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Abstract 

This comprehensive review examines hydrogen’s potential as a pivotal clean energy carrier, focusing on its role in replacing fossil 
fuels across various industries. This study also examines recent advancements in hydrogen production technologies, including elec-
trolysis, steam methane reforming, and biomass gasification, emphasizing their economic and environmental impacts. Special at-
tention is given to hydrogen produced from renewable sources like solar and wind energy, emphasizing its benefits in reducing 
carbon emissions and contributing to a sustainable energy future. The review discusses technological challenges, cost factors, and 
the necessary infrastructure for hydrogen production and storage, particularly in relation to achieving global energy transition goals. 
Furthermore, the study stresses the importance of government policies and international collaboration to drive the adoption of 
hydrogen technologies. The study concludes by outlining the transformative potential of hydrogen in decarbonizing key sectors such 
as transportation and heavy industry. It demonstrates the significant contribution of hydrogen to a low-carbon global energy system 
and provides valuable insights into its role in improving grid stability, energy security, and supporting sustainable industrial practices.
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1.  Introduction
The global rise in human population has accelerated economic 
development and increased civilization worldwide, leading to a 
heightened demand for energy. Meeting this growing demand 
is one of the world’s most urgent challenges today, as it dir-
ectly impacts both global prosperity and environmental sus-
tainability [1]. Historically, fossil fuels have been the primary 
driver of economic expansion and industrialization, consti-
tuting around 88% of the energy sources used in industries [2]. 
Derived from hydrocarbons like coal, oil, and natural gas, fossil 
fuels have been favoured due to their high energy density and 
well-established infrastructure for extraction, transportation, 
and refinement [3]. However, the continued reliance on these 
energy sources raises significant sustainability concerns, both 
in terms of depletion and the environmental damage they cause 
[4]. The burning of fossil fuels contributes to the release of sig-
nificant amounts of greenhouse gases (GHGs), primarily carbon 
dioxide (CO2), which is a major driver of global warming and cli-
mate change [5]. This environmental impact is particularly con-
cerning in the context of international climate goals, such as the 
United Nations Sustainable Development Goals (SDGs), specif-
ically SDG 13 (climate action) and SDG 7 (affordable and clean 
energy). The carbon emissions from fossil fuel consumption 
directly counteract the global push towards net-zero emissions 
by 2050, an essential target for stabilizing global temperatures 
and preventing the worst impacts of climate change [6]. Fossil 
fuel usage also poses public health challenges, aligning with 
SDG 3 (good health and well-being), as pollution from the ex-
traction and combustion of fossil fuels is linked to respiratory, 
cardiovascular, and developmental health issues, particularly 
in vulnerable populations like children [7]. According to Jiang 
et al. [8], burning fossil fuels releases approximately 21.3 billion 
tons of CO2 annually, with a significant portion attributed to the 
transportation sector. This highlights the urgent need for tran-
sitioning to cleaner, renewable energy sources, such as solar, 
wind, and hydrogen, which can provide sustainable alternatives 
without the environmental costs associated with fossil fuels 
[9]. The shift toward renewable energy is crucial for achieving 
net-zero emissions and supporting sustainable development 
worldwide. Renewable energy not only mitigates the harmful ef-
fects of fossil fuel dependence but also ensures energy security, 
reduces pollution, and supports economic growth in line with 
global climate commitments [10].

Renewable energy, derived from naturally regenerative sources, 
is reliable and sustainable and enhances environmental quality 
without hindering economic growth [11]. The switch to renew-
able energy signifies an essential socioeconomic change that af-
fects development and quality of life, as recognized by the United 
Nations SDG 7, which seeks to guarantee that everyone has ac-
cess to dependable, affordable, modern, and sustainable energy 
by 2030 [10]. Investments in renewable energy are essential for 
attaining green development and an economy that is carbon-
neutral because they lower carbon intensity, encourage cleaner 
output, and facilitate the energy transition, lowering energy costs, 
enhancing price stability, and improving energy security and pay-
ment balances in nations with low energy [12]. This energy, which 
could be derived from wind, geothermal resources, solar radi-
ation, water resources, solid biomass, biogas, and liquid biofuels, 
is crucial for rapid deployment to achieve decarbonization and 
mitigate climate change [13]. Among the various end products 
derived from renewable energy sources, hydrogen has recently 
gained significant attention.

Lately, hydrogen has come to light as a crucial component in 
the transition to green energy, offering a versatile, efficient, and 
eco-friendly substitute for fossil fuels across various sectors. While 
hydrogen is not a renewable energy source, it can be generated 
using renewable energy sources like solar, biomass, and wind, 
making it a viable choice for the future [13]. With the increasing 
integration of renewable technologies into the energy sector, 
hydrogen can mitigate seasonal imbalances and stabilize the in-
consistent supply, facilitating the transition to renewable energy 
[14]. This is because hydrogen is an exceptionally efficient and clean 
fuel that generates only water vapour when burned, releasing no 
harmful emissions and having a large potential to cut down on air 
pollution and greenhouse gas emissions [15, 16]. Also, it is a highly 
flammable, colourless, and odourless fuel that could be employed 
in various applications, such as internal combustion engines (ICEs), 
rocket engines, and fuel cells [17]. Due to its energy density, which 
is over three times more than that of gasoline, it is highly efficient 
for energy storage and electricity production, with its generation 
utilizing various biological, photosynthetic, and chemical methods 
[18]. Clean hydrogen can be produced using different domestic 
resources, such as coal gasification (CG), nuclear power, natural 
gas, and renewable energy sources like biomass, solar, wind, geo-
thermal, hydro, and ocean thermal energy conversion (OTEC) [19].

Nonetheless, the majority of the energy used to produce 
hydrogen, roughly 75–100 Mt, annually comes from fossil fuels 
using a process called steam methane reforming (SMR) [14]. From 
Fig. 1, only a small portion comes from the electrolysis as shown. 
With global electricity having a renewable share of about 33%, 
only around 1% of the world’s hydrogen production is derived 
from renewable energy sources [20].

Electrolysis, which splits water using electricity, and SMR are 
the two most used processes for creating hydrogen. It becomes 
much more important when electrolysis—a procedure that splits 
water into hydrogen and oxygen using electricity—is powered 
by renewable energy sources like solar, wind, and hydroelectric 
power [21]. This process yields green hydrogen, which is entirely 
carbon-free and represents the pinnacle of clean energy produc-
tion. A comparative analysis and environmental effect evalu-
ation of hydrogen production techniques using renewable and 
non-renewable resources was carried out in a recent review art-
icle [22]. Among renewable energy sources, hydrogen generated 
from biomass gasification boasts higher exergetic and energetic 
efficiencies than hydrogen derived from solar and geothermal 
methods [23]. Presently, hydrogen is recognized as a vital source 
of energy for an environmentally friendly future, prompting ex-
tensive global efforts to prioritize its research, development, 
and innovation across industrialized and rapidly growing na-
tions [1]. Numerous projects centred around hydrogen are now 
garnering financial support worldwide. For instance, the Pacific 
Northwest Hydrogen Hub (PNWH2 Hub) has been awarded a 
$1.2 billion grant from the US government to support hydrogen 
production [24]. The PNWH2 Hub plans to establish eight nodes 
across Montana, Oregon, and Washington, utilizing the region’s 
advanced technology and abundant renewable energy resources. 
This initiative aims to address some of the most challenging 
sectors to decarbonize, including public transit, agriculture,  
medium- and heavy-duty transport, and the electric power in-
dustry [24]. Elsewhere, Climate Impact Corporation (CIC), a prom-
inent global developer of renewable energy and green hydrogen 
projects, has announced plans to develop two 10 GW green 
hydrogen projects in central Australia. These projects, valued at 
US$10 billion, will utilize CIC’s proprietary modular technology 
for renewable hydrogen production [25].
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Siemens Energy has secured a contract from German utility 
EWE to supply a 280-megawatt electrolysis system for a plant in 
Emden, Germany [26]. Scheduled to begin operations in 2027, this 
facility will produce up to 26 000 tons of green hydrogen annu-
ally for diverse industrial applications in the region. The green 
hydrogen generated could potentially replace fossil fuels, redu-
cing CO2 emissions by approximately 800 000 tons per year in 
industries like steel production [26]. Moreover, BP has secured 
funding from the joint efforts of BMWK and the Lower Saxony 
Government as part of the European IPCEI Hy2Infra initiative to 
support a green hydrogen project in Germany [27]. This funding 
will facilitate the development of a 100 MW green hydrogen fa-
cility adjacent to BP’s Lingen Refinery. The project involves in-
stalling a 100 MW electrolyser, which is expected to produce 
an average of 10–11 kilotons of green hydrogen annually [27]. 
Several other funded hydrogen projects are discussed in Table 
1. Figure 2 shows the public budgets for Research Development 
& Demonstration (RD&D) on hydrogen since 2018. Government 
investment in hydrogen technology RD&D surges in 2022, con-
tinuing a trend from the mid-2010s and reaching a historic high 
of 7.5% of clean energy budgets [28].

Regarding the endeavours to reduce carbon emissions, 
integrating hydrogen as a fuel source offers a promising and sus-
tainable alternative to conventional ICE vehicles in the transpor-
tation sector [38]. These vehicles can be refuelled quickly and 
have a longer range compared to battery-electric vehicles, ad-
dressing some of the limitations associated with electric mobility 
[39]. Moreover, hydrogen has applications in the shipping and 
aviation industries, which have historically proven challenging 
to decarbonize [40]. Beyond transportation, hydrogen is instru-
mental in energy storage and grid stability [41]. Since renewable 
energy sources like solar and wind are intermittent, hydrogen can 
be used to store excess energy during high-production periods 
and release it during low-production periods [42]. This capability 
helps balance the grid, enhances energy security, and ensures a 
reliable supply of clean energy.

Additionally, industrial applications also see significant 
benefits from hydrogen adoption. Industries such as chem-
ical manufacturing, refining, and steel production can utilize 
hydrogen to replace carbon-intensive processes, drastically redu-

cing their carbon footprints [43]. This transition not only supports 
environmental goals but also opens new economic opportunities 
and drives technological innovation.

Hydrogen, despite its numerous advantages as a clean en-
ergy carrier, faces several significant challenges on its path to 
becoming a widely adopted renewable energy source. These in-
clude high production costs, the need for extensive infrastructure 
for storage and distribution, and the necessity for technological 
advancements to improve scalability and efficiency. However, 
with ongoing research, increased funding, and supportive legisla-
tion, many of these barriers are being addressed, paving the way 
for a hydrogen-powered future. This study explores decentral-
ized hydrogen production, providing a thorough analysis of how 
hydrogen can be generated at various levels within the energy 
infrastructure. It also examines the potential of local and regional 
hydrogen production, highlighting the benefits of reducing de-
pendence on centralized facilities and enhancing energy security. 
Additionally, the study will assess the risks involved in the pro-
duction, storage, and distribution of hydrogen, offering strategies 
to mitigate associated safety concerns.

The primary objective of this research is to assess the eco-
nomic feasibility of hydrogen as a large-scale replacement for 
fossil fuels. With the global demand for clean energy increasing, 
this study focuses on hydrogen’s potential as a sustainable, envir-
onmentally friendly energy carrier, particularly when produced 
from renewable sources such as biomass, wind, and solar. The 
research delves into the technological advancements, environ-
mental benefits, and economic challenges surrounding hydrogen 
production, storage, and distribution, and compares them to trad-
itional fossil fuel systems. Ultimately, the goal is to determine 
whether hydrogen can play a pivotal role in supporting the global 
transition to a low-carbon economy, reducing greenhouse gas 
emissions, and decreasing reliance on fossil fuels, while ensuring 
its economic viability.

2.  Hydrogen as a clean energy carrier
Hydrogen does not exist freely in nature and must be produced 
by breaking down compounds such as methane (CH4) or water 
(H2O). Consequently, hydrogen is regarded as a clean energy 
carrier rather than a primary energy source. A variety of tech-
nologies have been developed to produce hydrogen from a diverse 
range of feedstocks. In cases where a particular feedstock, like 
natural gas, becomes unavailable, production could shift to alter-
native sources. However, this would require either the establish-
ment of redundant facilities capable of producing hydrogen from 
multiple feedstocks or adaptable plants that can handle various 
inputs. For electricity generation, a trade-off exists between en-
hanced energy security and the cost associated with maintaining 
backup generation capacity. Unlike electricity, hydrogen can be 
stored relatively cheaply in underground caverns as a gas, which 
reduces the need for extensive spare capacity.

Hydrogen is a promising energy carrier proposed as a replace-
ment for current energy infrastructures in renewable energy sys-
tems [44, 45]. As a ‘sustainable energy carrier’, hydrogen is not 
depleted by continuous use, poses no environmental threats, 
produces no pollutants, and does not exacerbate health issues 
[46]. Hydrogen, the most abundant and lightest element, exists 
in compound form rather than as a free element in nature. It 
can be readily produced from water and conveniently stored and 
transported. It offers a high energy content per unit mass com-
pared to other fuels. However, as an energy carrier rather than 
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Figure 1.  Hydrogen production by source [20].
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a primary energy source, hydrogen is produced from a variety 
of sources, such as water, biomass, and fossil fuels. Although it 
has a gravimetric energy content two to three times greater than 
conventional fuels, its volumetric energy density is relatively low 
[47]. Hydrogen technology has numerous applications, such as 
hydrogen-powered industries, hydrogen villages, and hydrogen-
powered jet aircraft. It is suitable for all domestic energy needs 
and can be used for electricity generation. Hydrogen can be used 
to store energy as electricity with the assistance of fuel cells. 
Table 2 provides a summary of the key physical properties of 
hydrogen (H2) [48].

Hydrogen is increasingly being considered as a key component 
of future energy solutions due to its potential to meet energy de-
mands while reducing CO2 emissions. Unlike fossil fuels, which 
emit GHGs when burned, hydrogen produces clean energy with 
water as the only byproduct. Figure 3 compares the technologies 
associated with hydrogen and fossil fuels. Utilizing hydrogen from 
conventional sources in fuel cells can reduce carbon emissions by 
nearly 20%. Moreover, producing hydrogen from renewable en-
ergy sources can significantly reduce carbon emissions, poten-
tially reaching zero emissions [49]. Therefore, hydrogen can be a 
clean energy source, provided that the associated technologies 

Table 1.  Overview of funded hydrogen projects.

Company Financial 
support

Project location Key features Decarbonization 
sectors

Expected outcomes Ref.

HNH Energy $11 billion Magallanes 
region, Chile

Largest investment to reach 
environmental assessment 
in Chile; includes port 
infrastructure for ammonia 
exports

General green 
hydrogen and 
ammonia 
production

Annual production capacity 
increased from 850 000 to 
1.3 Mt of green ammonia

[29]

Catalina Green 
Hydrogen

€2.35 billion 
(first 
phase)

Near Andorra, 
northeastern 
Spain

500 MW phase to produce 
84 000 tons of green 
hydrogen annually. Includes 
504 MW onshore wind 
power, 571 MW solar power, 
300-ton hydrogen storage, 
and a 221-km H2 pipeline

Fertilizer 
production, 
local gas grid 
injection

Significant contribution 
to green hydrogen 
production. Entry into 
operation by December 
2027

[30]

MadoquaPower2X €1.1 billion Port of Sines, 
Portugal

Produce 50 000 tons of green 
hydrogen/year for local gas 
grid, and 300 000 tons of 
green ammonia for maritime 
transport and fertilizer 
production

Maritime 
transport, 
fertilizer 
production

Enhanced production 
capacity for green 
hydrogen and ammonia

[31]

Nordic Ren-Gas 
Lahti Plant

EUR 45 
million

Lahti, Finland Develop competitive green 
hydrogen production, 
leveraging sector integration 
and existing infrastructure

Renewable 
hydrogen 
production

Produce 122 000 tons of 
renewable hydrogen 
over the next 10 years, 
avoiding nearly 1 Mt of 
CO2 emissions

[32]

Shell €149 million Shell Refinery, 
Germany

100 MW green hydrogen 
project, producing 44 tons of 
H2 per day from 2027; driven 
by EU’s renewable hydrogen 
targets; complies with strict 
criteria for renewable H2

Refining 
transport 
fuels, potential 
supply to other 
industrial users

Displace grey H2 at Shell 
Energy and Chemicals 
Park Rheinland; 
contribute to renewable 
H2 goals

[33]

Electric Hydrogen $100 million Natick, MA, 
USA

Manufacturing and 
deployment of 100 MW 
electrolyser plants for 
lowest cost green hydrogen 
production

Steel, fertilizer, 
shipping, 
aviation

Enable gigawatt-scale 
electrolyser plants, 
supporting industry 
decarbonization

[34]

Lhyfe’s Renewable 
Hydrogen Plant

SEK 125.6 
million

Trelleborg, 
Sweden

Build a local renewable 
hydrogen production system 
with 10 MW electrolysis 
capacity to produce up to 4 
tons of green hydrogen per 
day

Transport, 
logistics, 
mobility

Support hydrogen refuelling 
stations and contribute to 
zero carbon emissions

[35]

Hydrogen 
Optimized Inc. 
(subsidiary of Key 
DH Technologies 
Inc.)

Over $3.5 
million

Owen Sound, 
Ontario

Automate and expand 
RuggedCell™ water 
electrolyser manufacturing 
capacity, increasing 
production 5-fold to 5000 
units/year, creating 50 full-
time jobs

Large-scale clean 
hydrogen 
production 
for major 
industrial 
applications

Enhance global clean 
hydrogen capacity, 
support industrial 
decarbonization, create 
high-quality jobs

[36]

Vireon (subsidiary 
of Norwegian 
Hydrogen)

€9.2 million Finland, 
Denmark

Construction of green 
hydrogen production and 
refuelling stations for heavy-
duty vehicles

Transportation 
network, 
heavy-duty 
vehicles

Transition to a decarbonized 
transportation network in 
Europe; establish a vital 
corridor for zero-emission 
heavy-duty vehicles

[37]
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are environmentally friendly. However, it cannot yet be regarded 
as a completely clean fuel because current hydrogen production 
methods and technologies remain largely conventional.

Hydrogen is increasingly being recognized as a promising al-
ternative to fossil fuels for several reasons. The primary reason 
is its environmentally friendly nature; using hydrogen has no 
adverse effects on the environment since burning it in the air 
produces only water as a byproduct. Additionally, hydrogen 
is easily portable; it can be transmitted in the form of energy 
through power lines or transported over long distances via pipe-
lines. Another advantage is its recyclability; as it oxidizes to form 
water, it can be separated back into its constituent elements 
to produce hydrogen again. Its cost-effectiveness relative to its 
energy density is also a significant factor, with hydrogen prices 
ranging from 0.8 to 4 USD/kg depending on technology and raw 
material costs [50]. According to the Hydrogen Council (2020) 
[50], hydrogen energy was extensively used in 2020 and has the 
potential to meet over 8% of the global energy demand at a cost 

of around 2.50 USD/kg. It is estimated that by 2030, the cost of 
producing hydrogen will decrease to about 1.80 USD/kg, poten-
tially addressing around 15% of the world’s energy demand. By 
2050, hydrogen supply and demand are expected to reach 10 
EJ annually, with demand projected to grow by approximately 
5%–10% per year. Hydrogen could potentially provide 18% of the 
world’s energy needs by 2050. Given its high energy density, low 
production costs, and minimal carbon emissions, hydrogen is 
poised to become a highly attractive option in the future energy 
landscape [51].

Another key factor is hydrogen’s versatility in storage, with 
a wide range of options available. While there are currently sig-
nificant challenges in achieving efficient hydrogen storage, these 
can be optimized through advancements in storage media in the 
near future. Additionally, hydrogen can be produced sustainably 
using abundant, clean water, making it a highly appealing option 
across various industries, including its use as a chemical fuel. 
Overall, hydrogen offers numerous advantages over fossil fuels, 
suggesting its potential as a future energy source [52].

The International Energy Agency (IEA) has highlighted the po-
tential of green hydrogen to reduce carbon emissions, though this 
will depend on overcoming key challenges such as infrastructure, 
safety, and production costs. Currently, conventional hydrogen 
production methods generate around 843 million metric tons of 
CO2 annually, which is equivalent to the combined emissions of 
the UK and Indonesia. The global demand for hydrogen is pro-
jected to increase from 70 to 120 Mt between 2019 and 2024. 
To address this demand and align with the United Nations sev-
enth SDG of ‘clean and affordable energy’, the development of 
hydrogen technologies is crucial [52, 53].

In this regard, the world’s largest green hydrogen plant is 
expected to be operational by 2025, with a capacity to produce 
237 250 tons of hydrogen per year. This facility will generate 
4 GW of renewable energy from solar and wind through elec-
trolysis, significantly advancing the shift toward sustainable en-
ergy [54].
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Figure 2.  Government RD&D expenditure on hydrogen technologies by region (2018–22) [28].

Table 2.  Properties of hydrogen (H2) under ambient conditions. 
Adapted from Sharma et al. [48].

Properties Value

Lower heating value 119.93 MJ/kg

Higher heating value 141.86 MJ/kg

Triple point −259.3°C at 0.07 bar

Critical point −240.2°C at 12.7 bar

Melting point −259°C

Boiling point −252.87°C

Volumetric density 0.08376 kg/m3

Energy density 10.05 MJ/m3

Molecular mass 2.01568 amu

Atomic mass 1.00784 amu

Atomic number 1
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2.1  Hydrogen cycle
Unlike oil, coal, and natural gas, hydrogen is not considered 
a primary fuel; rather, it serves as an energy carrier, similar to 
electricity. As a secondary form of energy, hydrogen is produced 
from fundamental energy sources. Advocates of the Hydrogen 
Economy argue that hydrogen offers a more environmentally 
friendly alternative for consumers, particularly in the transpor-
tation sector, as it does not emit harmful pollutants at the point 
of use.

Hydrogen production is initiated by green power plants that 
start the hydrogen cycle [55]. Renewable energy sources, such as 
hydropower plants, wind turbines, photovoltaic (PV) cells, geo-
thermal facilities, and biomass plants, are utilized to generate 
the necessary energy without producing nuclear waste or CO2 
emissions [56]. The use of hydrogen as an energy source involves 
three main phases: (i) production, (ii) storage, and (iii) utilization 
through combustion, as shown in Fig. 4, which forms the closed 
hydrogen cycle.

When derived from renewable energy sources, the hydrogen 
cycle operates as follows: renewable energy (e.g. solar, hydro, 
wind) is converted into electricity using PV cells or turbines. 
This electricity is then used to split water into hydrogen and 
oxygen, with the oxygen being released into the atmosphere. The 
hydrogen is subsequently stored, transported, and distributed. 
The cycle is completed when the stored hydrogen is recombined 
with oxygen from the atmosphere to produce electricity and heat, 
releasing water vapour back into the atmosphere.

2.2  Hydrogen as a decarbonization agent
Exploiting hydrogen as an energy carrier is critical to mitigating 
climate change through a decarbonized energy transition towards 
a zero-carbon economy. Herein, the dependency of global energy 
on fossil fuels contributed to CO2 emissions reaching 37.9 billion 
tons is causing the earth’s high temperature with unforesee-
able risks to human future [57]. Notwithstanding, the industrial 
(petrochemical, fertilizer, steel, cement) reliance on carbon-based 
energy for electricity, transportation, and heating also contrib-

utes to CO2 emissions [58, 59]. This has intensified the search for 
alternative energy sources to the Paris Agreement’s objective of 
achieving carbon neutrality by 2050 [60]. In this context, many 
countries have prioritized producing and deploying hydrogen 
strategies as a roadmap for decarbonization and a sustainable 
environment [59, 61, 62]. However, the demand and supply of 
hydrogen as an energy alternative to carbon-based fuels (fossil, 
coal, natural gas, and oil) must be balanced, as these contribute 
over 85% of global energy [62]. As shown in Fig. 5, some of the 
hydrogen production technologies and their future energy mix 
applications must be capacitated to meet the carbon-neutral by 
2050 [57]. For instance, green hydrogen has a high market value 
in a 100% renewable energy future with intrinsic versatility as 
a chemical and non-emissive energy transport [60]. This is be-
cause its sustainable development and energy conversion can be 
generated from renewable sources via water electrolysis without 
greenhouse gas emissions [57, 62].

3.  Hydrogen production methods
Due to its abundance, hydrogen (H2) is present in a variety of 
natural substances (e.g. in freshwater and seawater, fossil fuels 
hydrogen sulphide, and biomass). When extracting H2 from 
sources such as CO2 or fossil fuels, it is essential to remove pollu-
tants through processes like capture or sequestration to produce 
H2 with minimal or no environmental impact, often referred to 
as "green" hydrogen. Consequently, sustainable production [64] 
would be possible by utilizing the potential of feedstocks and en-
ergy sources such as renewable biomass, wind, and solar energy 
in addition to non-renewable fossil fuels. As shown in Fig. 6, H2 
can be produced by various processes; currently, the majority of 
H2 is produced from fossil fuels [65].

3.1 Thermochemical processes
To produce H2 gas, hydrocarbons or water are used in thermo-
chemical processes to catalyse chemical reactions that release 
H2 gas [3]. This process has the advantage of a higher overall  
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efficiency (thermal to hydrogen) of η ~ 52% and lower produc-
tion costs [4]. Lignocellulosic biomass can be converted into H2 
via thermochemical processes (steam gasification and pyrolysis) 
[5]. Natural gas/steam reforming is the most widely used thermo-
chemical process to produce H2 [3].

3.1.1  Natural gas/steam reforming
As shown in Fig. 6, the most popular and cost-effective method 
of producing H2 is steam reforming. In this method, natural gas 
is purified, mixed with steam, and then passed through an exter-
nally heated reactor. The result is carbon monoxide and hydrogen 
gas, as shown in Equation (1). Subsequently, CO and H2O are con-
verted to H2 and CO2 by a catalytic water–gas shift reaction, as 
shown in Equation (2). The H2 gas is then refined. In large quan-
tities (e.g. 100 000 tons annually), yields of over 80% can be 
obtained with this method [66]. More compact steam reformers 
generally have a lower efficiency (especially for small fuel cells).

CH4 + H2O → CO+ 3H2� (1)

CO+ H2O → H2 + CO2� (2)
A major drawback of steam reforming methods is that, in add-
ition to generating H2, they also discharge significant amounts of 
CO2 emissions into the atmosphere. This is due to the fact that 
the processes use fossil fuels for both the heat source and the 
production process. The block flow diagram of a simple SMR plant 
for the production of H2 is illustrated in Fig. 7 [22].

3.1.1.1  Reaction mechanisms of steam reforming

The catalysts, particularly the active metal and type of support, 
play a critical role in influencing the steam reforming reaction 
mechanism. Previous research on methane steam reforming 
kinetics was based on the assumption of methane adsorption. 
Khomenko et al. applied the quasi-steady-state approximation 
using the Temkin identity to bypass the rate-determining step. This 
approach successfully led to the development of a rate expression 
applicable within the 470°C–700°C temperature range [67].

r =
k · PCH4 · PH2O

Å
1−

PCOP
3
H2

KeqPCH4PH2O

ã

f (PH2O, PH2)
(
1+

KH2O
PH2O

PH2

)
� (3)
where, Keq represents the equilibrium constant for the overall re-
action, and f (PH2O, PH2) is a polynomial function of PH2, and PH2O.

One of the earliest rate expressions based on a detailed re-
action mechanism was proposed by Xu and Froment [68]. They 
investigated the kinetic and mechanistic aspects using a Ni/
MgAl2O4 catalyst and developed the following mechanism:

s1: CH4 + S = CH4 · S

s2: H2O+ S = CH4 · S

s3: CO · S = CO+ S

s4: CO2 · S = CO2 + S

s5: H · S+ H · S = H2 · S+ S

s6: H2 · S = H2 · S+ S

s7: CH4 · S+ S = CH3 · S+ H · S

s8: CH3 · S+ S = CH2 · S+ H · S

s9: CH2 + O · S = CH2O · S+ S

s10: CH2O · S+ S = CHO · S+ H · S

s11: CHO · S+ S = CO · S+ H · S (rate determining step)

s12: CHO · S+ O · S = CO2 · S+ H · S (rate determining step)

s13: CO · S+ O · S = CO2 · S+ S (rate determining step)

Where S represents the surface catalyst. The rate equations de-
rived from the rate-determining steps correspond to the reaction 
CH4 + H2O = 3H2 + CO.

r1 =
k1
P2.5H2

Ç
PCH4 · PH2O −

P3H2
PCO
K1

å
/(DEN)

2

� (4)
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Figure 4.  The hydrogen cycle. Adapted from Sharma et al. [48].
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For CO + H2O = H2 + CO2

r2 =
k2
PH2

Å
PCOPH2O − PH2PCO

k1

ã
/(DEN)

2

� (5)
For CH4 + 2H2O = 4H2 + CO2

r3 =
k3
P3.5H2

Ç
PCH4P

2H2o−
P4H2

PCO2

K3

å
/(DEN)

2

� (6)

DEN = 1+ KCOPCO + KH2PH2 + KCH4PCH4 + KH2OPH2O/PH2

Several research groups have built upon the work of Xu and 
Froment, proposing their own mechanisms. Rostrup-Nielsen et 
al., for example, introduced a similar model [69, 70]:

s1: CH4 + 2 · S = CH3 · S+ H · S

s2: CH3 · S+ S = CH2 · S+ H · S

s3: CH2 · S+ S = CH · S+ H · S

s4: H2 + 2 · S = 2H · S

In this case, S denotes a catalyst surface site. A more intricate 
mechanism is described in Compton’s book for methane re-
forming with steam on a nickel surface. Here, S represents the 
catalyst surface, and the final two steps, 5 and 6, are in equilib-
rium, denoted by the symbol ≈ [70].

s1: CH4 + S = S · CH2 + H2

s2: S · CH2 + H2O = S · CHOH+ H2

s3: S · CHOH = S · CO+ H2

s4: S · CO = S+ CO

s5: S+ H2O ≈ S · O+ H2

s6: S · O+ CO ≈ S+ CO2

Another mechanism was proposed by Wei and Iglesia [71], who 
studied the reactions of CH4 with CO2 and H2O on Rh clusters. 
Their findings showed that the reaction rates were proportional 
to the partial pressure of CH4 but independent of CO2 and H2O 
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pressures, leading to the conclusion that C–H bond activation 
steps were the sole kinetically relevant processes. They observed 
that the Rh surface could be uncovered by reactive intermedi-
ates due to the rapid activation of co-reactants and the scaven-
ging of chemisorbed carbon intermediates during CH4 activation. 
Additionally, the activation of C–H bonds was found to be irre-
versible, and the recombinative desorption of H atoms with OH 
groups resulted in the formation of H2 or H2O.

s1: CH4 + 2 · S → CH3 · S+ H · S (rate determining step)

s2: CH3 · S+ S → CH2 · S+ H · S

s3: CH2 · S+ S → CH · S+ H · S

s4: CH · S+ S → CS+ H · S

s4: CH · S+ S → CS+ H · S

s5: CO2 + 2 · S ↔ CO · S+ O · S

s6: CS+ O · S ↔ CO · S+ O · S

s7: CO · S ↔ CO+ S

s8: H · S+ H · S ↔ H2 · S+ S

s9: H · S+ O · S ↔ OH · S+ S

s10: OH · S+ H · S ↔ H2O · S+ S

s11: H2O · S ↔ H2O+ S

Comparing the mechanisms proposed by Wei and Iglesia [71] and 
Xu and Froment [68] reveals key differences. In Xu and Froment’s 
[68] mechanism, the reactions of carbon intermediates with oxygen 
are the rate-determining steps, highlighting the significant role of 
oxygen in reaction kinetics. This underscores the importance of 
oxygen-conducting supports, such as ceria. In contrast, Wei and 
Iglesia’s [71] mechanism suggests that the overall reaction kinetics 
are governed by the metal’s reactivity towards C–H bond cleavage.

3.1.2  Biomass gasification
Biomass gasification involves the burning of biomass under re-
stricted air conditions to produce CO2, H2, CH3, CO, N2, and steam 
(Fig. 8). Combustible gas-containing char, tars, and ash particles 
are also produced, which are represented in Equations (7) and (8) 
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[5]. Compared to combustion, gasification is a much cleaner con-
version process because syngas is produced instead of burning 
fuel, which prevents the emission of numerous pollutants, such 
as NOx, SOx, and other particles that are produced at higher tem-
peratures than normal gasification [6].

Biomass+Air → H2 + CO2 + CO+N2 + CH4 + other CHs + tar+ H2O+ char
� (7)

Biomass+ Steam → H2 + CO+ CO2 + CH4 + other CHs + tar+ char
� (8)

Studies have shown that biomass gasification using steam can 
yield an average hydrogen composition of 40%, with a gas heating 
value ranging from 10 to 18 MJ/Nm³ [72, 73]. This is comparable 
to oxygen gasification, which also produces an average hydrogen 
composition of 40% but with a higher heating value (HHV) range 
of 12–28 MJ/Nm³. In contrast, air gasification generates a lower 
hydrogen composition, averaging 15%, with a gas heating value 
of only 4–7 MJ/Nm³ [74–76]. Figure 9 illustrates the overall steam 
gasification reaction of biomass.

3.1.3  Biomass-derived liquid reforming
Similar to natural gas reforming, this process utilizes liquids 
from biomass resources, such as C2H6O and bio-oils reformed to 
produce H2. Liquids derived from biomass can be produced semi-
centrally or even distributed to fuelling stations as they are easier 
to transport than their biomass feedstocks. Given the difficulties 
of storing and transporting H2, this process is a promising techno-
logical route in the medium term.

When biomass-derived liquids are reformed to H2, the high-
temperature reaction of the liquid fuel with water vapour in the 
presence of a catalyst produces a reformate gas consisting mainly 
of H2, CO, and a small amount of CO2. Through a process known 
as ‘water–gas shift reaction’, high temperature steam and CO 

(produced in the first step) react to produce more H2 and CO2. The 
H2 is finally extracted and refined.

The steam reforming of biomass feedstocks using the different 
materials listed in Table 3 has become the subject of recent re-
search progress. These developments aim to further improve the 
process as the primary method of producing renewable H2, which 
is considered the optimal choice for the world’s energy future [85–
88]. Thermodynamic studies have shown that steam reforming of 
biomass-derived raw materials at temperatures above 400°C can 
produce H2 gas. In addition, several studies have shown that the 
H2 yield is increased by increasing the temperature and steam 
content of the reforming process and drastically reduced by high 
pressure [85, 89–91]. The use of inexpensive Ni-based catalysts is 
also common in this process [89, 92, 93].

3.1.4  Solar thermochemical hydrogen
Solar thermochemical hydrogen (STCH) production has been in-
vestigated as a possible alternative fuel source [94]. The method 
usually consists of two stages and produces H2 gas by utilizing 
metal oxide materials and concentrated solar energy to split 
water [95, 96]. The first stage of a standard STCH cycle involves 
the thermal reduction of the metal oxide in an inert atmosphere 
at temperatures above 1200°C using a concentrated solar thermal 
flux [97]. This reduction process creates oxygen gaps in the metal 
oxide and releases O2 gas. In the second phase of re-oxidation, H2 
gas is formed from H2O and oxygen-deficient metal oxides. This 
process takes place at a lower temperature and in the presence of 
steam. This process also regenerates the metal oxide required for 
the subsequent water-splitting cycles.

STCH, which is primarily fuelled by heat, has a number of signifi-
cant advantages over water electrolysis, which uses renewable elec-
tricity. For example, STCH is able to utilize the entire solar spectrum. 
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In addition, STCH thermal energy storage systems are economical 
and can compensate for the fluctuations observed with renewable 
energy sources [98]. The drawbacks of current STCH systems [99–
101] include the decomposition of the redox material, the high cost, 
and the low efficiency of converting heat into hydrogen. Figure 10 
illustrates the material cycles that take place at a thermal reduc-
tion temperature of TTR for a solar thermochemical reduction process 
and at an oxidation temperature of TOX for water splitting. Through 
the feedback of heat between hot and cold particles, a STCH process 
is able to conserve energy and increase its overall efficiency. An ad-
vantageous configuration for the chemical reduction of metal oxide 
involves a receiver reactor that directly absorbs solar radiation. The 
chemical processes require a solar receiver reactor with high thermal 
efficiency and the ability to operate at high temperatures. Although a 
planar receiver configuration is optimal for this goal, a specific STCH 
material and process will be associated with a specific design.

3.2  Electrolytic processes
Water electrolysis is a well-established and widely used technology 
for producing high-purity hydrogen. There are several processes 
for water electrolysis, ranging from the mature alkaline systems 
to more advanced methods like proton exchange membrane (PEM) 
electrolysis. Alkaline water electrolysis, the conventional method, 
has been a reliable technology for decades with efficiencies typic-
ally ranging from 70% to 80% (based on HHV). Ongoing efforts aim 
to enhance its efficiency by increasing the operating temperature 
or using pressurized electrolysers. Currently, the investment cost 
for alkaline electrolysis is approximately 500 USD/kW [63, 103]. 
Although the cost of hydrogen production through alkaline elec-
trolysis is higher than SMR, their efficiencies are comparable.

PEM electrolysis, which uses a solid polymer membrane as the 
electrolyte instead of an alkaline solution, is gaining attention for 
its potential to significantly reduce system volume. However, its 

investment cost is currently over 1000 USD/kW [103, 104], largely 
due to the high cost of components, which remains a major draw-
back. Besides the substantial capital investment, the electricity 
required for electrolysis is a key cost driver, making water elec-
trolysis the most expensive method for hydrogen production 
among current commercial processes. Consequently, electrolysis 
is primarily used in small-scale plants.

Renewable energy sources, such as wind, PV systems, solar 
thermal, and hydropower, are efficient providers of the electricity 
needed for water electrolysis. Although hydrogen produced from 
renewable-based electricity is currently more expensive than 
other methods, it is highly desirable due to its purity and its role 
as a clean energy carrier. In the long term, producing hydrogen 
from renewable energy sources will be essential to reduce fossil 
fuel consumption and minimize greenhouse gas emissions.

Water electrolysis powered by renewable energy generates 
only hydrogen and oxygen, completely avoiding CO2 emissions. 
As large-scale hydrogen production from renewable sources 
becomes more common in the future, significant quantities of 
byproduct oxygen will also be generated. In the electrolysis pro-
cess, when direct current (DC) electricity is applied between two 
electrodes (the anode and cathode) submerged in water, hydrogen 
is produced at the negatively charged cathode, and oxygen is pro-
duced at the positively charged anode, as illustrated in Fig. 11.

2H2O → 2H2 + O2� (9)

•	 PEM

Anode:

2H2O → O2 + 4H+ + 4e−� (10)
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Cathode:

4H+ + 4e− → 2H2� (11)

•	 Alkaline and SOEC:

Anode:

4OH− → O2 + 2H2O+ 4e−� (12)

Cathode:

2H2O+ 2e− → 2OH− + H2� (13)

For example, 5000 kWh of electricity can generate 1000 Nm³ of 
hydrogen and 500 Nm³ of oxygen when the electrolysis efficiency is 
71%. By fully utilizing the byproduct oxygen, electricity consump-
tion is reduced to 4750 kWh, increasing the electrolysis efficiency 
to 76%. This improvement occurs because 250 kWh of electricity 
would otherwise be needed to produce 500 Nm³ of oxygen via 
cryogenic air separation. While electrolysis is not a competitive 
method for oxygen production, the byproduct oxygen could en-
hance the viability of PEM electrolysis for hydrogen production.

There are a number of challenges that need to be solved when 
producing hydrogen by water electrolysis. The energy consump-
tion of water electrolysis is significantly higher than that of 
other technologies. The key challenge in water electrolysis is the 

Table 3.  Production of H2 via steam reformation of various biomass-derived feedstocks.

Feedstock Catalyst Reactor and process 
parameters

Challenges Products Key findings Ref.

Biogas Ni-based 
catalysts

Tubular reformer, 700–
850°C, 2–5 steam-to-
carbon ratio

High energy 
requirements due to 
endothermic reactions

H2, CO2, CO Selective removal of CO2 or H2 
can help overcome equilibrium 
limitations at lower temperatures

[79]

Liquid 
biomass 
wastes

Various 
(e.g. Ni, 
Co)

Fluidized-bed reactor, 
650–850°C, 3:1 steam-
to-carbon ratio

Moisture content 
impacts efficiency

H2, CO2, CO Effective bio-hydrogen production 
from liquid biomass

[80]

Biodiesel 
feedstock

Ni/Ca–Al 
and Ni/
Ce–Zr

Fixed-bed reactor, 
600–800°C, 3:1 steam-
to-carbon ratio

High operational costs 
for catalyst materials

H2, CO Good hydrogen yield (91% and 
94% respectively), and economic 
feasibility

[81]

Agricultural 
biomass 
wastes

Ni and Co 
catalysts

Batch reactor, 500–
700°C, 1:2 steam-to-
carbon ratio

Variability in feedstock 
composition

H2, CO, biochar Significant hydrogen and syngas 
production observed

[82]

Biomass tar Ni-based 
catalysts

Fixed-bed reactor, 
600–800°C, 2:1 steam-
to-carbon ratio

Tar composition 
complexity affects 
reactions

CH4, CO2, H2 Efficient conversion to hydrogen-
rich gas

[83]

Food waste Ni-based 
catalysts

Tubular reformer, 700–
850°C, 2–5 steam-to-
carbon ratio

Carbon deposition at 
low steam/carbon 
ratios

H2, CO2, CO Energy efficiency of 89% can be 
achieved

[79]

Biomass-
derived 
oxygenates

Ni-based 
catalysts

Fluidized-bed reactor, 
600–900°C, 3:1 steam-
to-carbon ratio

Efficient separation and 
purification required

H2, light 
hydrocarbons

Low-emission hydrogen generation 
potential

[84]
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cost-effective production of hydrogen at a certain cost (EUR/kW) 
that is consistent with demand and tax criteria [105]. Electrolysis 
processes are considered less attractive when production costs 
are taken into account [106]. The main objective of the commer-
cialization of hydrogen production by electrolysis is to reduce in-
vestment and operating costs for both alkaline water electrolysis 
and PEM. Therefore, in recent years, there has been a great deal 
of interest in the application of an innovative principle, such as 
solid oxide electrolysers (SOEs). The most expensive aspect of 
electrolysis is that the energy required for the process is provided 
by heat and not electricity. Currently, SOEs are in the research and 
development phase, and there is still much work to be done to 
improve their efficiency and longevity [107].

3.3  Direct solar water-splitting processes
Through the use of solar energy, water can be split directly into 
H2 gas without going through the intermediate electrolysis step. 
This process is known as direct solar water splitting. The method 
of water splitting, in which water is split into pure and clean H2 
fuel, has proven to be a promising energy technology. As one of 
the green fuels, this H2 fuel can be used for a variety of purposes. 
In order to ensure the commercial viability of this technology, 
different materials have been used consistently in this field. So 
far, metal oxides have emerged as an important group among 
the various materials. However, due to their limited stability in 
aqueous media, insufficient charge separation and transport, low 
light absorption in the visible spectrum, and other drawbacks, the 
application of bare metal oxides is limited to a certain extent. 
The use of engineered metal oxides has helped to overcome these 
challenges and improve the performance of water splitting. In a 
study by Galán-González et al. [108], a photoanode was fabricated 
from co-doped ZnO nanorods and then coated with ZIF-8 metal–
organic frameworks (MOFs) to increase the efficiency of water 
splitting. In the present study, it was observed that the bare ZnO 
technique overcame its retarded properties, facilitating the trans-
port and observation of the redshift. Compared to the bare ZnO 
(about 35% at 350 nm), the incident photon-to-current efficiency 
(IPCE) of the modified ZnO (75% at 350 nm) was almost twice as 
high, leading to an overall improvement in water splitting effi-
ciency.

As a promising method for the direct conversion and storage 
of solar energy into chemical energy, photocatalytic water split-
ting into H2 and O2 has been intensively studied in the fields of 

artificial photosynthesis and solar hydrogen technologies. Since 
the discovery of the Honda–Fujishima effect [109], TiO2 semi-
conductor photoanodes have been widely used for water split-
ting, providing a low-cost route to H2 production. A variety of 
photoanodes and powdered photocatalysts have been explored 
[110, 111], with oxide semiconductors receiving particular atten-
tion due to their ease of preparation via calcination in air and 
their stability in the O2 evolution reaction.

Figure 12 illustrates the reaction mechanisms for water split-
ting into H2 and O2 in both photocatalyst and photoanode sys-
tems. In n-type semiconductor photoanodes, O2 has evolved 
at the photoanode, while H2 is produced at the metal cathode. 
An external bias is typically applied between the electrodes 
to provide additional potential for the reaction. In powdered 
photocatalyst systems, a cocatalyst is often loaded onto the semi-
conductor surface to enhance reaction rates. Since both oxidation 
and reduction reactions occur on small semiconductor particles, 
photocatalytic reactors can be simplified and easily scaled up for 
large-scale applications. The reaction mechanisms depicted in 
Fig. 1 resemble the photoexcitation processes seen in semicon-
ductor PVs, offering high theoretical solar energy conversion effi-
ciencies of up to 30% [113, 114].

3.3.1  Photoelectrochemical process
Photoelectrochemical (PEC) water splitting is a process based on 
solar radiation that produces H2 from water. It is an additional 
method to supply water-splitting systems with electrolyte for 
the conversion of light into H2. The scalability and suitability of 
the method, as well as the direct utilization of sunlight, a renew-
able resource, are all advantages of producing H2 gas in this way. 
However, the disadvantages of the method are the sub-optimal 
efficiency, the irregularity of the solar energy, and the difficulties 
in obtaining stable photoelectrodes.

Kelly et al. [115] utilized two inexpensive and uncomplicated 
PEC reactors to split solar water to produce H2. Increased solar 
irradiation can potentially contribute to a cost reduction for the 
entire H2 production system. The anode and cathode chambers 
are connected to the negative and positive terminals of the PV 
module, respectively. The PV module generates electricity when 
exposed to sunlight. This current then enables a chemical reac-
tion that leads to the formation of hydrogen at the cathode and 
oxygen at the anode of the system. The PV electrolysis system 
developed in the experiment by Jia et al. [116] was the most  

Electrolysis
Modules

O2/H2O
Separator

H2/H2O
Separator

Converter

DeionizerWater

AC DC

H2

O2
Electrical

Power
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efficient solar-to-hydrogen (STH) system to date. Two PEMs were 
connected in series with a high-efficiency triple-junction solar 
cell to form the system. Over the course of 48 hours, this system 
produced H2 with an average STH efficiency of 30%. An advan-

tage of this system is its cost-effectiveness and high efficiency. 
However, the output of the PV cell is reduced by optical losses in 
the lenses or mirrors that focus the incident sunlight. Figure 13 
illustrates a PEC energy conversion system.

3.3.2  Photobiological
H2 production via photobiology is a desirable substitute for 
photoautotrophic organisms that produce H2 from light and 
water (Fig. 14). This method is crucial and the most efficient to 
avoid the use of fossil fuels [118–120]. Photobiological H2 produc-
tion is renewable and sustainable as it utilizes naturally occurring 
CO2 gas to produce O2 and biomass. Green algae, sulphur-free 
purple bacteria, dark fermentative bacteria, and cyanobacteria 
are some of the microorganisms used to produce biohydrogen. 
When sunlight interacts with photosynthesis, nicotinamide ad-
enine dinucleotide phosphate (NADPH) and adenosine triphos-
phate (ATP) are produced, which serve as a reducing agent and 
energy source, respectively. Organic compounds are synthesized 
in the absence of light using CO2 and H2O. Photobiological H2 pro-
duction can be achieved by two different mechanisms: (i) direct 
photobiological H2 production, which involves the storage of 
carbohydrates or glycogen and the direct generation of H2 gas 
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by hydrogenase activity, without the need for intermediate mol-
ecules such as carbohydrates; and (ii) indirect photobiological 
production of H2 involving glycogen or stored carbohydrates [121, 
122]. Photochemical hydrogen H2 production by microalgae re-
quires the use of electron-donating substances to donate e−.

3.4  Biological processes
Biological processes for the production of H2 are considered re-
newable and ecologically sustainable. They enable the produc-
tion of carbon-neutral and renewable hydrogen. Alternative 
methods of producing H2 through photofermentation or fermen-
tation of biomass are presented with obstacles, including reduced 
yield and increased reactor volume requirements. However, bio-
logical waste is abundant and inexpensive, which is an advantage 
in terms of raw materials. Photofermentation uses nitrogenases 
as catalysts to convert biomass into H2 in a low-nitrogen medium 
using solar energy. However, the production of biohydrogen using 
this method is subject to several limitations, including lower solar 
conversion efficiency, dependence on an adequate supply of ATP, 
and lower H2 production. Equation 14 represents the overall pro-
cess underlying the photoproduction of H2 from glucose [84].

C6H12O6 + 12H2O ↔ 6CO2 + 12H2� (14)
In this context, biohydrogen production (BHP) using bacteria is 
widely regarded as an economical and sustainable method for 
hydrogen generation. BHP is an environmentally friendly process 
that operates under mild conditions and relies on renewable re-

sources [123]. Various microorganisms, including photosynthetic 
bacteria, cyanobacteria, algae, and fermentative bacteria, are 
commonly used in BHP (Fig. 13). Chemoheterotrophic species 
such as Enterobacter and Clostridium participate in dark fermen-
tation, a light-independent anaerobic process. In this process, 
hydrogen is produced through the anaerobic fermentation of 
carbohydrates or other organic substrates, where electrons gen-
erated during substrate catabolism are captured by protons, re-
sulting in hydrogen formation. Additionally, photofermentation, a 
light-dependent process, also produces hydrogen. This process in-
volves non-oxygenic photosynthetic bacteria, such as purple non-
sulphur and green sulphur bacteria. Unlike dark fermentation, 
which uses carbohydrates, photofermentation utilizes alternative 
reduced compounds like organic acids and hydrogen sulphide 
as electron donors. A third approach, biophotolysis, is unique to 
photoautotrophic organisms. Green algae and cyanobacteria ex-
hibit the highest potential for hydrogen production through this 
mechanism (Fig. 15).

Processes such as biophotolysis, photofermentation, and 
dark fermentation are key BHP methods that have been exten-
sively studied to reduce costs. Previous studies focusing on these 
methods demonstrate that axenic cultures of the oxygenic photo-
trophic bacteria Synechococcus sp. OU 103 and S. cedrorum are cap-
able of producing hydrogen with high yields. In these experiments, 
malate was used as the electron donor for Synechococcus sp. OU 
103, while sulphide was used for S. cedrorum [124]. Additionally, 
Rhodobacter species have been widely investigated for their ability 
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to produce photobiological hydrogen, showing significant poten-
tial for high hydrogen yields [77, 125].

3.5  Microbial biomass conversion
Microbial biomass conversion is a novel and potentially prom-
ising approach to produce hydrogen through the catalytic activity 
of microorganisms. Initially, in 2005, Kadier et al. [78] reported 
their observations on the efficiency of electrolysis in microbial 
biomass conversion. In this process, active bacteria are assisted in 
releasing CO2, electrons, and protons from organic material to the 
cathode via an external wire, as shown in Fig. 16. When protons 
cross the membrane of the solution without O2, H2 is produced 
(cathode). Although the energy input for this process is relatively 
low (0.2–0.8 V) compared to conventional water electrolysis (1.23–
1.8 V), a significantly higher yield of H2 is achieved, ranging from 

80% to 100% [126]. The reactions that take place in both chambers 
when acetate is used as a substrate in microbial electrolysis are 
described as follows:

C2H4O2 + 2H2O → 2CO2 + 8e− + 8H+
� (15)

8e− + 8H+ → 4H2� (16)

4.  Hydrogen storage types and 
comparisons
Hydrogen storage is a critical factor to take into account during 
the transition to a hydrogen-based economy. Analogous to trad-
itional and renewable energy sources like solar and wind, prob-
lems with real-time utilization in a wide range of functionalities, 
geographical restrictions over hydrogen gas production and dis-
tribution, and inertness of the storage medium have presented 
prospects for investigation into hydrogen storage technologies. 
The storage of hydrogen gas can be broadly grouped into two 
major forms: physical storage, which involves storing hydrogen 
in physical structures, and chemical storage, which involves the 
storage of hydrogen based on chemical reactions [127], as shown 
in Fig. 17. A comparative analysis of these technologies is essen-
tial to understand their capabilities and limitations in practical 
applications.

The energy density of fuels has a significant impact on their 
storage methods. Hydrogen fuel has significant advantages over 
other energy sources owing to its high gravimetric energy density 
(120 MJ/kg), which is substantially higher than that of conven-
tional fuels, such as gasoline (44 MJ/kg) and methane (56 MJ/kg). 
This means that increasing the mass of hydrogen results in a 
proportional increase in the energy content. However, hydrogen 
has a lower volumetric energy density compared to other fuels, 
necessitating a much larger storage volume to achieve energy 
equivalency with gasoline, complicating logistics and infrastruc-
ture requirements. Therefore, effective usage of hydrogen as a 
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greener fuel replacement requires a balance between gravimetric 
and volumetric energy densities, a balance between hydrogen 
production, storage, and transportation procedures with safety as 
a major determinant.

Also, the safety of hydrogen fuel and the management of as-
sociated risks are paramount to selecting a storage method and 
the overall adoption of hydrogen fuel. As a highly reactive and 
diffusive (light weight) fuel, hydrogen is an extremely flammable 
gas with a flammability range of 71% (lower flammability limit: 
4% and upper flammability limit: 75%) under ambient conditions. 
Therefore, special procedures and equipment are imperative for 
safe production, storage, transportation, and utilization to pre-
vent leaks and minimize risks [128]. Addressing these concerns 
is crucial for the successful deployment of hydrogen as a greener 
fuel. Additionally, a thorough evaluation of environmental im-
pacts and distribution considerations is essential to inform 
storage method choices.

This section explores conventional hydrogen gas storage 
technologies, examining their associated challenges and recent 
advancements aimed at achieving higher hydrogen density ac-
cumulation. It will include a comparative analysis of the cost, 
efficiency, scalability, and environmental impact of these tech-
nologies. Notably, innovative solutions, such as the use of MOFs, 
liquid organic hydrogen carriers (LOHCs), and advanced ma-
terials based on nanotechnology and machine learning, will be 
discussed, highlighting their potential to overcome current chal-
lenges in the hydrogen storage landscape and transition towards 
a sustainable economy.

4.1  Gas storage
The most conventional and popular method is storing it in its 
natural state (gas), typically under high pressure via compres-

sion. Compressed gaseous hydrogen (CGH2) is usually kept in cy-
linders whose construct varies from the conventional metallic 
containers (Type I) with a maximum pressure of 20 MPa (~3000 
psi) to composite (resin and fibre) containers with a maximum 
pressure of ~80 MPa (~10 000 psi) [129–131]. This was a major im-
provement from the initial 12 MPa (~1800 psi) that was originally 
used in wrought iron pressure vessels in 19th-century military 
vehicles [130]. The principle behind the storage of compressed 
hydrogen gas and the gradual change in the nature of the ves-
sels is energy density. As the pressure increases, the volumetric 
energy density of hydrogen in the vessel increases and reaches 
a maximum, as shown in Fig. 18, while the gravimetric energy 
density decreases with the pressure increase [129]. Hence, in 
compressed systems, it is important to create a balance between 
the gravimetric and volumetric densities. The use of compressed 
hydrogen is limited by factors such as the volume of the vessel, 
as higher energy densities would require larger vessels, which 
would not be practicable in vehicles and as transportation fuels. 
Furthermore, although recent Type III and IV containers have 
been created which are resilient, lightweight, and more suited 
for vehicular and fuel cell-powered transportation where weight 
and space are an important consideration [16], they are, however, 
more expensive than Types I and II and hence limited by produc-
tion costs. In general, pressurized vessels will always possess add-
itional safety risks, such as a maximum pressure capacity and 
rupture or leakages.

Additionally, hydrogen can be stored in gaseous form but 
under relatively low cryogenic temperatures and pressures, as 
shown in Fig. 18. The cryogenic gaseous hydrogen (CcH2) pro-
duction process refers to all treatments carried out under rela-
tively low temperatures (–252.77°C to −40°C) depending on the 
operating pressure (13–880 bar). This specialized storage form is 
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especially utilized for rocket propulsion fuels as a result of its 
uniquely higher energy density, i.e. double the hydrogen energy 
density maximum for CGH2 at approximately half the pressure.

A more recent way of storing hydrogen in its gaseous form 
is the use of subsurface and depleted reservoirs, also known 
as underground hydrogen storage (UHS) [132]. This technology 
has been proposed for large-scale (GWh to TWh), medium and 
long-term storage (i.e. days to years) (Fig. 19) and is rapidly gaining 
attention and research in various countries, including Poland 
[134], Germany [135], Spain [136], Canada [137], the UK and the 
USA [133], and China [138]. Although this technology is still in its 
exploratory stage for widespread adoption, several UHS forma-
tions have been suggested, including salt formations (caverns), 
depleted oil and gas reservoirs, mining caverns, and aquifers. UHS 
in salt formation is the oldest subsurface technology adopted in 
the UK, i.e. Teesside, in 1972 by Sabim Petroleum, and the USA, i.e. 
Clemens, in 1982 by Conoco Philips [139], and was used because 
of its hydrogen-favourable properties such as low permeability 
and porosity, absence of water, and natural viscoplastic behaviour 
[134]. UHS in depleted reservoirs is the most attractive physical 
structure because of already-established oil and gas technology, 
which is the same as that for hydrogen storage. Additional bene-
fits of UHS include the relatively cheap cost of adoption and usage 
and the availability of well-recognized underground formations. 
Challenges associated with the use of UHS include chemical reac-
tions with other compounds such as hydrocarbons (e.g. CH4 and 
H₂S) in depleted reservoirs, limited storage flexibility, and a lack 
of extensive experience with pure hydrogen storage. Additionally, 
the presence of microbial activity, such as hydrogenotrophs 
and methanotrophs, along with complex interactions between 
fluids and rock formations, further complicates its implementa-
tion [140]. Finally, the method for injecting hydrogen requires fur-
ther thorough research [139].

Despite the advances made in the storage of gaseous hydrogen 
ranging from Type I to Type IV, with each succeeding vessel type 
being an improvement on the preceding vessel, several demerits 
still laden the adoption of hydrogen storage in gaseous form, 
opening avenues for improvement. Firstly, the compression pro-

cess in bottling gaseous hydrogen is relatively energy intensive 
and slightly more complex, compared to the compression of 
other gaseous fuels like methane and other hydrocarbons [141]. 
According to Makridis [142], hydrogen gas deviates significantly 
from the ideal gas equation (PV = nRT) but this is accounted for 
by a compressibility factor of 1.2 (i.e. Z = 1.2 in PV = nZRT) at 
standard temperature and pressure of 300 bar as shown in the 
compressibility chart in Makridis’ study [142]. This indicates that 
120 kg of hydrogen gas would occupy the vessel, even though it 
was originally calculated to hold 100 kg of hydrogen gas based 
on the ideal gas equation [141]. Furthermore, the compression 
energy requirement and mass density attainment for hydrogen 
are non-linear compared to popular methane gas. Numerically, 
hydrogen gas requires about 23 MJ/kg to reach 800 bars in order 
to compress about 40 kg/m3 of the gas, while methane requires 
about 2.5 MJ/kg to reach the same 800 bar and would compress 
about 315 kg/m3 of the gas [142, 143]. This challenge highlights 
the need for continued exploration into more energy-efficient and 
by extension, cost-effective compression and storage techniques 
compared to alternative energies, alongside advancements in 
vessel design, which could potentially mitigate the existing en-
ergy demands, improve the practicality of hydrogen storage 
systems, and the final adoption by regulatory bodies [142, 144]. 
Alternatively, solid and liquid hydrogen storage are promising al-
ternatives that can be integrated into hydrogen energy adoption.

Additionally, the safety of gaseous hydrogen storage is an-
other major concern, due to its high combustibility with risks 
of deflagration-to-detonation transition (DDT) in the presence 
of air [145], necessitating robust storage systems safety meas-
ures. Particularly, safety during transportation and filling, release, 
and refilling mechanisms are a key consideration for hydrogen 
fuels, and hence require complex infrastructure, as most existing 
techniques are only able to attain low storage within acceptable 
safety limits [146]. However, advances such as the development 
of composite materials, lightweight vessels, and other improved 
safety devices such as pressure safety valves (PSVs) and pressure 
release devices (PRDs) are being developed to mitigate risks and 
ensure the overall safety of pressurized hydrogen vessels [147, 
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148]. Economics of scale suggests a preference for CGH2 and CcH2 
for short-distance usage and transportation in pipelines and 
trucks, but LH2 for relatively longer distances [149].

4.2  Liquid storage (LH2 and LOHCs)
Hydrogen can equally be stored in liquid form by a process called 
cryogenic treatment. Hydrogen, which exists naturally in the 
gaseous form, would be required to undergo this phase conver-
sion to a liquid form for storage in cryogenic tanks (dewar tanks). 
Hydrogen cannot be converted to liquid above its critical tem-
perature and pressure, as shown in Fig. 20 (−240.15°C and 13 
bar). Also, the hydrogen-functionalized cryogenic tanks must 
be maintained below their boiling point (−252.77°C) at standard 
atmospheric conditions for effective storage. The importance 
of liquid hydrogen is generally seen in its higher energy density 
than the cryo-compressed and normal compressed form due to 
the action of cryogenic temperatures. At temperatures below its 
critical temperature and 4 bar absolute, the energy density of li-
quid hydrogen is almost 15 times greater than cryo-compressed 
hydrogen. Although liquid hydrogen is disadvantaged by the 
high liquefaction energy requirements along with the need for 
specialized storage vessels, which directly translates to higher 
costs, it is still important for existing aerospace applications. 
Aside from the higher liquefaction energy requirement, other as-
sociated problems include the evaporation of LH2, i.e. conversion 
of LH2 to gaseous H2 (popularly called boil-off) due a higher heat 
of conversion than heat of vapourization [151], fractures or dam-
ages on the cryogenic vessels, or insulation failures. An improve-
ment on the current venting off the formed gaseous hydrogen 
includes an integrated refrigeration and storage (IRAS) system by 
NASA designed with proper pressure and temperature controllers 
using a heat-exchanger system (Fig. 20).

Unfortunately, this ‘boil-off’ challenge in liquid hydrogen is 
the least researched area of liquid hydrogen research [151], but 
it leads to significant losses (1%–5%) [149] that have major finan-
cial impacts on its adoption and policies. Recent modifications 
to tackle the ‘boil-off’ have included the use of adequate insu-
lation technologies such as the multi-layer insulation (MLI) con-
sisting of alternating layers of reflective materials, which help 

to reduce heat transfer through radiation, especially in high-
vacuum conditions [152]. This is one of the most effective LH2 
insulation methods for storage tanks. Recent advancements in 
insulation technologies to mitigate “boil-off” tendencies include 
composite systems such as the combination of MLI with hollow 
glass microspheres and vapour-cooled shields [153]. Additionally, 
glass bubble insulation has demonstrated superior performance, 
reducing LH2 boil-off by 46% compared to conventional perlite 
insulation in real-life field demonstrations [154]. Other intricate 
improvements include optimizing the thermal conductivity of 
existing insulation materials like hollow glass bubble (HGB) in-
sulation by adjusting the thickness and composition of the in-
sulation material [155] and integrating advanced active-cooling 
systems in storage tanks [154]. Also, the provision of additional 
protective covers and structures to safeguard tanks from external 
damage during transportation has been suggested to avoid LH2 
losses and boil-offs [149]. Recently, NASA has explored aerogel 
blankets for passive cooling/insulation in aerospace upper stage 
launch vehicle tanks [156, 157]. The nanoporous structure of 
aerogel makes it an excellent adsorbent of gasses such as con-
densed air, while serving as a thermal insulator at cryogenic tem-
peratures [157]. Large-scale spherical tanks by Kawasaki Heavy 
Industries Ltd have revealed that utilizing large-scale storage 
tanks of >10 000 m3 can significantly reduce boil-off rates to as 
low as <0.1% per day (Kawasaki, 2020). However, this is still ma-
jorly hampered by the high cost of production and maintenance 
of storage tanks [151, 158]. Alternatively, the use of LOHCs and 
solid-state hydrogen storage addresses several challenges asso-
ciated with LH₂ technology. These include the significant energy 
demands for cryogenic temperature storage, [159] reduced safety 
concerns, and consequently, less complex infrastructure require-
ments [160]. Additionally, these methods mitigate the need for 
high-maintenance insulation systems or strategies [161].

LOHCs also represent a significant technological discovery in 
the realm of hydrogen storage. This method primarily utilizes li-
quid compounds such as unsaturated hydrocarbons, especially 
those which have a high density of double bonds, to absorb and 
store hydrogen. LOHC can reversibly absorb hydrogen (hydrogen-
ation and dehydrogenation), without significant loss in hydrogen 
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[162]. The advantage of using liquids lies in their ease of handling 
and storage as they do not require the high pressures or extremely 
low temperatures associated with gaseous hydrogen storage. 
Consequently, LOHCs can be stored in standard tanks, making 
them a practical solution for large-scale hydrogen storage. Two 
major attractive features of LOHCs are the ability to blend into 
existing infrastructures such as gasoline and other fuel invest-
ment, thus minimizing the need for additional capital expend-
itures [163], and they can take up 25% of the energy densities of 
existing carbon-intensive fossil fuels [164]. The earliest record of 
LOHCs dates as far back as 1975 when aromatic compounds, spe-
cifically naphthalene, benzene, and toluene, were utilized as car-
riers of hydrogen with gravimetric energy densities of 7.23, 7.19, 
and 6.18 wt %, respectively [165].

4.3  Storage in solid form
Solid-state hydrogen has emanated as a promising alternative 
to gaseous and liquid hydrogen storage, storing hydrogen in a 
safe and compact form, using novel solid materials. Its potential 
to enhance energy sustainability and security while facilitating 
transition to a hydrogen economy has made it a very attractive. 
Solid-state storage systems can effectively address issues such 
as leakage, volatility, and high volumetric energy density asso-
ciated with hydrogen, offering improved safety and efficiency. 
Researchers are exploring various materials, including metals, 
intermetallic compounds, carbon-based nanomaterials, and 
MOFs, to optimize the hydrogen storage capacity and perform-
ance, making solid-state hydrogen storage a critical area of study 
in the pursuit of sustainable energy solutions.

4.3.1  Chemical storage (metal hydrides)
Chemical storage of hydrogen, sometimes called material-based 
storage systems, is the storage of hydrogen via chemical bonding 
with materials, typically metals, either in their pure elemental 
state, as alloys (intermetallic compounds), or as forming a me-
tallic hydride. This process is generally identified as ‘chemisorp-
tion’, which involves four major steps: (i) the dissociation of the 
hydrogen molecule into atoms, (ii) the diffusion of hydrogen 
atoms into active sites, step edges, or defects on the metal sur-
face, (iii) the exothermic reaction with the metals within that 
section of the metal surface, and (iv) the formation of covalent or 
ionic metal hydride bonds.

Metal+ H2 � Metal hydride+ heat ∆HR > 0� (17)
This chemisorption process generally occurs under relatively 
moderate to low pressures and temperatures [166] forming re-
versible metal hydrides which are safer and cheaper than the con-
ventional processes discussed in previous sections. The selection 
of material hydrides has also been linked to their specific mode of 
applications, i.e. stationary and mobile applications [167]. Given 
equation 17, the release of hydrogen would be a reversible pro-
cess, occurring as an endothermic reaction, requiring a limited 
amount of heat, depending on the strength of the metal-hydride 
bonding and might require some additional processes like elec-
trochemical or catalyst-mediated dehydrogenation. Presently, 
elemental hydrides are the most studied approach, and they 
commonly include metals like sodium, magnesium, aluminium, 
and lithium. Aluminium currently has the largest elemental hy-
dride storage capacity (> 10 wt%) and the lowest dehydrogenation 
temperature (100°C). It is, however, reversible at unreasonable 
pressures (15 000 bars) [168] and would require electrochem-
ical processes or the use of additives like titanium catalyst [167]. 
Magnesium, on the other hand, takes up ~ 8 wt%, has a strong 

chemical bond, and is dehydrogenated at about 300°C and pres-
sures not exceeding 20 bar.

Complex metal hydrides, made from light metals such as 
calcium, lithium, sodium, potassium, and zinc, are commonly 
grouped into alanates, M(AlH4)n as in NaAlH4, borohydrides, 
M(BH4)n as in LiBH4, nitrides, [NH2]

– as in LiNH2, and ammine, 
M(NH3)nXm, where M and X represent the metal cation and anion, 
respectively, while n and m represent stoichiometry. They have 
higher storage capacities than their other counterparts (18.5% 
for LiBH4) and strong covalent bonds and, hence, would require 
higher dihydrogenation temperatures because of their stable 
complexes [166]. To overcome this disadvantage, MgH2 is added to 
LiBH4 to destabilize the bond (destabilizing additive) and, there-
fore, lower the dehydrogenation activation energy. TiCl3 can also 
be added to NaAlH4 to catalyse the dehydrogenation [168]. They 
have, however, found usage in fuel cells and other high gravi-
metric hydrogen content requirements. Complex hydrides with 
sorption temperatures below 373.15 K are generally preferred for 
transportation and small-scale applications, while those with 
sorption temperatures above 373.15 K are receiving due consid-
eration [167].

Alloys, also known as intermetallic hydrides, are specific-
ally made from transition and rare earth metals, often nickel, 
titanium, zirconium, lanthanum, chromium, tin, vanadium, 
manganese, cobalt, and cerium. Although they have the lowest 
hydrogen uptake (≤2 wt%) compared to the other metals [166], 
they have the easiest and highest dehydrogenation ability at rela-
tively very low operating conditions, and, hence, are used in low 
hydrogen gravimetric applications such as battery electrodes, 
hydrogen cooling and purification systems, sensors and catalysts, 
and so on. These alloys are generally in the form AxByHz, where 
A and B represent the metallic mix and x, y, and z the stoichi-
ometry. These alloys are discussed extensively by Rusman and 
Dahari [166] and Nagar et al. [15]. A different kind of alloy called 
solid solution alloys (vanadium-based) has also been shown to 
have higher hydrogenation (≤4 wt%) and dehydrogenation ability 
than intermetallic hydrides. However, substituting the vanadium 
with nickel can potentially boost the storage capacity at lower 
operating conditions.

4.3.2  Carbon nanotubes
Carbon nanotubes (CNTs) are carbon or graphite sheets rolled 
into tube-like shapes (cylindrical) that are either single-walled 
cylinders [i.e. single-walled nanotubes (SWNTs)] or multiple-
walled cylinders [i.e. multiple-walled nanotubes (MWNTs)] [166, 
169]. CNTs have been explored as potent hydrogen absorbers by 
a process called ‘physical adsorption or physisorption’, leveraging 
the weak van der Waals forces between carbon and hydrogen, 
thereby facilitating easy dehydrogenation. However, this seeming 
advantage is also disadvantaged by a fairly low hydrogen capacity 
(1.5 wt%).

The surface area of carbon materials significantly influences 
their hydrogen uptake [169]. Activated carbon and MWNTs [15, 
170] can achieve hydrogen storage capacities of up to ~0 7.0 wt% 
under optimal conditions. However, when these carbon materials 
are doped with transition and alkali metals such as potassium, 
nickel, titanium, lithium, and palladium, their hydrogen storage 
capacity can be enhanced to as much as 20 wt% in MWNTs. 
This increased hydrogenation efficiency, though, requires high 
physisorption conditions to be effective [170]. Graphene, a two-
dimensional single-layered atomic sheet, has a significant poten-
tial for hydrogen storage primarily because of its large surface 
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area of about 2630 m2/g. However, this single-layered graphene, in 
its base form, is insufficient for hydrogen storage; hence, a multi-
layered graphene material would be required to optimize the 
potential of the 2-D carbon material. A multi-layered graphene 
material with an interlayer spacing of 0.6 nm can adsorb ~3 wt% 
H2, and increasing this interlayer spacing to about 0.8 nm can 
double its hydrogen storage capacity. Doping with Ca or Ti would 
increase the physisorption capacity of graphene. Variants like 
graphene oxide (GO) have been shown to have ideal anchoring 
for these metals. Additional forms of carbon-based materials, 
such as fullerene, a C60 molecule with penta or hexagonal rings, 
as shown in Fig. 21, provide a large electronegativity to attract 
electrons from doped metal ions (such as Li, K, Na, and Ca), which, 
in turn, polarizes and eventually traps molecular hydrogen, up to 
~ 9 wt% [170].

4.3.3  Physical storage (MOF)
MOFs are a type of crystalline material made up of metal ions or 
clusters that are linked to organic ligands to form structures that 
can be one, two, or three dimensions. These frameworks have a 
highly adjustable permeability and pore structure, good chem-
ical and thermal stability, and a large surface area, which makes 
them particularly valuable as a formidable physical storage ma-
terial for hydrogen gas. The metal component (metal nodes) of 
MOF could be either a single metal ion (such as Zn, Zr, Cu, Fe), 
metal oxide, or a secondary building unit (SBU) (metal clusters 
or complexes). Storage of H2 in MOFs became attractive following 
the first study by Rosi et al. [171] in 2003 when a 3-D MOF-5 
(Zn4O(BDC)3) structure, composed of a tetrahedral zinc-oxide 
cluster as the metal node and a terephthalic acid (1,4-benzene-
dicarboxylate, i.e. BDC) as the organic ligand, increased H2 ad-
sorption from 1 wt% at 298 K and 20 bar pressure to ~4.5 wt% at 
78 K and <0.8 bar pressure.

MOFs can be produced by a variety of methods, including 
solvothermal and hydrothermal, layer-by-layer or hierarch-
ical assembly, mechanical-assisted, microwave and ultrasonic-
enhanced, electrochemical, and template-assisted methods. The 
layer-by-layer method was used to introduce eight different func-
tional groups, including amino (−NH2), halogen (−Br2, −Cl2), nitro 
(−NO2), dimethyl (−CH3)2, alkyne (−C4H4), and alkoxy (−OC3H5, −
OC7H7) groups, into a BDC ligand to produce eighteen multivariate 
MOFs [172]. This special network interconnectivity ability of MOF 
pores or channels provides an avenue for the reversible capture 
of H2. Modifications or substitutions can also be made on these 
metal nodes using highly competent metals such as Li, B, or Ca. 
Common MOFs that can be recorded in H2 storage are UMCM-2, 
containing Zn4O clusters and dicarboxylates as linkers; NU-110, 
containing Zr6O4(OH)4 clusters and 4,4ʹ,4ʹʹ-s-triazine-2,4,6-triyl-
tribenzoate (TATB) as the linker; and other subcategories of MOFs 
called isoreticular MOF (IRMOF) such as PCN or NOTT. Other 
popularly developed explorable MOFs include UiO-66, containing 
a Zr6O4(OH)4 cluster and terephthalic acid as the organic ligand; 
HKUST-1, containing copper paddlewheel (Cu2(COO)4) cluster and 
benzene-1,3,5-tricarboxylate (BTC) as the organic linker; MIL-53 
containing chromium or aluminium trimer (M(OH)2(COO)2) and 
terephthalic acid as the organic linker; MIL-101 with Fe3O trimer 
and terephthalic acid as the linker; and MIL-100 with Fe3O trimer 
and BTC as the linker.

The use of MOFs in hydrogen storage exceeds the US DOE H2 
requirement of 5.5 wt% [15] as all the MOFs discussed extensively 
in most reviews by Niaz et al. [170], Lototskyy and Yartys [168], 
Abdalla et al. [130], and Nagar et al. [15] have ranged between 6 

and 15 wt%. However, MOF usage is still limited by costs of syn-
thesis and characterization, storage costs for cryogenic-operated 
MOFs, and nanoparticle modifications [15, 130].

4.4  Comparison of hydrogen storage 
technologies
Various hydrogen storage methods have been developed, each 
with distinct advantages and limitations, making it essential to 
conduct a comparison of these technologies. The feasibility of 
these technologies is influenced by factors including cost, effi-
ciency, scalability, and environmental impact, which are critical 
for determining their applicability in different energy systems. 
Recent studies similarly have highlighted the importance of 
evaluating hydrogen storage methods based on cost, efficiency, 
scalability, and environmental impact [173]. Table 4 compares the 
cost, efficiency, scalability, and environmental impact of existing 
hydrogen technologies, while highlighting the advances in these 
storage methods.

5.  Environmental and economic aspects of 
hydrogen as a clean energy carrier
Sustainable bioenergy production addresses significant global 
challenges, representing a shift towards low-carbon, renewable 
energy that can mitigate climate change, enhance energy security, 
and promote environmental sustainability. Therefore, examining 
techno-economic analysis (TEA) and life cycle assessment (LCA), 
and related policy implications in the context of sustainable bio-
energy is essential [190, 191].

5.1  Economies of hydrogen production
Analysing the economic viability of hydrogen energy systems re-
quires a detailed evaluation of the costs related to the entire life 
cycle of H2-powered energy systems, i.e. production (capital costs, 
H2 production costs, H2O consumption), storage, distribution, and 
use. The importance of these costs is underlined by evidence sug-
gesting that they can be substantial, reaching up to 95% in certain 
cases. These costs are likely to contribute to the emerging H2 era, 
with the cost of H2 production in particular exerting a dominant 
influence, a trend that has been observed in recent decades [52]. 
The costs of H2 synthesis are connected to the costs of the main 
energy supply used in the production process, such as PVs. When 
conducting economic evaluations of H2 systems, it is important 
to acknowledge the myriad assumptions on which these evalu-
ations depend. These assumptions form the basis on which the 
economic feasibility and potential advances in the production, 
storage, distribution, and utilization of H2 technologies are as-
sessed [52].

The economic viability of hydrogen production varies signifi-
cantly depending on the method used, including SMR, CG, and 
water electrolysis. Hydrogen production is predominantly based 
on fossil fuels, with 76% coming from natural gas, 23% from coal, 
and less than 2% from water electrolysis [192]. SMR is the most 
cost-effective method, with production costs ranging from 1.52 
to 2.32 USD/kg of hydrogen. However, it emits 9.5 kg of CO2 per 
kilogram of hydrogen produced [193]. In addition, van Cappellen 
et al. [194] noted that the cost of steam reforming H2 is primarily 
influenced by gas cost, which ranges from 1.7 to 2.1 USD/kg with 
CO2 capture [194]. The capital investment for SMR without carbon 
capture and storage (CCS) is 522 475 USD/MWth, increasing to 
598 773 USD/MWth with CCS [195]. Conversely, CG is more carbon-
intensive, with emissions of 675 g/kWh-H2. Hydrogen production 
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costs from coal range from 1.42 to 2.77 USD/kg, but the capital 
investment is higher, at 1.27 million/MWth without CCS and 1.46 
million USD with CCS [195]. It may become competitive with SMR 
when natural gas prices are high, but its emissions and costs 
make it less favourable overall [196].

Methane decomposition, also known as thermal decompos-
ition of methane (TDM), is gaining attention as a low-emission 
method for hydrogen production. Unlike SMR, it does not gen-
erate CO2, making it a more environmentally sustainable option. 
The cost of producing hydrogen via methane decomposition is es-
timated at 1.57–1.67 USD/kg [197]. The economic viability of this 
process depends on the market value of byproducts like carbon 
black, used in various industries, with prices ranging from 400 
to 2000 USD/ton based on quality [198]. When carbon black is 
valued above 611 USD/ton, this method becomes economically 
favourable [199]. Additionally, if carbon emission allowances re-
main below 49 USD/ton, methane decomposition could become a 
competitive alternative to SMR and CG.

The electrolysis method involves using electricity to split 
water into hydrogen and oxygen. Water electrolysis is a cleaner 
method, especially when powered by renewable energy, but it is 
more expensive. The capital investment for electrolysis is 1.82 
million USD/MWth, with production costs at 130 USD/MWth [195]. 
This method is ideal for regions with access to renewable elec-
tricity or where natural gas is scarce, though cost reductions are 
needed for widespread adoption. The rise of electrolytic H2, due 
to the depletion of fossil fuel and the falling price of renewable 
energy [200], is on the verge of continuous and large-scale de-
ployment. The current cost of hydrogen production with alkaline 
electrolysers (AELs) varies between 4.3 and 6.9 USD/kg, while PEM 
electrolysers (PEMELs) have a cost of 5.5–8 USD/kg [201]. The costs 
for hydrogen compression, storage, and delivery are 2.4–3.5 USD/
kg in the pipeline scenario and 2.8–4 USD/kg in the decentralized 
scenario. The goal is to reduce these costs to 2.1 USD/kg [202].

For hydrogen generation systems using AELs, capital costs 
range between 1330 and 1995 USD/kW, such as installation. In 
contrast, PEMELs have higher capital costs, ranging from 2660 
to 3990 USD/kW [201]. Although alkaline water electrolysis has 
undergone significant development, the generation volume re-
mains relatively low. This is because suppliers of electrolysers 
produce small quantities for niche markets, thereby increasing 
the balance-of-plant (BoP) costs. More efficient production 
methods are needed to reduce the cost of AELs, while further 
reducing the cost of PEMELs will require breakthrough techno-

logical developments. Stationary fuel cell systems of different 
sizes cover a wide range of requirements, from residential build-
ings to industrial applications. Fuel cell micro combined heat and 
power (micro-CHP) systems designed for single-family homes and 
small buildings (0.3–5 kW output) currently cost around 13 300 
USD/kW. Medium-sized systems for larger buildings (5–400 kW) 
cost between 5985 and 9975 USD/kW, while large-scale systems 
(0.4–30 MW) for special industrial applications cost between 2660 
and 3990 USD/kW [203]. Due to more mature installation tech-
nologies and economies of scale, capital costs are expected to fall 
considerably in the near future. The target values for capital costs 
(CAPEX) for 2030 are estimated at 4655, 1995–5320, and 1596–2328 
USD/kW for micro-CHP, medium, and large applications [203, 
204]. The gradual maturation of technologies is anticipated to 
drastically reduce the CAPEX of both electrolyser and fuel cell 
systems by 2030, with a particular focus on reducing stack costs 
through technological advances [205].

While water electrolysis is a prospective remedy for H2 syn-
thesis, the associated electricity utilization must be considered. 
Assuming that H2 is generated by water electrolysis with an ex-
pected efficiency of 60%, meeting today’s H2 demand requires an 
electricity consumption of 3600 TWh [206]. One possible remedy 
to reduce electricity prices is to produce electricity from renew-
ables or nuclear power. As the cost of renewable energy systems 
(solar and wind power) continues to fall, electricity from renew-
ables is becoming increasingly affordable. Although hydrogen 
production with renewables struggles with high transmission and 
distribution costs due to remote locations, the ultimate gain is 
significant. A cost–benefit assessment of an integrated wind–H2 
system on the island of Corvo found that local renewables could 
meet 80% of the island’s electricity needs [207]. Projects to install 
electrolysers in locations with abundant solar and wind energy 
are underway worldwide, and large-scale industrial deployments 
are on the horizon. Table 5 shows the cost of hydrogen production 
from different technologies.

In addition to electricity, H2O is another crucial factor for H2 
generation by electrolysis. Theoretically, 0.81 L of H2O is required 
to generate 1 N m3 of H2, but in practice, at least 25% more H2O 
is utilized, which corresponds to 1 L of water [221]. The literature 
states that 18 L of H2O and 54 kWh of electricity are required to 
generate 1.0 kg of H2 with a PEMEL [222]. If all of today’s H2 gener-
ation (i.e. 70 Mt) were produced by water electrolysis, the H2O con-
sumption would correspond to 1.31% of the H2O requirement of 
the global energy sector [223]. Another remedy is the employment 
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Figure 21.  (a) Hydrogen storage on titanium-doped fullerene and (b) multi-layered fullerene. (a) Reproduced and adapted from Niaz et al. [170] with 
permission from Elsevier. (b) Reproduced and adapted from Wu and Zeng [169] with permission from American Chemical Society (ACS).
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Table 4.  Comparison of hydrogen storage technologies and their recent advances.

Technology Cost ($/kg) Efficiency 
(%)

Scalability Environmental 
impact

Recent advancements Ref.

Compressed 
gas storage 
(CcH2 and 
CGH2)

4–10 90–95 High Moderate (requires 
energy for 
compression)

Improvements in high-pressure tank 
design; optimized refuelling protocols; 
development of carbon composite 
and lightweight materials for higher-
pressure vessels (Type IV and V); 
improved PRDs and PRD materials.

[147–149]

Liquefaction 
(LH2)

10–15 70–90 Moderate High (produces 
only water as a 
byproduct)

Advances in cryogenic technology 
and insulation materials/systems, 
e.g. MLI, gas bubbles, composite, 
advanced cooling systems (aerogel 
blanket); integration with renewable 
energy sources for efficient 
production; CFD studies

[153, 155, 
157, 174]

Chemical 
hydrogen 
storage (e.g. 
LOHC)

5–20 60–85 Moderate 
to low

Moderate to low 
(depends on the 
chemical process 
adopted)

Novel hydrocarbon and ammonia-
based storage methods; enhanced 
reaction kinetics and stability 
of chemical hydrogen carriers; 
developments in chemical catalysts 
for release; innovations in organic 
hydrogen carriers for better thermal 
stability and easier fracture

[175, 176]

Metal hydrides 6–20 80–95 Moderate Low (potentially 
toxic materials)

Development of new metal hydride 
alloys and composites; optimization 
of thermal stability for hydrogen 
absorption and desorption; 
addition of catalyst and catalytic 
dehydrogenation

[177, 178]

Carbon-based 
materials (e.g. 
MOFs/COFs, 
POPs, and 
BNHs)

5–15 85–90 High Moderate to high 
(depending on the 
sustainability of 
the materials)

Development of graphene, CNT, and 
other nanostructured technologies 
for enhanced adsorption capacity; 
improved synthesis methods for cost 
reduction; increased surface area for 
hydrogen take-up

[173, 179]

UHS 2–5 N/R High Moderate 
(depending on the 
geological site)

Successful modelling of microbial effects 
on hydrogen injection; understanding, 
prediction, and improvement of 
sealing capacity and well integrity; 
advanced real-time measurement of 
formation properties; analysing and 
eliminating micro-annuli

[180–182]

Hybrid 
hydrogen 
storage systems 
(e.g. hydrogen 
with batteries, 
PVs, with wind, 
with natural 
gas, etc.)

Varies 
(integration 
with other 
technologies)

N/R High Variable (depends 
on components)

Increasing interest in systems 
integrating hydrogen with renewable 
energy sources to increase large-
scale and long-term storage 
capabilities while addressing 
intermittency issues and improving 
overall microgrid performance and 
reliability.

[183, 184]

Machine 
learning, deep 
learning, 
and artificial 
intelligence

N/R ~80 N/R N/R Understanding of formation mechanisms 
and optimizing promoter molecules; 
optimizing high-pressure hydrogen 
storage vessel designs; predicting 
mechanical properties of composite 
materials; predicting hydrogen uptake 
in bio-activated carbon materials; 
design of electrocatalysts.

[185–187]

Clathrates and 
semi-clathrates

5–12 60–90 Emerging Low to moderate 
(depending on the 
synthesis method, 
chemical bonds 
formed, uses only 
water)

Optimization of clathrates structure 
(e.g. nanoconfinement) for novel 
materials like silicon thermoelectric 
and non-hydrogenous frameworks; 
environmentally benign (organic) 
clathrates synthesis; integration 
of semi-clathrates and fuel-cell 
technologies; use of additives and 
promoters like THF, HCFC-141b, and 
acids; improved reactor designs; 
double H2 occupancy

[188, 189]

CFD, computational fluid dynamics; N/R, not reported; COFs, covalent organic frameworks; POPs, porous organic polymers; BNHs, boron nitride 
heterostructures; THF, tetrahydrofuran; HCFC-141b, hydrochlorofluorocarbon-141b.
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of reverse osmosis for seawater desalination. The electricity cost 
of desalinating 1 m3 of H2O is between 0.7 and 2.49 USD and is as-
sumed to have only a little impact on the total H2 cost production 
[224]. Efforts are currently being made to integrate seawater into 
the water electrolysis process seamlessly.

5.1.1  Hydrogen transportation and storage
The cost of transporting and storing large quantities of H2 is usu-
ally only a fraction of the total cost of H2 production. When it 
comes to large volumes and long distances, transporting H2 as a 
compressed gas via pipelines proves to be a cost-effective option 
that often outperforms other methods. However, this approach 
requires significant upfront investment in infrastructure develop-
ment. For shorter distances and smaller quantities, the transpor-
tation of gaseous hydrogen in pipe tanks transported by trucks 
is usually the most economical, according to Ajanovic [225]. In 
contrast, the transportation costs for liquid H2 are comparatively 
less than those for compressed gaseous H2. Nevertheless, the li-
quefaction process incurs significant costs, contributing to an in-
crease in the total cost of H2 supply of around 60%, as emphasized 
by Ball and Weeda [226]. In scenarios with lower H2 generation 
capacities, onsite production proves to be the economically op-
timal solution, as the additional costs associated with H2 trans-
portation are eliminated [52]. Various potential applications for H2 
are anticipated to be economically viable in the near future. One 
significant application of electrolytic hydrogen on a large scale 
is expected to be in the upgrade of refinery products, where H2 
generated by SMR can be effectively substituted. Another prom-
ising avenue is the use of H2 in the conversion of biomass into 
methanol. However, a major area of interest is making utilizing H2 

as a transportation fuel economically viable. This underlines the 
ongoing efforts to improve the economic viability of hydrogen as 
a major player in the transportation industry.

Hydrogen can be stored using several methods, each with dif-
ferent challenges and considerations. The two main forms of 
hydrogen storage are gaseous and liquid. Storing hydrogen as a 
gas is usually done in high-pressure tanks, which require a pres-
sure of 350–700 bar. On the other hand, the storage of H2 as a 
liquid requires extremely low temperatures due to its boiling 
point of − 252.8°C (at 1 bar) [227]. In addition to gas and liquid 
storage, H2 can also be effectively stored by adsorption on solid 
surfaces or by absorption in solid materials. These methods offer 
unique advantages and challenges and contribute to the diverse 
landscape of H2 storage technologies. However, one of the on-
going drawbacks in the field of hydrogen storage is to achieve 
high storage density, especially in stationary, portable, and trans-
portation applications. Existing storage options often rely on 
large-volume systems to store hydrogen in its gaseous state. The 
need for high-pressure tanks or cryogenic temperatures poses a 
major challenge, especially in the transportation sector, where 
space and weight considerations play a major role [227, 228]. As 
hydrogen will contribute to the transition to clean energy, over-
coming storage challenges is essential for the widespread adop-
tion of hydrogen-based technologies.

Economic analysis of hydrogen production methods indicates 
that SMR is currently the most cost-effective option, though its 
high CO2 emissions make its future viability dependent on carbon 
pricing and stricter environmental regulations. Adding CCS to 
SMR can mitigate emissions, but this significantly raises costs. 
CG could become a competitive alternative if natural gas prices 

Table 5.  Hydrogen production costs from different renewable and non-renewable sources.

Method Capital 
investment (USD/
MWth)

Feedstock 
price 
(USD/GJ)

Hydrogen 
cost (USD/
GJ)

Inference Ref.

SMR 107 6.7 11.8 SMR is currently the most cost-efficient, but environmental 
considerations and rising gas prices could impact its 
dominance.

[208]

267 12.3 19.1 [195]

356 3.9 11.1 [209]

591 7.7 11.7 [210]

Steam 
reforming with 
CCS

12.9 SMR with CCS and CG with CCS face cost increases due to the 
added carbon capture technology.

[210]

15.7 [211]

20.9 [195]

19.0 [208]

CG with CCS 22.1 CG with CCS is a relatively high-cost hydrogen production 
method compared to SMR, driven by the inefficiency of coal 
and the additional expenses for carbon capture.

[212]

23.4 [213]

13.7 [210]

Methane 
decomposition

422 1.0 20.4 Methane decomposition offers a cleaner alternative to SMR 
but requires further cost reductions to become more viable.

[214]

849 5.9 16.9 [215]

242 7.5 15.2 [216]

515 5.9 14.5 [215, 217]

Water 
electrolysis 
(wind-based)

738 USD/kW 72.5 Electrolysis methods, particularly wind-based, represent the 
future of sustainable hydrogen but are currently more 
expensive. As renewable energy costs drop, these methods 
will likely become more competitive.

[218]

1328 USD/kW 37.0 [219]

1033 USD/kW 43.2–52.4 [220]

Water 
electrolysis 
(solar-based)

1353 usd/kw 34.7 [219]

590 usd/kw 61.9–249.3 [218]

Water 
electrolysis 
(nuclear based)

738 USD/kW 6.1–11.8 [218]

1181 USD/kW 64.5–74.1 [215]
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increase, but its high emissions require carbon capture technolo-
gies to make it environmentally viable. Methane decomposition, 
which does not produce CO2, offers a promising alternative if 
valuable byproducts, like carbon black, can be commercialized. 
Meanwhile, water electrolysis remains the cleanest hydrogen 
production method, especially when powered by renewable en-
ergy, though its high costs largely due to expensive electrolysers 
and infrastructure limit its widespread adoption.

In the transportation sector, hydrogen produced by these 
methods can be directly used in ICEs [229, 230], leveraging its high 
energy density and clean-burning properties. Unlike conventional 
fuels, which emit carbon dioxide and other pollutants, hydrogen 
combustion results in only water vapour, making it an environ-
mentally friendly alternative. Hydrogen has shown promise in 
improving thermal efficiency and reducing harmful emissions in 
various engine tests [231, 232]. However, using hydrogen in ICEs 
presents challenges, including the need for engine modifications 
to manage its rapid combustion rate, low ignition energy, and 
risk of pre-ignition [232]. Thus, while advancements in hydrogen 
production and storage are essential, developing ICEs that can 
reliably utilize hydrogen is equally crucial for supporting the 
transportation industry’s transition to cleaner energy sources.

5.2  Environmental impacts of hydrogen energy 
systems
As environmental awareness grows, industries and businesses 
are increasingly evaluating how their activities impact the envir-
onment. There is rising concern about the depletion of natural 
resources and environmental degradation. As a result, the envir-
onmental performance of products and processes has become a 
significant focus, leading to the development of various tools to 
assess this performance. The use of LCA is proving to be a valu-
able tool for analysing the ecological impact of hydrogen energy 
systems. As hydrogen is crucial in future energy systems, LCA 
needs to be evaluated to understand its performance and gain 
stakeholder buy-in [233]. Global warming potential (GWP), acid-
ification potential (AP), eutrophication potential (EP), abiotic de-
pletion potential (ADP), and human toxicity potential (HTP) are 
commonly used indicators for assessing environmental impacts 
in life cycle analysis. Our focus is on GWP, as it reflects the green-
house gas emissions throughout the entire process, which is the 
most prominent environmental concern in hydrogen production. 
AP and ADP (fossil) are also important, representing emissions 
of acidic substances and the depletion of fossil fuel resources, 
respectively [234]. However, there is significant variation in the 
values reported in different studies, particularly for hydrogen 
production using clean energy. This discrepancy may stem from 
the challenges of obtaining standardized parameters for tech-
nologies that are not yet in large-scale production, leading to dif-
ferences in the inventory data or reliance on more self-defined 
parameters. Instead of presenting range of values, we will provide 
the average results [234]. Since certain technologies, like micro-
bial hydrogen production, are still in the early research phase, 
an accurate LCA cannot be performed, and thus, the table does 
not cover all hydrogen production methods. In addition, given the 
methodological differences in LCA studies, a general methodo-
logical framework is required to enhance decision-making in the 
H2 sector [233].

A key factor in understanding the environmental impact is the 
GWP, which plays a central role in assessing the negative impact 
on human health and GHG emissions. The analysis of the GWP 
of the various methods of H2 production shows clear differences 

(Table 6). Fossil fuel-based hydrogen production methods, such 
as CG and steam reforming of certain fuels, are recognized for 
having the most detrimental environmental impacts due to their 
high GWP and AP values [246]. The effect of H2 on the environ-
ment is primarily determined by its production method. Presently, 
H2 is mostly generated through CG and steam reforming of nat-
ural gas, contributing to what is commonly referred to as ‘grey 
hydrogen’. This method is widely used in industry due to the rela-
tively low cost of steam reforming [49]. However, the production 
of grey hydrogen not only emits hydrogen but also CO and CO2. 
The CO generated is combusted to convert it into CO2, which is 
a main contributor to GHG emissions. The synthesis of grey H2 
emits at least 10 kg of CO2 per kilogram of H2 produced [247]. With 
the escalating carbon tax, the economic attractiveness of grey H2 
decreases. Alternatives such as ‘blue hydrogen’ and ‘yellow H2’ 
offer themselves as medium-term solutions. Blue H2 is reformu-
lated from natural gas or coal-derived gas with CCS, achieving a 
carbon capture rate of 90% and emitting <1.5 kg of CO2 per kilo-
gram of H2 generation [247]. While blue H2 offers emission reduc-
tions and cost savings in the short to medium term, it is expected 
to become more costly in the long term. In contrast, ‘yellow H2’, 
which is generated electrolytically using nuclear energy, is a 
carbon-free option. Ingersoll and Gogan [248] report that the cost 
H2 from nuclear energy is 2 USD/kg. This makes it competitive 
with grey hydrogen and offers a significant advantage by avoiding 
CO2 emissions [248].

Steam reforming, which is based on fossil fuels, has a signifi-
cantly higher GWP, namely around 11.96 kg CO2-eq. This is ac-
companied by the H2-mercury cell, the H2 diaphragm cell, and 
the membrane cell with a GWP of 1.05, 0.91, and 0.89 kg CO2-eq, 
respectively [249]. CG has a GWP of 22.99 kg CO2-eq, making it the 
second highest among hydrogen production methods, surpassed 
only by grid-based electrolysis. However, as research suggests, 
integrating CCS technology into fossil fuel hydrogen production 
can lead to significant reductions in greenhouse gas emissions. 
For example, incorporating CCS in CG is estimated to reduce 
GWP by 71.8%–71.7%, while for SMR, the average GWP reduction 
is around 69.1%. The effectiveness of this reduction depends on 
the efficiency of CO2 capture. Despite these promising reductions, 
CCS has not yet been widely implemented in practice [246].

ADP is another important factor in fossil fuel-based hydrogen 
production, as fossil fuels serve not only as the energy source but 
also as feedstocks to supply hydrogen atoms, leading to higher 
consumption. Studies show that primary energy consumption for 
SMR ranges from 183.2 to 198.4 MJ, while for CG, it ranges between 
213.8 and 333.2 MJ [250], making SMR the more energy-efficient 
option. Other hydrogen production technologies have lower 
ADP values since they do not rely on fossil fuels as feedstocks. 
Consequently, methods using renewable energy sources are often 
assessed mainly in terms of GWP and AP, which results in less 
available data on ADP and limits deeper comparisons.

Looking to the future, the generation of ‘green H2’ from re-
newable electricity sources (biomass, solar, and wind energy) is 
promising, as the investment costs for electrolysers are expected 
to decrease and the capacity of renewable energy increases. 
Hydrogen production from renewable energy sources greatly 
reduces emissions, providing a cleaner and more sustainable 
alternative to fossil fuel-based methods by minimizing GHGs 
and pollutants. Biomass gasification has moderate GWP and AP 
values. While it has less environmental impact than fossil fuel-
based methods, its impacts are greater than those of electrolysis 
and thermochemical cycles powered by renewable energy. Given 
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the current technological advancements, biomass gasification 
provides a transitional option between fossil fuel-based hydrogen 
production and water-based hydrogen production [246]. The 
source of electricity primarily determines the GWP of the elec-
trolysis method of hydrogen production. When grid electricity is 
used, especially under the current energy mix, it leads to con-
siderable environmental impacts, with a GWP of 29.21 kg CO2-eq 
and an AP of 69.0 g SO2-eq. These values exceed those of CG 
(22.99 kg CO2-eq, 59.7 g SO2-eq) and SMR (11.98 kg CO2-eq, 15.2 g 
SO2-eq) [162]. However, when electrolysis is powered by clean en-
ergy sources such as wind, solar, or nuclear, both GWP and AP are 
significantly reduced [246, 251]. H2 production by electrolysis, a 
method based on non-fossil fuel, has a significantly lower GWP of 
0.03 kg CO2-eq [249]. This demonstrates the necessity of coupling 
electrolysis systems with renewable energy.

The increased GWP of methane steam reforming is closely 
linked to GHG emissions due to the direct use of methane [249]. 
The lower GWP of the other processes is due more to the processes 
prior to use than to the direct use of the feedstocks, which include 
the production and distribution of the necessary components. 
The comparison between synthetic fossil fuel and solar-hydrogen 
energy systems shows remarkable differences. While synthetic 
fossil fuels are profitable to produce, they have a higher environ-
mental impact compared to conventional fossil fuels [48, 249]. The 
study of these energy systems from an environmental perspective 
shows that solar-hydrogen energy systems significantly reduce 
factors including steam generation, pollution, and environmental 
degradation compared to their counterparts. Emissions of pollu-
tants (CO2, CO, SO2, NOx, and unburned hydrocarbons) are very 
high in fossil fuel-based energy systems and contribute to climate 

problems, including acid rain and ozone layer depletion. However, 
solar-hydrogen energy systems have a negligible environmental 
impact of around 0%, attributed to the absence of carbon, sulphur, 
or nitrogen-based compounds [48]. This underlines the ecological 
superiority of solar-hydrogen energy systems and makes them a 
sustainable and clean alternative to conventional energy systems 
based on fossil and synthetic fuels.

Conversely, H2 itself can be considered an indirect GHG [205]. 
The proportion of hydrogen emitted during generation, transpor-
tation, or utilization within an H2 energy system can range from 
0.2% to 10% [252]. While H2 technologies can substitute fossil 
fuels that directly generate GHG, the emissions during H2 gen-
eration, compression, storage, and transportation contribute to 
the indirect increase in GHG emission [253]. This occurs because 
hydrogen reacts with hydroxyl radicals and influences the oxida-
tion reactions of hydroxyl radicals and other GHGs such as CH4 
and CO, thereby increasing the GHG effect. In addition, hydrogen 
oxidation increases the H2O content in the stratosphere, which 
cools the lower stratosphere, potentially leading to the formation 
of more polar stratospheric clouds and hindering the breakup 
of the polar vortex, resulting in larger and deeper ozone holes 
[254]. Despite these potential impacts, few studies have system-
atically investigated the role of H2 as a GHG in energy systems, 
highlighting the need for further research before the large-scale 
deployment of hydrogen.

5.2.1  Land and water use
The large-scale hydrogen production raises concerns regarding 
the availability of sufficient resources (including water and land) 
needed for non-renewable and renewable energy sources (solar PV 

Table 6.  GWP and AP of various hydrogen production methods.

H2 production methods GWP (kg CO2-eq) 
average emission

AP (g SO2 eq) 
average emission

Ref.

SMR 12.0 15.2 Moderate emissions; widely used but less 
sustainable.

[222]

SMR with CCS 3.7 Significant emission reduction: effective if 
CCS is implemented.

[235]

CG 23.0 59.6 High emissions; environmental concerns; 
potential for CCS.

[236]

CG with CCS 4.9 Reduces emissions significantly; still high 
GWP without CCS.

[237]

Ethanol reforming 12.2 32.1 Moderate emissions; potential for renewable 
feedstocks.

[238]

Methanol reforming 17.9 17.2 Higher emissions; depends on source of 
methanol.

[239]

Biomass gasification 3.5 22.6 Low GWP; renewable source, but emissions 
from biomass processing can vary.

[240]

Electrolysis 
(biomass-based)

2.7 29.2 Low emissions: renewable source but energy 
conversion efficiency varies.

[240]

Electrolysis 
(wind-based)

1.1 4.4 Very low emissions; harnesses renewable 
wind energy.

[240]

Electrolysis 
(solar-based)

1.8 6.0 Low emissions; leverages renewable solar 
energy for sustainable production.

[241]

High-temperature 
electrolysis (nuclear)

1.2 4.3 Low emissions: potential for high efficiency 
but depends on nuclear energy acceptance.

[242]

Sulphur–iodine (S–I) 
cycle (nuclear-based)

0.6 3.3 Very low emissions: advanced technology, 
relies on nuclear energy.

[243]

Copper–chlorine (Cu–Cl) 
cycle (nuclear-based)

0.9 6.4 Low emissions; efficient method using 
nuclear heat.

[244]

Copper–chlorine (Cu–
Cl) (grid-based)

14.7 91.6 Higher emissions: effectiveness depends on 
grid’s carbon intensity.

[245]
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panels, wind turbines, and water electrolysis systems). Allocating 
land for renewable technologies can reduce the area available for 
cropland expansion, thus constraining food production capacity. 
The competition for land use, along with population growth, de-
creases the per capita availability of arable land. Furthermore, the 
increasing demand for biofuels for energy exacerbates the com-
petition between energy and food systems. Additionally, the infra-
structure rewind and PV energy generation can have significant 
direct environmental impacts. These effects may extend beyond 
the immediate land used, influencing animal species and eco-
system dynamics [255, 256]. Land use in hydrogen production en-
compasses the area needed for infrastructure, energy generation, 
and feedstock cultivation. For non-renewable sources like SMR and 
CG, the direct land footprint is relatively low because the required 
infrastructure, such as refineries and power plants, is compact. 
However, the overall land footprint may increase when factoring 
in the land used for extracting natural gas or coal, as well as the 
associated transportation infrastructure. In contrast, renewable 
sources, especially electrolysis powered by renewable energy, 
have a more significant land impact. The land requirements vary 
according to the energy source, especially for renewable energy, 
including wind, solar, and biomass [255]. Biomass gasification ne-
cessitates considerably more land due to the cultivation of bio-
mass feedstocks, depending on crop type and yield. This biomass 
cultivation competes with food production, raising concerns about 
land-use changes and the potential for deforestation [255].

According to Blanco [257], an electrolytic hydrogen economy 
producing 617 Mt of hydrogen per year would consume around 25 
billion cubic meters (bcm) of water. Conversely, Tonelli et al. [255] 
reported a broad range of water withdrawals, from 3.2 to 95.6 cm 
per year, heavily influenced by the specific demand scenario for 
hydrogen and renewable energy sources, such as solar PV or on-
shore wind, used in production. Additionally, Tonelli et al. [255] es-
timated land use for solar PV panels to be between 0.09 and 0.6 
million km², and for onshore wind turbines, between 1.9 and 13.5 
million km², depending on electrolytic hydrogen demands ranging 
from 92 to 646 Mt per year. These land use estimates vary with 
different methods, likely due to (i) smaller production targets, (ii) 
the incorporation of economically hybrid hydrogen production sys-
tems, and (iii) the respective location-specific environmental im-
pact factors influenced by local renewable energy yields [256].

In contrast to previous research, Terlouw et al. [256] uncover two 
significant insights: (i) land and water needs increase substantially 
when biomass-based hydrogen sources are integrated, particularly 
when green water is considered, and (ii) offshore hydrogen produc-
tion and desalination can alleviate regional water scarcity. Water 
desalination, especially in areas with access to brackish water, 
could serve as an effective technology for purifying seawater, as-
sociated with low greenhouse gas emissions and costs of less than 
0.02 €/kg of H2, representing typically less than 1% of the hydrogen 
production cost [258, 259]. However, proper management of brine 
disposal in marine settings is essential due to its potential environ-
mental impact. Additionally, reusing and treating wastewater pre-
sents another strategy to address water scarcity, although PEMELs 
necessitate very high water purity [256].

6.  Overcoming key challenges in the global 
commercialization and deployment of 
hydrogen energy systems
The successful global deployment and commercialization of 
hydrogen energy systems depend on overcoming a variety of crit-

ical challenges across technological, economic, policy, and soci-
etal domains. Hydrogen, particularly green hydrogen produced 
from renewable sources like solar and wind, holds immense 
potential to decarbonize multiple sectors. However, current pro-
duction methods, such as electrolysis, face significant cost and ef-
ficiency barriers. Furthermore, the storage and transportation of 
hydrogen present challenges due to its low energy density, which 
requires innovations in compression, purification, and storage 
technologies across gaseous, liquid, and solid states. For hydrogen 
fuel cells to be widely adopted, especially in sectors like transpor-
tation, heating, and industry, the cost of these technologies must 
be reduced.

Economically, hydrogen must become cost-competitive 
with fossil fuels for it to be a viable alternative energy source. 
Achieving this will require focused efforts on reducing production 
costs through research and development, improving efficiency, 
and scaling up production. Simultaneously, sustainable and low-
cost solutions for hydrogen storage and distribution are neces-
sary. Studies estimate that hydrogen could contribute 2%–3% of 
global energy consumption by 2050, particularly in transporta-
tion and space heating, where it offers a cost-effective decarbon-
ization option [260–262].

Strong policy and regulatory frameworks are vital to support 
the hydrogen transition. Governments need to implement incen-
tives such as subsidies and carbon pricing mechanisms to lower 
the high upfront costs associated with developing hydrogen in-
frastructure. Favourable policies will encourage research, devel-
opment, and the adoption of hydrogen technologies. Emission 
targets, like those outlined in the Paris Agreement, will drive the 
uptake of hydrogen by making it more economically attractive 
relative to fossil-based alternatives.

Public and industrial acceptance of hydrogen is another crit-
ical factor that influences its successful deployment. Public con-
cerns regarding the safety of hydrogen storage and transport, 
particularly in applications like heating and transportation, need 
to be addressed through education, awareness campaigns, and 
transparent communication. Additionally, collaboration between 
governments, industries, and investors is essential to developing 
a robust hydrogen economy. National strategies, such as those 
in the USA, Japan, and Germany, demonstrate how coordinated 
efforts can accelerate hydrogen adoption and infrastructure de-
velopment.

At the core of hydrogen’s future lies ongoing research and 
development, which remains critical for improving production 
efficiency, lowering costs, and enhancing fuel cell technology. 
Innovations such as integrating hydrogen into multigeneration 
energy systems and smart grids will enable hydrogen to serve as 
a solution for renewable energy storage, addressing the intermit-
tency challenges of sources like solar and wind. These advance-
ments will contribute significantly to the flexibility and stability 
of the global energy system.

Global coordination is also crucial for the successful deploy-
ment of hydrogen. International cooperation will help establish 
consistent standards, ensure technological compatibility, and 
align policies across borders. Leading initiatives in countries like 
Germany, South Korea, and the USA highlight the importance of 
global collaboration in scaling up hydrogen technologies and en-
suring they play a central role in the future energy mix.

Thus, the commercialization and global development of 
hydrogen energy systems depend on addressing technological, 
economic, policy, and societal challenges. By fostering strong in-
vestments, innovative research, and international cooperation, 
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hydrogen can play a transformative role in the global transition 
toward a sustainable, low-carbon energy future.

7.  Conclusion and future outlook
As fossil fuels like natural gas, oil, and coal become increasingly 
scarce and concerns over their environmental impact grow, the 
world is turning to non-fossil energy sources such as nuclear 
power, wind, and solar. While fossil fuels inherently serve as en-
ergy carriers, non-fossil sources need to be converted into suitable 
carriers for widespread use. Although electricity has emerged as 
the dominant carrier from these sources, it is not suitable for all 
applications. Certain sectors, particularly transportation, still re-
quire chemical fuels, and hydrogen has emerged as a leading can-
didate for this role. Hydrogen can be efficiently produced from 
non-fossil sources or from the electricity they generate, making it 
a highly flexible energy solution for the future.

To make hydrogen a globally feasible energy solution by 2050, 
extensive efforts in research, policy, and technology develop-
ment are essential. Hydrogen production technologies, such as 
electrolysis powered by renewable energy, are under active devel-
opment. For large-scale adoption, these methods must become 
more efficient and cost-effective. Hydrogen production from non-
fossil sources is especially critical, as it aligns with the global 
transition away from fossil fuels. At the same time, storage and 
transportation of hydrogen require significant advancements. 
Current technologies allow hydrogen to be stored as a cryogenic 
liquid, compressed gas, or absorbed onto materials, but these sys-
tems must be refined to reduce costs and increase efficiency for 
widespread use.

Government policies play a critical role in enabling the hydrogen 
economy. Strong governmental support, such as subsidies and tax 
incentives, is necessary to make hydrogen competitive with trad-
itional fossil fuels. Additionally, clear carbon reduction goals and 
national roadmaps should prioritize hydrogen’s role in decarbon-
izing key sectors, including transportation and heavy industry. 
Several countries, like Canada, Japan, France, and Germany, are 
already leading this transition by investing in hydrogen infra-
structure and aligning their political strategies with sustainable 
energy goals.

One of the most significant challenges lies in reducing the cost 
of hydrogen production, which currently accounts for most of 
its overall cost. Reducing production costs through innovations 
in electrolysis and other technologies will make hydrogen more 
competitive with existing fossil fuel-based methods, such as 
SMR. Additionally, efforts to scale up the infrastructure required 
for hydrogen distribution and storage must be supported by 
large-scale investments. Pipelines, refuelling stations, and storage 
systems are key enablers of a hydrogen-based economy and will 
require both private and public investment.

Social acceptance and industry adoption of hydrogen are 
equally crucial. Educational campaigns to raise awareness about 
hydrogen’s safety and environmental benefits will help increase 
its acceptance. The industrial sector, particularly in transporta-
tion and chemicals, must collaborate to incorporate hydrogen 
into existing processes and technologies. Governments can fur-
ther support this transition by creating incentives for industries 
to switch from fossil fuels to hydrogen.

The future of hydrogen as an energy carrier is promising, but 
its success depends on coordinated global efforts. Technological 
advancements in hydrogen production, storage, and usage are es-
sential, along with strong governmental policies and significant 
investments in infrastructure. Countries that embrace hydrogen 

technology will benefit from stabilized fossil fuel supplies and 
reduced carbon emissions, creating a more sustainable en-
ergy future. As the world moves towards a hydrogen economy, 
the adoption of hydrogen will vary by region, with industrial-
ized nations likely to lead the charge. Although the timelines for 
full-scale hydrogen adoption remain uncertain, the direction is 
clear: hydrogen, alongside electricity, will play a dominant role in 
the global energy landscape in the coming decades.
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