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ABSTRACT 
 The global energy sector is undergoing a fundamental 
transformation as it transitions from fossil fuel dependency 
toward cleaner, more sustainable energy systems. Among the 
emerging alternatives, green hydrogen has gained significant 
attention as a versatile and zero, emission energy carrier, poised 
to play a pivotal role in global decarbonization efforts. Its 
successful deployment, however, hinges on overcoming multiple 
technological, economic and environmental challenges across 
the hydrogen value chain. This paper presents a comprehensive 
review of recent advances in green hydrogen energy systems 
(GHES), with a focus on techno, economic assessments from the component to system, wide integration 
levels. First, the paper outlines the fundamental principles and latest developments in green hydrogen 
production technologies, including proton exchange membrane (PEM), alkaline and solid oxide 
electrolysers, alongside recent innovations in storage (compressed, liquefied, solid, state and chemical 
forms) and utilization pathways, particularly in fuel cells and industrial processes. 

Next, the review explores a range of techno, economic modeling strategies and experimental 
implementations of integrated GHES, providing insights into cost trends, system efficiencies, levelized cost 
of hydrogen (LCOH) and life cycle analyses (LCA). Applications in both stationary (e.g., grid support, 
industrial heat) and transportation (e.g., hydrogen fuel cell vehicles, rail and shipping) sectors are 
analyzed to assess the current state of development and deployment. The review identifies persistent 
technical bottlenecks, such as electrolyser durability, hydrogen purity requirements, intermittency of 
renewable inputs and storage limitations, along with economic barriers including high capital expenditure 
(CAPEX) and the need for supportive policy mechanisms. Future research directions are proposed in the 
areas of hybrid systems, digital energy management (AI/IoT) and sector coupling strategies that enhance 
system flexibility, resilience and energy security. 

Overall, this work emphasizes that the intelligent and innovative integration of GHES with 
complementary technologies, such as solar PV, wind, battery storage and smart grids, will be essential to 
unlocking the full potential of hydrogen in a net, zero energy future. 
 
KEYWORDS: Green hydrogen, hydrogen energy systems, renewable energy, electrolysis, techno, economic 
analysis, hydrogen storage, fuel cells, hydrogen production, energy transition, levelized cost of hydrogen 
(LCOH), hydrogen utilization, energy system integration, sector coupling, energy security, hydrogen 
infrastructure, sustainable energy. 
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1. INTRODUCTION:  
 The global energy sector is undergoing a profound transformation, driven by the urgency to 
mitigate climate change and reduce dependence on fossil fuels. Climate models suggest a potential 
global temperature increase of 3–6�°C by 2050 if current emissions trends persist¹. To achieve net, 
zero emissions (NZEs) by mid, century, renewable energy solutions are being rapidly adopted. Among 
them, green hydrogen has emerged as a promising energy carrier due to its ability to decarbonize hard, 
to, abate sectors such as heavy industry, long, haul transport and residential heating²⁻³. Produced 
through electrolysis powered by renewable energy sources like wind and solar, green hydrogen emits 
only water as a byproduct, offering a carbon, free alternative to traditional fossil fuels⁴. However, green 
hydrogen currently accounts for less than 5% of global hydrogen production, with the majority derived 
from natural gas and coal without carbon capture⁵. 

Recent technological advancements have improved the efficiency and scalability of hydrogen 
production, storage and utilization. Alkaline and PEM electrolysers now offer conversion efficiencies 
between 55–80%, though cost and durability challenges persist⁶. Electrolysis, based hydrogen is 
significantly more expensive than hydrogen produced via steam methane reforming, with levelized 
costs ranging from $2.28 to $7.39/kg compared to $0.67 to $1.31/kg for fossil, based hydrogen⁷. 
Additionally, hydrogen's low volumetric energy density necessitates energy, intensive storage methods 
such as high, pressure compression, liquefaction or chemical conversion⁸. Infrastructure limitations, 
including a lack of widespread refueling stations and hydrogen pipelines, further impede adoption⁹. 
These challenges underscore the need for technological innovation and robust policy frameworks to 
support hydrogen integration at scale¹⁰. 

This review presents a comprehensive analysis of the current state and future potential of green 
hydrogen energy systems (GHES). It explores recent developments in hydrogen generation, energy 
storage technologies, fuel cell integration and system, wide technoeconomic modeling¹¹. Applications in 
both stationary and mobile energy sectors are discussed, highlighting system resilience, grid flexibility 
and decarbonization potential. The review also identifies key technical barriers and proposes future 
research directions to enhance green hydrogen adoption. A coordinated global effort encompassing 
policy incentives, infrastructure development and interdisciplinary collaboration will be essential to 
realize hydrogen’s full potential in the sustainable energy transition¹². 

 
2. Global Trends in Hydrogen Production, Consumption and Application: 
2.1 Global Trends and Policy: Countries across the globe are integrating hydrogen into their energy 
strategies as a key component in meeting net, zero emissions (NZE) targets. Nations such as Germany, 
Japan and South Korea are at the forefront, each employing unique approaches to hydrogen production, 
infrastructure and technology, all aligned with long, term sustainability goals¹³. Germany’s National 
Hydrogen Strategy emphasizes the decarbonization of industrial sectors and transportation through 
green hydrogen, supported by comprehensive infrastructure development, including refueling 
networks and international partnerships to promote a global hydrogen economy²³. Japan’s Basic 
Hydrogen Strategy centres on hydrogen, powered transportation and international hydrogen supply 
chains, with investments in fuel cells for both industrial and residential applications²². Meanwhile, 
South Korea’s Hydrogen Economy Roadmap aims to scale up electrolysis, based hydrogen production 
and fuel cell deployment, with ambitious plans for vehicle adoption and a nationwide refueling 
infrastructure²³. 
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Fig 1.1 Global Hydrogen Production 

 
These strategies underline the importance of strong, long, term policy frameworks backed by 

government and private investment. A well, established regulatory environment and financial 
incentives are essential for overcoming technological and economic barriers. Lessons learned from 
these countries provide a blueprint for others aiming to accelerate hydrogen adoption and progress 
toward global climate goals²³. 

 
2.2 Trends in Global Hydrogen Production and Consumption: Hydrogen’s role in the energy 
landscape is rapidly evolving, as reflected in production and consumption data. According to the 
International Energy Agency (IEA), global hydrogen production rose from 68 million tonnes (Mt) in 
2019 to 84 Mt in 2024, with fossil fuels remaining the dominant source due to their economic feasibility 
and infrastructure maturity¹³˒ ¹⁴˒ ²⁴. However, hydrogen generated from renewable sources has seen 
limited growth, remaining between 16 and 18 Mt during the same period, highlighting the scalability 
challenges of green hydrogen technologies despite their environmental benefits¹³˒¹⁴˒²⁴. 

On the consumption side, global hydrogen use increased from 86 Mt in 2019 to around 100 Mt 
in 2024, driven primarily by demand in refining, ammonia production and chemicals¹³˒ ¹⁴˒ ²⁴. The 
emergence of hydrogen applications in steelmaking, heavy industry and mobility sectors has further 
contributed to this growth, although these still represent a smaller proportion of total demand. As 
hydrogen use expands, infrastructure such as pipelines, storage systems and refueling stations must 
scale accordingly. The IEA emphasizes that accelerating the transition to renewable hydrogen and 
expanding related technologies is critical to reducing dependence on carbon, intensive 
production¹³˒ ¹⁴˒ ²⁴. 

 
2.3 Application of Hydrogen Energy: Hydrogen plays a crucial role in various sectors. In industry, it is 
widely used in petroleum refining, metal treatment and fertilizer production, helping to reduce sulfur 
content and increase fuel efficiency²⁵. Hydrogen’s role in space technology is also significant; NASA has 
long utilized liquid hydrogen for propulsion and fuel cells, paving the way for broader 
applications²¹˒ ²⁶. Hydrogen blending in energy systems is gaining traction as a strategy for improving 
efficiency and reducing emissions in transportation and heavy industry. In the transportation sector, 
hydrogen is emerging as a sustainable alternative to fossil fuels. Hydrogen fuel cell vehicles (FCVs) offer 
long ranges and quick refueling, making them ideal for buses, trucks, trains and aircraft²¹˒ ²⁶. For heavy, 
duty transport, hydrogen’s high energy density is advantageous over battery, electric vehicles (BEVs), 
particularly in long, haul freight and maritime transport¹⁷˒ ² ˒⁷ ²⁸. While BEVs are suitable for light, duty 
applications, hydrogen excels in high, energy, demand sectors due to its superior refueling speed and 
extended range²⁹˒³⁰. 
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In chemicals, hydrogen is essential for ammonia, methanol and hydrogen peroxide production. 
It also contributes to synthetic fuel development and clean energy transitions, although the dominance 
of natural gas as a feedstock presents a challenge to decarbonization²¹˒ ²⁶. Hydrogen is also making 
consumer products more energy, efficient, from portable chargers to fuel cell, powered home systems 
and drones. 

In industrial settings, hydrogen enhances the efficiency and sustainability of steel, glass and 
ceramic manufacturing and is used in food processing. The medical sector benefits from hydrogen in 
therapeutic treatments, including hydrogen inhalation for stress and inflammation relief⁸˒ ²¹. Buildings 
are also adopting hydrogen for heating, cooling and power generation through advanced fuel cell 
systems, although challenges related to appliance adaptation, storage and safety remain²¹˒ ² ˒⁶ ³¹. 
Ensuring that hydrogen for these applications is sourced from low, carbon processes is vital for 
realizing its full environmental potential. 

 

 
Fig 1.2 Application of hydrogen across various sectors. 

 
3. Technical Challenges in Hydrogen as an Alternative Energy Source:  

Hydrogen is increasingly recognized as a promising clean energy carrier due to its high 
gravimetric energy density, zero, carbon emissions at the point of use and versatility across sectors 
such as transportation, power generation and industrial processes. However, despite its advantages, the 
transition to a hydrogen, based energy system faces numerous technical challenges. These include 
complexities in its production, limitations in storage technologies, energy efficiency losses, 
infrastructure compatibility issues, safety concerns and economic viability. Understanding and 
addressing these barriers is crucial for unlocking hydrogen's full potential and ensuring its effective 
integration into future low, carbon energy systems. 
 
3.1 Technical Analysis of Hydrogen: Hydrogen exhibits several unique technical characteristics that 
make it a compelling energy carrier for future applications. One of its most significant advantages is its 
exceptionally high gravimetric energy density, at approximately 143 MJ/kg, which is considerably 
higher than that of methane (55.6 MJ/kg) and conventional fuels such as gasoline, diesel and kerosene 
(each around 46 MJ/kg). This makes hydrogen particularly suitable for energy, intensive sectors like 
long, haul transportation, aviation and maritime shipping, where minimizing fuel weight is crucial. In 
addition to transportation, hydrogen serves as an effective medium for energy storage, helping to 
balance supply and demand in renewable energy grids by storing excess electricity generated from 
sources such as solar and wind. Another critical property is hydrogen’s low flashpoint (–231°C) and 
wide flammability range (4–75%), which enable reliable ignition even in extremely cold environments, 
making it a favourable choice for operations in harsh climates. However, hydrogen’s low volumetric 
energy density presents a challenge. For example, while liquid hydrogen has a volumetric energy 



 
 
HYDROGEN AS AN ALTERNATIVE FUEL: A COMPREHENSIVE REVIEW OF CHALLENGES ….. Volume - 14 | Issue - 1 | February - 2024 

________________________________________________________________________________________ 

________________________________________________________________________________________ 
Journal for all Subjects : www.lbp.world 

5 
 

 

density of just 10.1 MJ/L, gasoline and kerosene reach 34.2 MJ/L and 36.7 MJ/L, respectively. This 
necessitates the use of larger and more specialized storage systems, increasing the complexity and cost 
of infrastructure for both mobile and stationary applications13, 22. 
 

Property Hydrogen Methane 
(CH₄) 

Gasoline Diesel Kerosene 

Gravimetric Energy 
Density 

143 MJ/kg 
[7,34] 

55.6 MJ/kg 
[7,34] 

~46 MJ/kg 
[7,34] 

~46 MJ/kg 
[7,34] 

~46 MJ/kg 
[7,34] 

Volumetric Energy 
Density (Liquid) 

10.1 MJ/L 
[7,34] 

N/A 34.2 MJ/L 
[7,34] 

34.6 MJ/L 
[7,34] 

36.7 MJ/L 
[7,34] 

Flashpoint –231°C 
[34,35] 

–188°C 
[34,35] 

~45°C [34] ~62°C [34] ~36°C [34] 

Flammability Range 
(% in air) 

4 – 75% 
[34,35] 

5.3 – 15% 
[34] 

1 – 7.6% [34] 0.6 – 5.5% 
[34] 

0.7 – 5% [34] 

State at Ambient 
Conditions 

Gas Gas Liquid Liquid Liquid 

Ignition Energy 0.02 mJ [39] ~0.28 mJ ~0.2 mJ ~0.25 mJ ~0.24 mJ 
Suitability in Cold 
Climates 

Excellent Moderate Poor Poor Poor 

 
3.2 Challenges in Hydrogen Application: Despite its promising role in clean energy transitions, 
hydrogen faces several technical and infrastructural challenges that hinder its large, scale adoption. 
These include issues related to storage, transportation, material compatibility and system efficiency. 
Addressing these barriers is crucial to realize hydrogen's full potential as a sustainable and safe energy 
carrier. 
 
3.2.1 Production and Distribution Complexity: The production and distribution of hydrogen remain 
significant technical and economic hurdles. Currently, the dominant method of hydrogen production is 
Steam Methane Reforming (SMR), which, while cost, effective, releases large volumes of carbon dioxide, 
thus negating its environmental benefits23, 24. Cleaner alternatives such as water electrolysis using 
renewable electricity (to produce green hydrogen) offer a sustainable pathway but are currently 
expensive and technologically immature, with low efficiency and high energy input requirements25, 26. 
Moreover, the infrastructure necessary for widespread hydrogen use,  including dedicated pipelines, 
high, pressure storage systems and refueling stations,  is either lacking or limited in scope. Developing 
this infrastructure would require substantial capital investment and coordinated policy support to 
ensure safety, scalability and reliability27, 28. 
 
3.2.2 Energy Efficiency: Hydrogen energy systems, while promising for decarbonization, face 
significant energy efficiency challenges due to high losses across various stages. Energy is consumed 
heavily during compression (up to 700 bar), liquefaction (requiring temperatures of –253°C and 
consuming ~30–40% of hydrogen’s energy content) and transport or storage in specialized containers. 
These cumulative losses reduce the overall well, to, wheel efficiency of hydrogen compared to 
alternatives like battery, electric systems, raising concerns about its viability in energy, constrained 
sectors29, 30. 
 
3.2.3 Storage Technology Limitations: Hydrogen storage remains a significant technical hurdle, with 
each method presenting unique challenges. Compressed hydrogen at 700 bar requires robust high, 
pressure tanks, raising concerns over material fatigue and safety. Liquid hydrogen necessitates 
cryogenic conditions (–253°C), leading to high energy consumption and boil, off losses. Cryo, 
compressed hydrogen offers better efficiency but involves complex and expensive infrastructure. 
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Material, based storage methods, such as physisorption in metal, organic frameworks (MOFs) or 
zeolites, require cryogenic temperatures for effectiveness, while chemisorption using metal hydrides 
operates at ambient conditions but suffers from slow kinetics and poor reversibility. Advancing cost, 
effective, safe and scalable hydrogen storage technologies remain a key area for ongoing research and 
development31, 32. 
 
3.2.4 Safety and Public Perception: Hydrogen presents distinct safety challenges due to its high 
flammability, low ignition energy and tendency to leak because of its small molecular size, with an 
invisible flame that complicates detection. Addressing these risks requires advanced safety measures 
such as hydrogen leak detectors (infrared and catalytic sensors), effective ventilation, pressure relief 
systems and the use of hydrogen, compatible materials. Ensuring adherence to international safety 
standards like ISO and NFPA is essential. Equally important is building public confidence through 
education, regulatory enforcement and transparent communication to overcome societal resistance and 
foster acceptance of hydrogen technologies33, 34. 
 
3.2.5 Stakeholder Engagement and Public Perception: Public acceptance of hydrogen technologies 
remains a significant hurdle due to concerns over safety, lack of awareness and the perceived 
complexity of hydrogen systems. Effective stakeholder engagement strategies include public outreach 
programs, educational initiatives and interactive engagement platforms that demystify hydrogen's role 
in clean energy. Demonstrating successful pilot projects and providing regulatory support, incentives 
and transparent risk communication can foster trust and accelerate adoption among communities and 
industry stakeholders35, 36. 
 
3.2.6 Economic Competitiveness: Hydrogen’s economic viability as an alternative energy source is 
constrained by high production, storage and transport costs. Presently, grey hydrogen, produced from 
natural gas without carbon capture, costs around $0.67–1.31 per kg but emits approximately 8.5 kg 
CO₂/kg H₂. Blue hydrogen, which includes carbon capture and storage (CCS), reduces emissions (~2 kg 
CO₂/kg H₂) but is slightly costlier ($0.99–2.05/kg). Green hydrogen, generated via electrolysis using 
renewable energy, is cleanest but remains expensive ($2.28–7.39/kg), limiting widespread adoption. 
Overcoming these cost barriers requires technological innovation, economies of scale and robust policy 
interventions, such as subsidies, incentives and long, term investment strategies37, 38. 
 
3.2.7 Integration with Existing Infrastructure: Integrating hydrogen into existing infrastructure 
poses significant technical and economic challenges. A key issue is hydrogen, induced embrittlement in 
metals, which weakens pipelines and storage vessels, increasing the risk of fractures. Retrofitting 
current natural gas pipelines for hydrogen use is complex due to incompatibility with high hydrogen 
permeability and the need for rigorous safety measures. As a result, deployment demands substantial 
investment in hydrogen, compatible infrastructure, including advanced materials and monitoring 
systems, alongside extensive regulatory compliance39. 
 
3.2.8 Scalability and Resource Management: Scalability of hydrogen production is contingent on the 
availability of key resources such as freshwater for electrolysis, renewable electricity and long, term 
capital investment. Large, scale deployment requires integrated planning to ensure that water demand 
does not strain local supplies, especially in arid regions and that renewable energy sources are 
expanded sustainably. Effective upscaling demands coordinated efforts across sectors, energy, 
environment and industry, alongside robust policy frameworks and sustainable resource management 
strategies to avoid trade, offs with food, energy and water security40. 

Hydrogen offers immense potential as a clean, flexible and sustainable energy carrier in the 
global transition towards decarbonization. However, its widespread adoption is currently hindered by 
several critical challenges, including technical limitations in storage and safety, high production and 
infrastructure costs and limited public acceptance and policy alignment. Overcoming these barriers will 
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require coordinated efforts across multiple disciplines, substantial government incentives and strong 
international collaboration. With sustained innovation and strategic policy frameworks, hydrogen can 
emerge as a cornerstone of a resilient and low, carbon energy future. 
 
4. HYDROGEN PRODUCTION: CHALLENGES AND OPPORTUNITIES:  

Hydrogen production is central to enabling a low, carbon economy, yet current methods are 
often energy, intensive and carbon, emitting. While green hydrogen offers a sustainable path forward, it 
faces cost, scalability and infrastructure hurdles. Addressing these challenges presents an opportunity 
for innovation and policy, driven growth in clean energy systems. 

 

 
Fig 1.3 Different Sources of Hydrogen Production 

 
4.1 Hydrogen Production Technologies: Hydrogen can be produced using either fossil, based or 
renewable, based processes. 
 Fossil, Based Methods: Techniques such as Steam Methane Reforming (SMR), coal gasification and 

methane pyrolysis currently dominate global hydrogen production. However, they are highly 
carbon, intensive unless coupled with carbon capture and storage (CCS) technologies41. 

 Renewable, Based Methods: Cleaner alternatives include biomass gasification and water 
electrolysis powered by renewable sources like solar, wind or nuclear energy. Although green 
hydrogen offers long, term sustainability and zero emissions, it remains cost, intensive and 
technologically challenging42. 
 

4.2 Challenges and Opportunities43, 45: 
 Environmental Impact: Grey, black and brown hydrogen have high CO₂ emissions; green and blue 

hydrogen are cleaner but more expensive. 
 Cost Variability: Green H₂ ($2.28–$7.39/kg) is costly compared to grey H₂ ($0.67–$1.31/kg). Blue 

hydrogen strikes a balance, but its success depends on efficient CCS. 
 Energy Efficiency: Electrolysis (up to 80% efficient) is the most eco, friendly but energy, intensive. 

SMR is widely used but polluting. 
 Water Use & Catalyst Cost: Green hydrogen production requires substantial water and costly 

catalysts (e.g., platinum, iridium). 
 Integration with Renewables: Renewable, powered electrolysis allows for energy storage and 

decarbonization but needs grid integration and storage infrastructure. 
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 Policy and Infrastructure: Scaling green hydrogen depends on reducing electrolyser costs, 
securing water supply, policy incentives and overcoming fossil, fuel dominance in global energy 
systems. 

Method Feedstock Energy 
Source 

CO₂ 
Emissio
ns 

Hydrog
en 
Purity 

Efficien
cy 

Cost 
(Appro
x.) 

Pros Cons 

Grey Hydrogen Natural 
gas 
(methane) 

Fossil 
fuels 

High 
(~10 kg 
CO₂/kg 
H₂) 

High 
(98–
99%) 

~65–
75% 

$0.7–
1.3/kg 
H₂ 

Establish
ed tech; 
low cost 

High 
emissions; 
non, 
sustainable 

Blue Hydrogen Natural 
gas (with 
CCS) 

Fossil 
fuels + 
CCS 

Modera
te (~1–3 
kg 
CO₂/kg 
H₂) 

High ~55–
65% 
(after 
CCS) 

$1.0–
2.1/kg 
H₂ 

Lower 
emission
s than 
grey; 
uses 
existing 
infra 

CCS not 
100% 
effective; 
still fossil, 
dependent 

Green Hydrogen Water Renewabl
e 
electricity 
(solar/wi
nd) 

Zero (if 
truly 
renewab
le) 

Very 
High 
(>99.9
%) 

~60–
70% 

$2.3–
7.4/kg 
H₂ 

Clean, 
sustaina
ble, 
future, 
ready 

High cost; 
dependent 
on green 
electricity 
availability 

Turquoise 
Hydrogen 

Methane Pyrolysis 
(thermal) 

Low 
(solid 
carbon 
byprodu
ct) 

High ~60–
70% 

~$1.5–
2.8/kg 
H₂ 
(est.) 

Produces 
solid 
carbon 
(easier 
to 
manage 
than 
CO₂) 

Still under 
developme
nt; not 
widely 
deployed 

Brown/Black 
Hydrogen 

Coal/Ligni
te 

Fossil 
fuels 

Very 
High 
(~20 kg 
CO₂/kg 
H₂) 

Medium ~50–
60% 

~$1.0–
2.0/kg 
H₂ 

Uses 
abundan
t coal 
reserves 

Highest 
emissions; 
environme
ntal 
degradatio
n 

Pink Hydrogen Water Nuclear 
electricity 

Near 
Zero 

Very 
High 

~55–
65% 

~$2.0–
4.0/kg 
H₂ 
(variabl
e) 

Low 
emission
s; steady 
baseload 
power 

Nuclear 
risks; 
radioactive 
waste; 
public 
opposition 

Photoelectroche
mical (PEC) 

Water Sunlight Zero High ~10–
15% 
(low) 

R&D 
stage 

Direct 
solar 
conversi
on; no 
grid 
needed 

Very low 
efficiency; 
not 
commercia
lly viable 
yet 

Biological (e.g., 
fermentation) 

Biomass 
or algae 

Biochemi
cal 

Low to 
Modera
te 

Low–
Medium 

~30–
50% 

High 
(early 
stage) 

Utilizes 
waste; 
low, tech 
option 

Low yields; 
scalability 
issues 

 
 
 



 
 
HYDROGEN AS AN ALTERNATIVE FUEL: A COMPREHENSIVE REVIEW OF CHALLENGES ….. Volume - 14 | Issue - 1 | February - 2024 

________________________________________________________________________________________ 

________________________________________________________________________________________ 
Journal for all Subjects : www.lbp.world 

9 
 

 

5. HYDROGEN STORAGE SYSTEMS:  
Efficient hydrogen storage is critical for its widespread application in energy systems, 

transportation and industry46. However, challenges such as low volumetric energy density, material 
degradation and high costs limit current storage technologies. Overcoming these barriers offers 
opportunities for innovation in materials science and system design. 

 
5.1 Hydrogen Storage Technologies: Efficient hydrogen storage is critical to realizing hydrogen's full 
potential as a clean and sustainable energy source. It plays a pivotal role in both mobile and stationary 
applications, including transportation and power generation. In particular, hydrogen fuel cell vehicles 
benefit from hydrogen's high energy content, with proton exchange membrane (PEM) fuel cells 
emerging as the preferred technology due to their high efficiency and near, zero emissions47. Once 
hydrogen is produced, it must be stored safely and effectively, either in gaseous or liquid form 
depending on the application. Stationary storage supports power plants and industrial applications, 
while mobile storage focuses on vehicular fuel systems. Owing to its chemical stability, hydrogen can be 
stored over long durations using a variety of techniques, broadly classified into physical, based and 
material, based methods. 

Physical, based methods involve storing hydrogen as a compressed gas, cryogenic liquid or in a 
cryo, compressed state that combines both temperature and pressure management. Material, based 
storage relies on absorbing or adsorbing hydrogen into solid materials via physical or chemical 
processes. Figure 10 illustrates the primary hydrogen storage techniques and Table 4 compares key 
storage technologies in terms of cost, efficiency, scalability and environmental impact. 

 
5.1.1 Physical, Based Storage: Physical, based hydrogen storage methods are widely used due to their 
relative maturity and direct handling of hydrogen in gaseous or liquid states. Three major approaches 
include: 
 Compressed Gas Storage: Hydrogen is stored at high pressures (typically 350–700 bar) in robust 

tanks. This method is suitable for high, demand or fast, refueling scenarios. Despite being well, 
established, it poses safety challenges due to the risk of leaks and high, pressure operation. 

 Liquid Hydrogen Storage: Hydrogen is cooled to cryogenic temperatures (, 253°C) and stored in 
insulated tanks. This method offers high volumetric density and is efficient for long, range transport 
or applications needing compact storage. However, it is energy, intensive and susceptible to boil, off 
losses. 

 Cryo, Compressed Storage: Combining cryogenic cooling with high, pressure compression, this 
method offers higher storage densities and lower boil, off compared to liquid storage. While 
promising for high, energy density applications, it involves complex and costly infrastructure48. 
 

Technology Cost Efficiency Scalability Environmental Impact 
Compressed Gas Moderate Moderate; high 

pressure needed 
High (short, 
term use) 

Moderate; compression 
energy cost 

Liquefied 
Hydrogen 

High Low; ~30% energy loss 
in cooling 

Limited High; cryogenic 
emissions 

Cryo, 
compressed 

High Moderate; gas + liquid 
benefits 

Promising 
(advanced use) 

Moderate; reduced boil, 
off 

Physisorption Moderate Low; weak binding 
forces 

Experimental Low; minimal impact 

Chemisorption Variable High; strong bonds 
enable storage 

Experimental Moderate; possible 
toxic byproducts 

 
5.1.2 Material, Based Storage: Material, based storage systems offer compact and high, capacity 
alternatives by embedding hydrogen into solid materials. These methods are divided into: 
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 Physisorption: Hydrogen molecules adhere to the surface of porous materials such as carbon, 
based structures, metal, organic frameworks (MOFs) and zeolites via weak van der Waals forces. 
This method is fast and reversible but generally requires low temperatures to enhance storage 
capacity. 

 Chemisorption: Hydrogen chemically binds with reactive materials (e.g., metal hydrides, alloys), 
forming stable compounds. It provides high, density storage under moderate conditions but 
requires significant activation energy to release the stored hydrogen49. 
 

Storage Method Advantages Disadvantages Typical Applications 
Compressed Gas Mature, fast refueling, 

ambient temp operation, 
good for transport 

Safety risks, low energy 
density, risk of leakage 

Fuel stations, 
industrial use, backup 
power 

Liquefied 
Hydrogen 

High volumetric density, 
compact storage, ideal for 
long, distance transport 

High energy cost for 
liquefaction, boil, off losses, 
costly cryogenic tanks 

Aerospace, shipping, 
large fixed storage 

Cryo, 
compressed 

High density, less boil, off, 
hybrid of gas and liquid 
benefits 

Expensive, complex system, 
needs cryogenic temp and 
pressure 

Advanced vehicles, 
aerospace, high, 
energy, demand 
systems 

 
5.2 Challenges in Hydrogen Storage: Hydrogen storage technologies face several technical, economic 
and regulatory challenges that hinder widespread adoption. 
 
5.2.1 Technical Complexity and Efficiency: Hydrogen's low volumetric energy density necessitates 
compression or liquefaction, both of which introduce technical hurdles. Compressed storage demands 
robust containers and poses leakage and safety risks. Liquefaction, although space, efficient, consumes 
large amounts of energy for cryogenic cooling. Alternatives like metal hydrides offer safer options but 
involve high activation energies for hydrogen release. Emerging technologies such as cryo, compression 
and physisorption using porous materials require optimization to improve storage capacity and reduce 
energy use. Hydrogen storage and distribution stages often incur energy losses of 30–40%. Enhancing 
compression systems (e.g., using isothermal or multi, stage adiabatic compressors) and cryogenic 
technologies can lower these losses. Solid, state storage methods, such as hydrides, reduce the need for 
extreme pressures or temperatures. Improving sealing, insulation and recovery systems further boosts 
overall efficiency50. 
 
5.2.2 Safety and Regulatory Concerns: Due to hydrogen's flammability and small molecular size, high, 
pressure and cryogenic storage systems must manage leak prevention, material degradation and 
containment. Safety measures such as leak detection, pressure relief systems and durable containment 
materials are essential. The lack of standardized global regulations complicates system integration and 
design. Developing international safety and performance standards will be key to building public and 
industrial confidence. Innovations include advanced composite materials, hydrogen, resistant coatings 
and safer chemical carriers like ammonia borane. These technologies can enhance containment safety 
and reduce risks associated with high, pressure or cryogenic systems51. 
 
5.2.3 Economic and Infrastructure Barriers: Hydrogen storage remains costly due to high material 
and engineering demands. Infrastructure development, including refueling networks and pipeline 
compatibility, is limited. Investment in upgrading existing gas infrastructure, deploying cryogenic 
tankers and constructing underground storage (e.g., in salt caverns) is essential to meet growing 
demand. Harmonizing regulations globally will accelerate adoption and facilitate cross, border 
hydrogen trade52. 
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5.3 Opportunities in Hydrogen Storage: Opportunities in hydrogen storage are expanding through 
technological innovations, integration with renewables and supportive policies. Advanced materials 
like MOFs, PIMs and metal hydrides offer greater hydrogen capacity and safety, while improvements in 
high, strength steels, hydrogen, compatible polymers and lightweight composite tanks enhance 
efficiency and durability, especially for mobile applications. Developments in cryo, compression and 
insulation technologies further support cost, effective storage solutions. Hydrogen storage also plays a 
key role in stabilizing grids powered by intermittent renewable sources like wind and solar, enabling 
surplus energy storage and off, grid access. Moreover, government funding, tax incentives and global 
collaborations are accelerating hydrogen storage research and infrastructure development, with efforts 
to standardize safety and performance driving industry, wide adoption53, 55. 
 
6. HYDROGEN TRANSPORTATION: CHALLENGES AND OPPORTUNITIES:  

Transporting hydrogen from production sites to end, users require various methods based on 
distance, quantity and geographic constraints. The most common transport modes include road, 
pipeline and maritime shipping. For regional distribution, compressed hydrogen can be efficiently 
delivered using pressurized tankers by truck. However, due to hydrogen’s inherently low volumetric 
density, transporting it over long distances presents significant challenges. 
To address these limitations, high, density hydrogen carriers, such as liquid hydrogen, ammonia and 
liquid organic hydrogen carriers (LOHCs), are used. These carriers require additional processing steps, 
including liquefaction, compression or chemical bonding, to enable more efficient transport. Maritime 
shipping is considered the most viable option for large, scale and intercontinental hydrogen transport. 
A typical hydrogen transport chain involves the following stages: 
 Production: Hydrogen is generated through methods such as natural gas reforming, electrolysis or 

biomass gasification. 
 Pre, treatment: Hydrogen is processed to improve its energy density, through liquefaction or 

conversion into carriers. 
 Initial Road Transport and Storage: Cryogenic or pressurized tanks deliver hydrogen to 

intermediate storage or distribution hubs. 
 Sea Transport: Hydrogen or its carriers are shipped internationally in liquid form. 
 Final Road Transport: From ports, hydrogen is distributed by road to local end, use facilities. 
 Post, treatment: Carriers are converted back into pure hydrogen through processes like 

dehydrogenation or reforming. 
 End Use: Hydrogen is utilized in sectors such as industry, power generation and mobility. 

Each step introduces complexity, particularly in maintaining energy efficiency, managing losses 
and ensuring the safe handling of hydrogen and its carriers. 

 
6.1 Liquid Hydrogen and Alternative Carriers: Liquid hydrogen provides a solution for long, distance 
transport due to its high energy density. However, maintaining the cryogenic temperatures required for 
liquefaction and storage (−253�°C) demands advanced infrastructure and substantial energy input. An 
alternative is ammonia, which can store hydrogen in a stable liquid form and benefits from established 
global production and shipping infrastructure. Hydrogen can later be extracted from ammonia through 
catalytic processes, offering a practical option for long, range transport. 
 
6.2 Ammonia as a Hydrogen Carrier: Ammonia is widely recognized as an effective hydrogen carrier, 
produced using a well, known industrial process. It contains a high hydrogen density and can be 
transported under moderate pressures. Moreover, it does not emit carbon dioxide during end, use 
conversion. However, ammonia’s toxicity requires strict safety controls and trace contamination during 
hydrogen extraction must be managed to ensure purity. These factors must be addressed to scale 
ammonia, based hydrogen logistics effectively. 
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6.3 Liquid Organic Hydrogen Carriers (LOHCs): LOHCs are organic compounds, such as naphthalene 
or toluene, that store hydrogen through reversible chemical bonding. Hydrogen is absorbed via 
hydrogenation and later released through dehydrogenation, allowing safe transport under ambient 
conditions. LOHCs are compatible with existing fuel infrastructure, can be recycled repeatedly and 
reduce the need for high, pressure or cryogenic systems. Although the hydrogenation and 
dehydrogenation processes consume energy, LOHCs remain a flexible and scalable method for 
hydrogen transport across various sectors. 
 
6.4 Chemical Hydrides as Hydrogen Carriers: Chemical hydrides store hydrogen within their 
molecular structure, releasing it through irreversible processes such as hydrolysis or thermal 
decomposition. Examples include ammonia borane, sodium borohydride and hydrazine. These 
materials offer high hydrogen densities and are suitable for compact and portable applications. 
However, they face challenges including high material and processing costs, catalyst requirements and 
handling risks, particularly for hydrides with toxic or corrosive byproducts. Despite their limitations, 
chemical hydrides are promising for single, use and emergency applications where high storage 
capacity is needed. 

Hydrogen transport is a critical component of the hydrogen value chain, facing fundamental 
challenges related to its low volumetric density. To overcome these barriers, carriers such as liquid 
hydrogen, ammonia and LOHCs offer viable solutions, despite the energy required for their preparation 
and conversion. Among these, ammonia stands out for its infrastructure readiness and high hydrogen 
content, though safety and purity concerns remain. LOHCs provide operational flexibility and 
compatibility with current systems, while chemical hydrides support niche applications with their high 
storage density. As global hydrogen demand increases, continued innovation in storage, conversion and 
transportation technologies will play a crucial role in enabling a robust, efficient and sustainable 
hydrogen economy. 

 
7. FUTURE DIRECTIONS FOR HYDROGEN IN ACHIEVING ENVIRONMENTAL SUSTAINABILITY:  

Hydrogen holds immense promise as a cornerstone of future sustainable energy systems, 
offering versatile applications across production, storage and transportation. Realizing its full potential 
requires overcoming several technical and economic barriers, including scaling up green hydrogen 
production through renewable, powered electrolysis and emerging technologies like 
photoelectrochemical methods. Advancements in lightweight, high, capacity storage materials and 
efficient systems are essential to ensure safe and flexible deployment, while transportation 
infrastructure must evolve with improved hydrogen carriers, cryogenic solutions and standardized 
refueling networks. Strong policy frameworks, including national strategies, innovation incentives, 
harmonized global standards and carbon pricing, are vital to support these developments. Public, 
private collaborations, international partnerships and knowledge, sharing initiatives can accelerate 
progress by combining expertise and resources. Additionally, education and awareness programs are 
crucial for building a skilled workforce and public trust in hydrogen technologies. With coordinated 
global action and a focus on innovation, hydrogen can drive the transition to a low, carbon, 
environmentally sustainable energy future. 

 
8. CONCLUSION:  

Hydrogen is poised to be a transformative energy carrier due to its high energy density, clean 
combustion characteristics and adaptability across sectors such as transportation, industrial processes 
and power generation. Its potential to replace conventional fossil fuels and significantly reduce 
greenhouse gas emissions makes it a key player in the global shift toward sustainable energy. However, 
several technical and economic barriers persist. Current production methods like steam methane 
reforming are cost, effective but emit large amounts of carbon dioxide, while greener alternatives such 
as electrolysis powered by renewables are still constrained by high costs and lower efficiency. Similarly, 
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storage technologies face challenges related to energy requirements, material limitations, safety and 
scalability and the lack of robust transportation infrastructure adds further complexity. 
To unlock hydrogen's full potential, future efforts must focus on enhancing electrolysis efficiency, 
developing cost, effective and low, carbon production pathways and innovating advanced storage 
materials and systems. Establishing a reliable and economically viable hydrogen infrastructure will also 
require strong policy support, international safety standards and strategic investments. With 
coordinated action across research, industry and governance, hydrogen can evolve into a cornerstone 
of a low, carbon global energy system, enabling a resilient, cleaner future while addressing pressing 
environmental and energy security challenges. 
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