions. The ideal storage me-
dium should provide high energy density, fast uptake and release, safety,
and low cost. However, current technologies face issues such as thermal
management, inefficiency, high costs, and safety risks [132]. To over-
come these challenges and unlock the full potential of hydrogen in India,
more focused research is urgently needed to develop efficient, safe, and
scalable storage solutions.
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4. Transportation of hydrogen

Efficient hydrogen transportation is a critical component of the
hydrogen economy, linking production facilities with end-use applica-
tions. Owing to its low volumetric energy density, hydrogen requires a
substantially greater storage volume than conventional fuels, despite
being much lighter. Consequently, hydrogen must be compressed, lig-
uefied, or converted into chemical carriers such as ammonia, methanol,
or LOHCs to facilitate cost-effective and safe transportation. These
methods, however, involve trade-offs between energy efficiency, capital
investment, and infrastructure compatibility.

Hydrogen can be transported through pipelines, trucks, tube trailers,
and maritime shipping, as illustrated in Fig. 7. The selection of a
transport mode is influenced by factors such as transport distance,
hydrogen quantity, pressure and temperature requirements, and
regional infrastructure availability.

4.1. Pipeline transportation

Pipeline transmission is considered the most reliable and energy-
efficient option for large-scale hydrogen distribution. Once con-
structed, pipelines offer high delivery reliability and low operating
emissions, although they require significant upfront investment [133].
They are generally ideal for distances ranging from less than 100 km to
approximately 1500 km [131,134]. It requires a 38-85 % lower energy
footprint than other transport options [135]. Pipeline costs mainly
comprise material procurement, installation, access rights, and licensing
[136]. The optimum pipe diameter depends on the energy flow rate,
pressure, hydrogen content, and transmission distance [137,138].
However, pipeline transportation involves safety and material chal-
lenges because hydrogen embrittlement can weaken metallic compo-
nents and increase the risk of leakage [139,140]. Repurposing existing
natural gas (NG) networks for hydrogen transport has been proposed as
a transitional approach, yet several technical constraints exist. Steel
pipelines commonly used for NG transmission are vulnerable to
hydrogen-induced cracking, whereas polyethylene pipelines are suitable
only for low-pressure hydrogen transport. There is also uncertainty
about whether current distribution networks can meet hydrogen de-
mand, as their capacity would be 20 % lower at the same pressures, and
the storage capacity would be significantly reduced [140]. Moreover, to
deliver the same energy output as NG, hydrogen requires nearly three
times the volumetric flow rate, which could strain existing infrastructure
[141]. In addition, safety concerns arise because hydrogen has different
properties than natural gas.

Hydrogen blending into NG pipelines, typically at 5-15 % volume, is
emerging as a feasible short-term strategy [142]. India currently lacks
cross-country hydrogen pipelines but operates approximately 12,654
km of high-pressure NG pipelines, with an additional 13,680 km under
construction [143]. Even a 3-5 % blend can enable meaningful
hydrogen delivery without significantly affecting NG transport. Hy
blending into NG pipelines is expected to start in India at low concen-
trations and increase over time as necessary modifications are made
[144]. Nevertheless, issues related to pipeline integrity, leak detection,
ignition risk, and safety remain critical. Hydrogen flows nearly twice as
fast as NG because of its lower molecular weight and viscosity, which
can influence friction loss and operational control [145]. High hydrogen
concentrations can degrade steel pipelines over prolonged exposure,
depending on the steel grade used [146]. However, pipe coatings and
linings can help address these challenges [145]. Low hydrogen blends
(<5 %) are not expected to pose major safety hazards [144]. However,
concentrations above 17 % typically necessitate pipeline retrofitting and
appliance upgrades [147]. Additionally, repurposing CNG stations is
costly, and blend limits make large-scale hydrogen delivery challenging,
emphasising the need for dedicated H; infrastructure [142]. Establish-
ing dedicated hydrogen pipelines is estimated to cost approximately 10
% more than new NG pipelines, and is therefore essential for long-term
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Fig. 7. Hydrogen transportation methods.

hydrogen infrastructure development [148].

Developing an integrated network of hydrogen refuelling stations,
similar to existing gasoline stations, is another vital step toward
enabling the hydrogen economy [149]. The simultaneous development
of fuelling station networks and the introduction of commercial
hydrogen vehicles are essential for achieving significant market pene-
tration in the transport sector [150]. Hydrogen refuelling processes
involve large pressure gradients (from 35 MPa storage pressure to
approximately 0.16 MPa at the fuel cell), which present challenges in
designing efficient and safe pressure-reducing systems [151]. Fuelling
station costs vary according to geographical location, storage capacity,
and station type, directly influencing the overall hydrogen supply chain
economics [136].

4.2. Road transportation

Road transportation provides flexibility and accessibility, particu-
larly for small-to medium-scale hydrogen distribution. CGHy and LHj
are the predominant forms transported by trucks. CGHy transport is
technically mature and cost-effective for short distances (up to 100 km)
and medium capacities, although it is limited by low volumetric energy
density and large vessel requirements [133,134]. In contrast, compared
with CGHy, LHy enables 4-6 times higher mass delivery per trip, making
it more efficient for medium-range distribution [145]. However, the
liquefaction process is energy-intensive and requires advanced insu-
lation systems to prevent boil-off losses. LOHC-based transport becomes
competitive for distances exceeding 100 km, provided that the capital
costs of hydrogenation and dehydrogenation reactors remain manage-
able [152]. Nevertheless, LOHC transport has greater environmental
impact than CGH; because of additional processing energy requirements
[153]. Alternative hydrogen storage media, including metal hydrides
and MOFs, offer advantages such as high hydrogen density and
enhanced safety. However, these technologies are still in the early stages
of commercialisation and currently incur high costs [133]. MOF-based
systems are estimated to be 3-10 times more expensive than CGHj
and LH, transportation; however, cost reductions are expected with
improvements in material capacity and cycle stability [154]. Overall,
truck-based transportation involves significant operational and fuel
costs but remains an attractive option for distributed production systems
or regions lacking pipeline infrastructure. The economic feasibility de-
pends primarily on the transport distance, loading efficiency, and stor-
age configuration.

4.3. Maritime transportation

For intercontinental and long-distance exports, maritime shipping is
the most viable transport option. Shipping LH; is more suitable for long-
distance delivery of smaller hydrogen quantities [155]. LHy offers high
energy density and has a small CO, footprint [156]. However, it suffers
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from high liquefaction energy demand, boil-off losses, and limited
storage duration [133]. The substantial capital investment required for
liquefaction and cryogenic systems makes LH; shipping cost-prohibitive
in the near term, with costs expected to remain high even by 2050 [57,
1571.

As alternatives, chemical hydrogen carriers such as ammonia,
methanol, and LOHCs such as MCH, toluene, and dibenzyl toluene,
enable hydrogen transport in liquid form under ambient conditions [93,
133]. These carriers can leverage existing petrochemical infrastructure,
making them attractive for long-distance trade. Ammonia shipping is
estimated to be ~28 % less costly than LH, transport over interconti-
nental routes [158]. For smaller-scale systems (<2 tonne Hy/h), meth-
anol is preferred because of its lower dehydrogenation energy demand
[159]. The viability of LOHC-based transport depends on the heat source
for dehydrogenation; if waste heat is available, the toluene and dibenzyl
toluene systems offer superior efficiency [160]. However, the internal
heat supply significantly reduces their competitiveness, except in the
case of methanol. Ammonia transport benefits from economies of scale,
whereas toluene-based systems face technical challenges related to high
vapour pressure and hydrogen release kinetics [161]. Dibenzyl and
benzyl toluenes are commercially used as LOHCs in Germany, whereas
the toluene-based system is established in Japan [162]. Among potential
LOHGCs, N-ethylcarbazole provides good handling characteristics and
high theoretical storage density (5.8 wt%), but its high cost limits
commercial applicability [160,163]. The utilisation of existing mineral
oil logistics infrastructure for LOHC transport could provide additional
cost benefits by enabling the return and reuse of carrier materials.

4.4. Comparative analysis of hydrogen transportation

The cost of hydrogen transport is influenced by factors such as fuel,
labour, logistics, CAPEX, and storage configuration, all of which vary
with transport distance and capacity [136]. Levelised transport costs
decline with increasing throughput but rise sharply with longer dis-
tances [164]. Centralised production systems lower hydrogen genera-
tion costs but increase distribution expenses, whereas decentralised
systems have the opposite effect.

Pipeline transport involves high CAPEX but low OPEX, whereas road
transport requires lower initial investment but higher operational costs
[131]. At a distance of 1000 km, ammonia, LOHC, and truck-based
transport are approximately twice as expensive as pipeline transport,
and at 3000 km, they remain ~1.5 times costlier [165]. Truck and trailer
systems cost between €150,000 and €860,000, whereas LOHC and LHy
ships require approximately €35 million and €146 million, respectively
[160]. OPEX is 12 % for trucks and 2 % for trailers [160]. The depre-
ciation periods are typically 8 years for trucks, 12 years for trailers, and
25 years for ships. Annual utilisation averages 3500 h for trucks/trailers
and 8000 h for ships, with payload capacities ranging from 720 kg
(CGHy, trailers) to 12,658 kg (LHy ships) [160]. The payload capacity
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differs widely, from 720 kg for CGHj, trailers to 12,658 kg for LH; ships
[160]. Loading times vary from 1.5 to 3 h for trucks to approximately 48
h for maritime systems [160]. From an environmental perspective,
pipeline and ammonia transport yield comparable greenhouse gas
(GHG) emissions, whereas other transport modes emit roughly twice as
much [165]. Hence, the integration of renewable energy in compression,
liquefaction, and dehydrogenation operations is crucial to achieve
low-carbon hydrogen logistics. Continuous improvements in pipeline
materials, storage media, and process efficiency will be instrumental in
reducing both costs and lifecycle emissions in the evolving hydrogen
supply chain.

5. Applications of hydrogen

India currently consumes approximately 6 million metric tonnes
(MMTs) of Hy annually, which are mainly used in refineries and fertiliser
production [73]. Hydrogen has diverse applications across multiple
sectors, making it a key element in the transition to clean energy.
Hydrogen can replace fossil fuels in various applications and provide
immediate benefits if it is produced from renewable sources [166]. Some
of the important applications of hydrogen are presented below.

5.1. Transportation

Hydrogen in internal combustion engines (ICE) and hydrogen fuel
cells (HFC) can power vehicles, including cars, buses, trucks, trains, and
ships, offering a zero-emission alternative to fossil fuels. Hydrogen can
be used as a fuel with few modifications to traditional gasoline-powered
engines [167]. Additionally, hydrogen-gasoline dual injection can in-
crease the lean-burn limits [168]. Adding 5 % hydrogen to a diesel en-
gine shortens the ignition lag, reduces the pressure rise, improves engine
smoothness, and enhances durability [169]. Injecting Hy into NG lowers
unburned hydrocarbon and CO emissions. A 10 % hydrogen blend cuts
CO4 emissions by 5 %, whereas a 50 % blend achieves a 30 % reduction
[170]. However, more than 30 % Hj leads to knocking, backfiring, and
increased NOy [171]. Delhi is exploring H-CNG blends to reduce emis-
sions, with the recommendation of NITI Aayog. Research has shown
reductions in pollutants compared with diesel, CNG, and gasoline. The
total biohydrogen supply chain cost is ¥149.6 ($3.39) per kg, with
H-CNG priced similarly to CNG per mile [172]. The regions near Delhi
have 20 times more biomass residue than needed to support an 18-82 %
H-CNG mix for its CNG vehicle fleet, offering a significant opportunity to
improve air quality and lower GHG emissions [172].

With the implementation of Euro-VI, diesel engine costs are rising,
whereas shipping and aviation have limited low-carbon fuel alternatives
[131]. Shifting 72.3 % of fossil fuel demand in the transportation sector
to electricity is technically feasible today [173]. However, achieving
carbon neutrality in road transport is difficult with battery electric ve-
hicles (BEVs) alone [174]. Additionally, some modes require chemical
fuels in addition to electricity, such as aeroplanes, which are not
economically viable with electricity alone [175]. A mix of BEVs and
hydrogen fuel cell vehicles (HFCVs) can significantly reduce air pollu-
tion, with HFCVs potentially reducing road transport CO, emissions by
more than 96 % [174]. Additionally, HFCVs offer longer ranges and
shorter refuelling times than traditional batteries [176]. HFC light-duty
vehicles are expected to achieve 2.5-2.7 times the fuel economy of
conventional gasoline ICE vehicles on the same platform [177]. HFCVs
have greater energy storage in a more compact space than batteries used
in battery electric vehicles (BEVs) [178]. Testing of the Toyota Mirai
HFCV in India has shown a potential range of 482 km with a 7 kg Hy
capacity [179]. Daimler’s fourth-generation GLC F-CELL features a 147
kW fuel cell stack with a lithium-ion battery, offering a 478 km range in
Hy mode [180]. Hyundai’s fourth-generation Tucson ix35, launched in
2012, had a 100 kW fuel cell stack operating at 250-450 V [180]. The
fifth-generation Hyundai Nexo boasts a 120 kW fuel cell stack, a 395 Nm
torque electric motor, and a 756 km range [180].
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However, HFCV development is hindered by the lack of safe, light-
weight, and efficient onboard hydrogen storage and challenges related
to low volumetric density and high tank costs for compressed gas storage
[181]. Additionally, consumers are concerned about the cost of HFCVs,
hydrogen prices, and the availability of refuelling stations [179]. The
government and manufacturers should collaborate to highlight the
benefits of HFCVs and address perceived risks to gain user support. The
practicality of HFCVs in India depends on the development of hydrogen
infrastructure and addressing issues related to production, trans-
portation, and storage [182]. India lags in the development of efficient
fuel cell infrastructure and needs greater collaboration among scientists,
technologists, policymakers, and industries to compete in the global
market [180]. The introduction of hydrogen to the transportation sector
can be cost-effective by using large vehicles on limited routes, with
heavy-duty freight modes helping advance technology for broader use in
light-duty  vehicles [183]. Additionally, to make HFCVs
cost-competitive, the government should draw lessons from countries
such as Japan, the USA, and South Korea, offering financial incentives
such as subsidies and tax benefits [179]. A modest government incentive
program can help initiate a market for HFCVs [184]. The success of
Hy-powered hypersonic aircraft depends on various social, political, and
economic factors, including mass versus elite air travel, global economic
trends, military propulsion advancements, and the commitment to
hydrogen aviation [185]. In space exploration, LH; is also a high-energy
rocket fuel [104].

5.2. Energy

In the energy sector, hydrogen can be used for energy storage and
stationary power generation. Batteries are suitable for short-term grid
stabilisation but not large-scale energy storage [186]. In contrast,
hydrogen can enable industrial-scale power-to-X solutions for the
transportation, industry, and electricity sectors [187]. Grid-integrated
hydrogen storage can mitigate seasonal power fluctuations by
reducing curtailment, replacing peak capacity, and improving trans-
mission. Hydrogen storage with a two-week discharge duration is ex-
pected to be viable by 2050 [188]. Electrolysers and fuel cells help
stabilise wind and solar power fluctuations, enabling more efficient
electric system operation [189]. However, hydrogen re-electrification
(power-Hy-power) is unsuitable for short-term storage because of its
high cost and low efficiency compared with batteries and diesel gener-
ators, but it becomes viable when seasonal storage is needed, PV space is
limited, and nighttime electricity demand is high [190]. India may
require such storage only in extreme scenarios involving variable
renewable energy by the 2040s, where alternative solutions could
emerge, making its role uncertain [57].

Hydrogen can also be used in engines, combustion turbines, and heat
generation [191-193]. Hydrogen can enhance electricity generation
efficiency through combined-cycle gas turbines (CCGTs) and fuel cells in
large-scale power plants and smaller applications [178]. HFCs provide
reliable backup for critical facilities, such as banking, telecommunica-
tions, and airports, as well as portable power for remote areas, disaster
relief, and military use [178]. However, they have higher initial costs
than traditional generators. Fuel cell systems can generate power for
port microgrids, supporting electrical loads such as cranes, lighting,
refrigeration, and buildings [194]. They can also balance renewable
energy sources for cargo handling equipment, with or without battery
storage. Fuel cells can also meet thermal demands when integrated with
combined cooling, heating, and power (CCHP) [194]. Hydrogen-based
micro-combined heat and power (mCHP) devices can improve energy
efficiency by 22 % and reduce carbon emissions by 18 % in the office and
residential sectors [195]. Currently, approximately 1 % of the world’s
energy demand is met by hydrogen produced from renewable sources
[195].

Hydrogen can also be used for long-distance energy transport instead
of high-voltage direct current (HVDC) transport by converting
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renewable electricity to hydrogen, transporting it via pipelines, and
reconverting it at demand centres. By 2050, this method will be cost-
competitive with HVDC systems above 350 km for a 1 GW system, of-
fering lower storage costs and 15-20 % lower investment costs [196].
Compared with power cables, which have an energy capacity of 1-2 GW,
hydrogen pipelines offer a significantly higher capacity of 15-30 GW
[144].

5.3. Industry

Hydrogen currently plays a vital role in the chemical industry, sup-
porting refinery processes such as hydrocracking and hydro-
desulphurisation, as well as petrochemical production of materials such
as alpha alcohols and polyolefins, and chemical manufacturing,
including ammonia and methanol synthesis [175]. The Indian fertiliser
industry, one of the world’s most efficient, currently accounts for more
than 50 % of India’s hydrogen demand (~3 MMT), which is expected to
increase to 7.5 MMT by 2050 [57]. Hydrogen is essential for refining
crude oil and desulphurisation. India has the world’s fourth-largest re-
finery capacity and aims to double its refining capacity from 254 MMT
to 500 MMT annually by 2030 [57]. The growing need for
ultralow-sulphur fuels is anticipated to be the key driver of future
hydrogen demand in refineries. India can meet global ammonia demand
at the lowest costs, estimated at 723 €/tonne-NH3 for domestic use and
765 €/tonne-NHs for exports [197]. Hydrogen can also be used to pro-
duce ethanol, methanol, gasoline, and other high-value chemicals [198].
Hydrogen can help mitigate carbon emissions in iron-making plants by
acting as a reductant in the blast furnace during smelting [199].
Hydrogen can be used directly in steelmaking or to convert steel mill
byproduct gases into methanol or methane [200]. Hydrogen can replace
coking coal, noncoking coal, and natural gas in iron and steel produc-
tion. India and China play major roles in global steel production,
contributing to Asia’s dominant share of 73.9 % of the total output in
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2022 [201]. India, the world’s second-largest steel producer and
third-largest consumer, is expected to see its steel sector drive future
hydrogen demand, accounting for more than a third of total demand
[57]. However, Hy-based steelmaking is costlier in India than in China,
the USA, Russia, and South Korea because of the absence of a CO,
allowance market.

Hydrogen is also essential in material processing, serving as a heat
treatment agent, shielding gas in welding, and semiconductor produc-
tion. In the glass industry, hydrogen can be used in high-temperature
cutting torches, polishing glass surfaces, heat treating optical fibres,
and creating a reductive atmosphere for the float-glass process [102].
Hydrogen is used in food processing for hydrogenation, converting un-
saturated fats into solid fats to increase shelf life [178]. Hydrogen is also
gaining importance in heating applications, where it can be blended
with natural gas or used in pure form for industrial heating [202]. In
India, industrial heat is generated mainly from fossil fuels. Hydrogen
serves as an alternative where electrification is unfeasible.

Given its versatility and potential, hydrogen can play a vital role in
India’s transition to clean energy. As hydrogen applications continue to
expand across various sectors, ensuring robust safety measures becomes
increasingly critical to support their widespread adoption and build
public confidence in hydrogen technologies.

6. Hydrogen economy

A hydrogen economy signifies a system where hydrogen functions as
a key energy carrier to drive decarbonisation across industries, trans-
portation, and power sectors. The hydrogen value chain, which en-
compasses production, storage, transportation, distribution, and end-use
applications, forms the backbone of this emerging economy (Fig. 8)
[203]. Each stage involves the specific technologies mentioned in sec-
tions 2, 3, 4, and 5. The economic considerations and infrastructure
requirements collectively determine the viability and scalability of

Source * Production * Storage *Transportation* Application
( A 4 ) ( N\ ( ) ( )
Solar Electralysis Compressed Pipeline Transport
ﬁ gas storage l‘?ﬂm
i )
Tube trailer
“| 5, . - < _4
Hydro Reforming E SN
. L d
g | | i =
\ | 7
= N /
Grid Aq A Tanker Truck R 2
) | . N
Pyrolysis 00
Nuclear Ship Industry
== ‘t mi
Natural Gas LOHC "
G@'Ma Rz?llvyay Residence
\. J \. J \. J \. J \. J

Fig. 8. Hydrogen value chain.

13



D.D. Adiga et al.

hydrogen as an energy carrier. The successful deployment of the
hydrogen value chain depends not only on technological advancements
but also on safety protocols across all stages.

While selecting a method for hydrogen production, several key pa-
rameters must be considered to ensure better efficiency, sustainability,
and economic viability. These include the energy source, production
cost, carbon footprint, and technology scalability. The availability of
feedstock, such as water, natural gas, or biomass, is also critical. Envi-
ronmental impacts, particularly greenhouse gas emissions, also play a
significant role. Technological maturity and infrastructure requirements
must be evaluated to determine feasibility. Additionally, safety, opera-
tional reliability, and regulatory compliance are essential factors,
particularly for large-scale or long-term deployment. The choice of
production method should align with national energy goals, resource
availability, and intended end-use applications.

Choosing an appropriate hydrogen storage method involves evalu-
ating several critical parameters to ensure safety, efficiency, and suit-
ability for the intended application. Key considerations include
gravimetric and volumetric energy densities, which determine the
amount of hydrogen that can be stored by weight and volume. The
operating temperature of the method and pressure requirements influ-
ence both energy consumption and system complexity. Storage system
weight, size, and portability are crucial, especially for mobile applica-
tions such as fuel cell vehicles. Safety is a primary concern due to the
high flammability and leakage risk of hydrogen. Therefore, hydrogen
storage requires robust containment and handling systems. Reversibility
and storage kinetics are important for usability and efficiency. Cost
factors, including material, manufacturing, and lifecycle expenses, also
play a significant role. Compatibility with existing infrastructure, envi-
ronmental impact, and compliance with regulatory standards must be
considered to ensure reliable and scalable deployment.

The selection of a suitable hydrogen transportation method requires
careful consideration of several parameters, including distance, volume,
cost, and infrastructure availability. The physical form of hydrogen af-
fects storage and handling requirements, influencing safety, energy ef-
ficiency, and cost. CAPEX and OPEX, including fuel, labour, and
maintenance, must be evaluated alongside the levelised cost of trans-
port. Energy loss during compression, liquefaction, or conversion into
carriers such as ammonia or methanol also impacts overall efficiency.
Regulatory compliance, environmental impact, and compatibility with
existing energy infrastructure are vital for ensuring a reliable and scal-
able hydrogen supply chain.

Several interrelated factors influence hydrogen applications,
including production costs, purity requirements, storage and trans-
portation infrastructure, and the specific energy needs of various sec-
tors. Purity is critical for certain applications, such as fuel cells, which
require high-purity hydrogen to operate efficiently. The availability of
reliable storage and transport options affects the feasibility of hydrogen
in sectors such as mobility, power generation, and industrial processes.
Technical maturity and compatibility with existing infrastructure also
determine how easily hydrogen can be integrated into current systems.
Furthermore, environmental regulations and decarbonisation targets
are driving interest in hydrogen as a clean energy alternative, especially
in hard-to-abate sectors such as steel, refining, and heavy transport.

The future of hydrogen as an energy carrier will depend on various
factors, including technological, economic, environmental, social, and
political considerations [175]. Beyond the hydrogen value chain, key
indicators such as population, GDP, CO5 emissions, and renewable en-
ergy sources are also essential for analysing the feasibility of hydrogen
as an energy carrier [204]. In addition, factors such as generation,
leakage management, storage efficiency, and risk assessment shape the
socioeconomic impact [205]. Financial aspects such as discount rates,
inflation, and project lifespan influence the net present value (NPV) and
levelised cost of energy (LCOE) [206]. Hydrogen pricing varies by
location, driven by technology and raw material costs, with industrial
clusters serving as early hubs for deployment [130]. To increase
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cost-effectiveness and sustainability, techno-economic analysis (TEA)
and life cycle assessment (LCA) are crucial [207]. While TEA evaluates
financial metrics such as simple payback period (SPP), internal rate of
return (IRR), and return on investment (ROI), LCA assesses environ-
mental impact through indicators such as global warming potential
(GWP), energy payback time (EPBT), and cumulative energy demand
(CED), ensuring a comprehensive evaluation of both economic feasi-
bility and sustainability.

Building a robust hydrogen economy requires a coordinated strategy
across technology, infrastructure, policy, and finance. Significant in-
vestments, scaling up green hydrogen production through renewable-
powered electrolysers, reducing costs, and incentivising domestic
manufacturing are crucial to reducing reliance on fossil-based hydrogen.
On the demand side, targeted subsidies and tax incentives can spur de-
mand and growth, but should be phased out as technology matures and
markets stabilise [208]. The development of safe and efficient storage
solutions, along with the expansion of pipeline infrastructure and
hydrogen refuelling stations, will ensure effective distribution.
Strengthening research, development, and demonstration through
dedicated centres and pilot projects can drive innovation in fuel cells,
hydrogen carriers, and storage materials. Cross-sectoral collaboration is
needed to align hydrogen applications with the needs of industry,
transportation, power generation, and residential sectors. Safety re-
mains a paramount concern in hydrogen deployment. Unlike conven-
tional fuels, hydrogen has different handling requirements because of its
low density, high diffusivity, and wide flammability range of 4-75 %.
Therefore, risk mitigation strategies, including advanced leak detection
systems, proper ventilation, and reinforced safety regulations, are
essential. The standardisation of safety protocols, certification systems,
and public awareness are also critical for widespread adoption. Policy
support through clear regulations such as green hydrogen mandates,
carbon pricing, incentives, and long-term roadmaps is essential to
attract private investment and drive innovation. Mobilising finance
through public-private partnerships, green bonds, and international
collaborations can help derisk investments. Building skilled human
capital and fostering global partnerships are essential to accelerate
adoption across different domains. Finally, integrating hydrogen into
industrial clusters and launching sector-specific pilot projects such as
hydrogen valleys can demonstrate scalable, real-world applications. A
holistic approach is crucial for advancing the hydrogen economy [209].
Aholistic view of the hydrogen economy is shown in Fig. 9. Realising the
full potential of hydrogen will require coordinated efforts across tech-
nology development, policy support, infrastructure expansion, and
public awareness to ensure a sustainable and economically viable
hydrogen ecosystem.

This study offers a comprehensive understanding of the hydrogen
ecosystem, encompassing the entire value chain from production to end-
use. As India embarks on an ambitious journey toward energy inde-
pendence and net-zero emissions, hydrogen is poised to play a trans-
formative role in decarbonising key sectors such as industry, transport,
and power. However, the transition is hindered by high costs, techno-
logical uncertainties, storage limitations, and safety concerns. This study
offers valuable insights to guide evidence-based policymaking and foster
innovation by synthesising current developments, identifying critical
gaps, and evaluating strategic options. Ultimately, it aims to contribute
to building a resilient, efficient, and low-carbon hydrogen economy
aligned with India’s long-term energy and climate goals.

7. Conclusions

The present paper reviews various methods of hydrogen production,
storage, transportation, and application in the Indian context. Currently,
most hydrogen production in India relies on fossil fuels, particularly
steam methane reforming (SMR) and coal gasification, which contribute
up to 9-11 kg of carbon emissions per kg of hydrogen produced. Green
hydrogen, produced via electrolysis using renewable energy, remains
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uneconomical at $5-10.3/kg because of high CAPEX and the need for
infrastructure development. Hydrogen storage is another challenge,
with compressed hydrogen being the most widely used method; how-
ever, it requires more space, high energy input, and raises safety con-
cerns. Research on solid-state hydrogen storage materials, such as metal
hydrides, remains limited despite their potential for safer and more
efficient storage. For transportation, pipelines are the most cost-effective
solution for large-scale hydrogen distribution. Blending less than 15 %
hydrogen with natural gas in existing pipelines is a promising strategy to
increase hydrogen adoption while minimising infrastructure costs.
Hydrogen applications extend across the transport, energy, and indus-
trial sectors, offering decarbonisation potential for hard-to-abate in-
dustries such as steel and cement. The emergence of green steel, which
replaces coal with hydrogen in steelmaking, highlights the trans-
formative potential of hydrogen in reducing emissions from one of the
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most polluting industries.

Selecting optimal methods across the hydrogen value chain requires
balancing the technical, economic, environmental, and regulatory fac-
tors. For production, considerations include feedstock availability, en-
ergy sources, emissions, cost, and scalability. Storage solutions must
ensure safety, efficiency, and portability, especially for mobile applica-
tions. Transportation methods, on the other hand, depend on factors
such as distance, quantity, available infrastructure, and the form of
hydrogen. The applications of hydrogen vary by sector and demand high
purity, infrastructure compatibility, and cost competitiveness. The
future of hydrogen also hinges on broader socioeconomic indicators
such as population growth, emission targets, and economic trends.
Realising a robust hydrogen economy will demand large-scale in-
vestments in renewables and infrastructure, along with strong policy
frameworks, safety standards, and public awareness. Cross-sectoral
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collaboration and global partnerships are crucial for scaling up
deployment, reducing costs, and fostering innovation throughout the
hydrogen value chain.
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