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Abstract: This study emphasises the growing relevance of hydrogen as a green energy source
in meeting the growing need for sustainable energy solutions. It foregrounds the importance of
assessing the environmental consequences of hydrogen-generating processes for their long-term
viability. The article compares several hydrogen production processes in terms of scalability, cost-
effectiveness, and technical improvements. It also investigates the environmental effects of each
approach, considering crucial elements such as greenhouse gas emissions, water use, land needs, and
waste creation. Different industrial techniques have distinct environmental consequences. While
steam methane reforming is cost-effective and has a high production capacity, it is coupled with large
carbon emissions. Electrolysis, a technology that uses renewable resources, is appealing but requires
a lot of energy. Thermochemical and biomass gasification processes show promise for long-term
hydrogen generation, but further technological advancement is required. The research investigates
techniques for improving the environmental friendliness of hydrogen generation through the use
of renewable energy sources. Its ultimate purpose is to offer readers a thorough awareness of the
environmental effects of various hydrogen generation strategies, allowing them to make educated
judgements about ecologically friendly ways. It can ease the transition to a cleaner hydrogen-powered
economy by considering both technological feasibility and environmental issues, enabling a more
ecologically conscious and climate-friendly energy landscape.

Keywords: hydrogen; environment; greenhouse gases; carbon emission; electrolysis; electrolyser

1. Introduction

Numerous environmental problems, which include global warming, acid rain, and
stratospheric ozone depletion, have been brought on by the transformation, production,
and consumption of energy. The quest for a substitute and more efficient sources of
energy has been prompted by the potential scarcity of fossil fuels and concerns about
the environment. The energy carrier hydrogen (H2) seems to have a lot of potential
for significantly contributing to increased sustainability and environmental performance.
Despite the fact that tackling future energy problems calls for a variety of strategies, many
believe H2 will play a significant role, in part because it does not produce greenhouse gases
when it is oxidised.
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Hydrogen is present in a wide variety of natural materials, including H2O, biomass,
H2 sulphide, fossil hydrocarbons, and many others. Nearly 50% of the world’s H2 demand
lately has been met by the steam reforming of natural gas, 30% through the reforming of
naphtha or oil from manufacturing off-gases at refineries and chemical plants, 18% through
coal gasification, 3.9% through H2O electrolysis, and 0.1% through other sources. Oxygen
and H2 are produced by decomposing H2O using a number of thermally powered reactions
in thermochemical water decomposition (TWD) [1]. The Cu–Cl TWD cycle is a favourable
method for producing H2 because it only needs a small amount of heat (530 ◦C maximum).

In the study by [2], a thorough comparison of four distinct hydrogen production
scenarios was examined from the perspectives of thermal efficiency estimation, financial
analysis, and life cycle evaluation. Aspen Plus software is used to design and optimise the
IS open-loop and closed-loop cycle methods under reasonable presumptions. In [3], the
life cycle assessment (LCA) method was employed to look into the environmental effects
of a large-scale solar Cu–Cl fuel production system. Investigations were conducted into
the effects of changing key input variables, such as irradiation level, plant lifespan, and
solar-to-hydrogen efficiency, on a variety of environmental effects. The plant lifespan, with
an average of 0.63 to 1.88 kg of CO2 eq. per kg of hydrogen, has the greatest impact on the
plant’s overall global warming potential (GWP), based on the sensitivity assessment. In [4],
potential life cycle assessment was employed to evaluate various hydrogen production
options for 500 Mt per year, such as scenarios that take changes in the supply chain into
account. The Planetary Boundaries system, which refers to human health burdens, the
effects of the global economy, and the externality-priced cost of production that represents
the impact on the environment, was used to further contextualise the health and environ-
mental effects of such production scales. The findings show that only green hydrogen from
wind energy stays beneath the planetary boundary, with climate change effects expected to
increase production rates by 3.3 to 5.4 times.

In Ref. [5], the authors investigated and compared three distinct chlorine-family
thermochemical cycles for H2 production: copper–chlorine, iron–chlorine, and magnesium–
chlorine cycles. Each cycle is first modelled and simulated in Aspen Plus before being
analysed exergoeconomically and thermodynamically. The research additionally highlights
several important variables that have a significant impact on the price of H2 and discusses in
depth the effect and significance of every variable on the price of H2. In Ref. [6], the authors
assessed and contrasted the environmental effects of different H2 production methods
employing life cycle assessment and multiple sources of energy. The findings show that
H2 generated through thermochemical water decomposition cycles is considerably more
beneficial to the environment than traditional natural gas steam reforming. The nuclear-
based four-step Cu–Cl cycle has the least potential for global warming (0.559 kg of carbon
dioxide equivalent per kg of H2 production), owing to the fact that it needs the least amount
of energy of every step examined. The findings from the study of the acidification potential
demonstrate that biomass gasification has the greatest adverse effects on the environment,
whereas wind-based electrolysis has the least.

In Ref. [7], the authors reviewed and ranked multiple aspects of social, economic,
environmental, and energy assessment sustainability for various methods of producing
H2 after providing an in-depth description of these techniques with regard to the neces-
sary raw material. The state of producing H2 was explored. Finally, two methods for
producing H2 on a large scale—the thermochemical method on a large scale—and pro-
ducing H2 on a small scale—solar electrolysis—are presented as the best options based on
the techniques that were introduced, their benefits, and their drawbacks. In Ref. [8], the
authors assessed different thermochemical and hybrid H2 production techniques, which
include two-step (zinc oxide), three-step (sulphur–iodine), four-step (iron–chlorine, copper–
chlorine, magnesium–chlorine), and hybrid types (hybrid sulphur). According to the
analysis, the vanadium–chlorine cycle has the greatest energy efficiency of 77%, whereas
the hybrid sulphur cycle and sulphur–iodine cycle have the lowest global warming poten-
tial (0.48–0.50 kg of CO2 eq/kg of hydrogen, respectively). When it comes to integrating
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nuclear heat, renewable energy, industrial process heat, or waste heat, the hybrid Cu–Cl
cycle has a lot of potential.

The most recent research on the comparative study of various hydrogen production
methods and their environmental impact is summarised in Table 1.

Table 1. Some comparative studies of hydrogen production methods and their environmental impacts.

Source Studies Results

[9]

The environmental impacts associated with
different hydrogen-generating processes are

analysed and compared. The techniques under
consideration are classified according to their

energy sources, which include renewables and
fossil fuels. Steam methane reforming (SMR) of
natural gas was investigated for the synthesis of
hydrogen from fossil fuels. Electrolysis utilising

the sodium chloride cycle is one method of
producing hydrogen from renewable sources.

Electrolytic hydrogen generation is also compared
using several types of cells, including diaphragm,

membrane, and mercury cells.

According to the results of the environmental
implications of the hydrogen generation methods,
SMR of natural gas exhibits the greatest adverse

effects in terms of global warming potential,
abiotic depletion, and other impact categories. The
abiotic depletion for SMR is 0.131 kg Sb eq, which
is the highest among all technologies, including
renewable hydrogen generation. The electrolysis

utilising the mercury cell produces the second
highest abiotic depletion value, 0.00786 kg Sb eq.

[10]

The study evaluates the life cycle of a newly
created photoelectrochemical reactor’s

hydrogen-producing process. The proposed
hydrogen photoelectrochemical generation system

was the subject of extensive research for a
cradle-to-gate life cycle evaluation.

The suggested photoelectrochemical cell’s ability
to create hydrogen is estimated to have a global
warming potential of 1.052 kg of CO2 equivalent

per kilogramme of produced hydrogen. According
to the results of the normalised comparative life

cycle evaluation, the PEC-based hydrogen
generation method is the most sustainable choice

among the paths taken into consideration.

[5]

This study was primarily concerned with
analysing the exergoenvironmental effects of the

magnesium–chlorine, copper–chlorine, and
iron–chlorine thermochemical hydrogen

production processes. An exergoenvironmental
comparison of the three processes was carried out

in this work. Based on exergy destruction
environmental impact rates, cumulative

environmental impact rates, component-related
environmental impact rates, and

exergoenvironmental variables, the effectiveness of
the different methods was evaluated.

The findings imply that, in comparison to the
environmental effect rates associated with the
components of all activities, the rates of energy

destruction are generally significantly greater. For
all thermochemical cycles taken into consideration,

the hydrolysis phase also produces the greatest
component-associated environmental impact rate.
Additionally, of the three cycles, the iron–chlorine

cycle has the largest component-related
environmental effect rate, whereas the

magnesium–chlorine cycle results in the highest
rate of energy destruction. Additionally, for a

number of electrical sources, the
magnesium—chlorine cycle has a considerably

larger global warming potential than the
copper–chlorine cycle.

[3]

The integrated solar Cu–Cl fuel production plant
for large-scale hydrogen generation is investigated

here using the life cycle assessment (LCA)
approach. The effects of altering key input factors,

such as plant lifespan, radiation level, and
solar-to-hydrogen efficiency, on a variety of
environmental effects are then examined.

Results compared with earlier
thermochemical-based research reveal that the new
integrated system’s GWP is 7% lower than that of

a solar sulphur–iodine thermochemical cycle.
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Table 1. Cont.

Source Studies Results

[11]

The pros and cons of various H2 generation
systems are thoroughly reviewed in the study.

Additionally, the research aimed to analyse the
economic aspects of each approach as well as the
function of nanotechnology in the manufacturing

of H2.

According to the review study, steam reforming of
natural gas has been identified as the most

effective method of producing hydrogen due to its
excellent performance in producing hydrogen

(70–85%), low capital (USD 3.4 M), and production
costs (USD 2.42 M/kg).

While previous studies have focused on specific H2 production techniques [4,12–16]
the present research takes a novel approach by carrying out a comprehensive comparative
evaluation. By comparing various methods of production, we may acquire significant
insight into their relative strengths and weaknesses, allowing us to make well-informed
choices regarding sustainable H2 production.

Additionally, the present research goes beyond scalability and efficiency factors by
concentrating on each method’s environmental impact. The sustainability of the environ-
ment is an essential component of transitioning to a H2-based economy and understand-
ing the environmental impacts of different production methods is essential for making
reliable decisions.

In addition to investigating established techniques like electrolysis and steam methane
reforming, the present research will also look into cutting-edge innovations like biomass
gasification and photoelectrochemical H2O splitting. We draw attention to prospective
advances and determine the most effective and efficient techniques for producing H2 on a
large scale by incorporating these novel methods.

The comparative analysis will take into account a number of variables, such as green-
house gas emissions, H2O usage, the need for additional land, and overall energy efficiency.
In order to help policymakers, industry participants, and scientists make sound choices
when creating future H2 facilities, the present research will carry out a thorough assessment
of the environmental effects related to various hydrogen production techniques.

As a result, this comparative study of various H2 production processes and their
effects on the environment makes a special contribution to the field of sustainable energy.
The results of this research will offer significant findings that can help with the transi-
tion to a more environmentally friendly and sustainable H2-based economy by assessing
effectiveness, adaptability, and environmental sustainability.

The paper is organised as follows: A brief description of the various methods for
producing hydrogen is given in Section 2, followed by in-depth discussions of their envi-
ronmental effects in Section 3, a comparative analysis of those impacts in Section 4, and the
findings of the research in Section 5.

2. Hydrogen Production Methods

Hydrogen gas is produced from both renewable and non-renewable sources; there
have been more innovative methods to ensure increased production volumes. The eclectic
production methods come with pros and cons and, as such, a rise in research and invest-
ments on ways to ensure their feasibility and sustainability. Figure 1 represents the different
ways by which hydrogen gas can be produced [17].

To meet the objectives of this paper, five main hydrogen production methods will
be described, as depicted by Figure 2: steam methane reforming, electrolysis, biomass
gasification, photoelectrochemical water splitting, and thermochemical water splitting.
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2.1. Steam Methane Reforming

Methane is a colourless, odourless, and highly inflammable compound which is obtained
from both renewable (organic matter and animals) and non-renewable sources (coal produc-
tion and fossil fuels). Steam methane reforming, one of the three hydrocarbon reforming
technologies, is the least expensive and most widely used method for producing hydrogen
from natural gas [18,19]. Partial oxidation and autothermal reforming are the other two
methods used in this technology [20]. Methane makes up a significant portion of natural
gas and is one of the major contributors to global warming. Thus, generating hydrogen gas
from methane provides a solution for slowing down its accumulation in the atmosphere.
The process involves sulphur removal, steam reforming, shift reaction, and pressure swing
absorption as captured in Figure 3 [21]. The stages that characterise this process are the mixing
of methane with steam under high temperature and pressure in the presence of a catalyst
(Equation (1)) and a shift reaction in which carbon dioxide produced in the process undergoes
additional reaction with steam to produce more hydrogen gas (Equation (2)). In Ref. [22], the
authors mention a temperature range of 700–900 ◦C and a pressure range of 1.5–3 MPa as
favourable for the successful execution of the reaction in Equation (1).

CH4 + H2O → CO + 3H2 (1)

CO + H2O → CO2 + H2 (2)
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This is a well-established technology with developed infrastructure and large-scale
production capabilities. It is also cost-effective and makes use of natural gas infrastructure.
However, this method is heavily dependent on fossil fuels leading to the emission of carbon
dioxide into the atmosphere, thus increasing carbon dioxide levels.

2.2. Electrolysis

The ubiquity of water makes it a convenient resource for hydrogen production. Elec-
trolysis is widely used in splitting the molecules of water into hydrogen and oxygen atoms;
the dissociation process is given below [24].

Anode : H2O→ 1
2

O2 + 2H+ + 2e− (3)

Cathode : 2H+ + 2e− → H2 (4)

Overall : H2O→ H2 +
1
2

O2 (5)

So far, three major electrolyte systems have been reported in the literature for water
electrolysis operating under different conditions using different materials: proton exchange
membranes (PEMs) [25,26], alkaline water electrolysis (AWE), and solid oxide electrolysis
(SOE). In Ref. [27], the authors mention a hybrid approach incorporating properties of
PEM and AWE. The conditions under which these electrolyte systems operate have been
summarised in Table 2.
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AWE is the most developed of the three systems as the alkaline electrolysers have
efficiencies ranging from 50 to 60% at a current density of 100–300 mA·cm−2 [28]. Different
electrolytes reported for use in this system are potassium hydroxide (KOH), sodium hy-
droxide (NaOH), and sodium chloride (NaCl). Two non-platinum group metals, nickel (Ni)
and iron (Fe), are used as electrodes in conjunction with the electrolyte and a diaphragm
membrane. The diaphragm membrane distinguishes the cathode from the anode and is
usually made of asbestos materials (which are currently outdated), limiting the operation
temperature. There has been development of new materials to replace asbestos, which
include ion inorganic membranes. Moreover, organic polymers, such as polypropylene,
can be used in the construction of the diaphragm [29]. Reactions at the anode and cathode
are expressed as follows:

Anode : 4OH− → O2 + 2H2O (6)

Cathode : 2H2O + 2e− → H2 + 2OH− (7)

Overall : H2O→ H2 +
1
2

O2 (8)

PEM electrolysers, another type of electrolysis device, are used for the production
of hydrogen gas [30]. These electrolysers deploy a proton exchange membrane as the
electrolyte, an example being NafionTM. Electrolysis using PEM is depicted in Figure 4,
where water is split at the anode into proton and oxygen, after which the proton migrates
to the cathode where it is reduced to hydrogen gas. The reactions are represented below:

Anode : 2H2O→ O2 + 4H+ + 4e− (9)

Cathode : 4H+ + 4e− → 2H2 (10)
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Electrolysis through proton exchange membrane (PEM) technology offers distinct ad-
vantages, especially when integrated with renewable energy sources. One notable benefit is
the rapid response of PEM electrolysers, which allows for quick adjustments to the fluctuat-
ing energy output of renewables like solar and wind. This responsiveness ensures efficient
utilisation of the available energy, overcoming the intermittency challenge often associated
with renewable sources. Moreover, the flexibility of PEM electrolysers enables them to
be located in close proximity to renewable energy installations. By situating hydrogen
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generators near these sources, energy losses during transmission are minimised, enhancing
overall efficiency. This proximity also facilitates the creation of localised, decentralised
energy systems, promoting energy independence and reducing the need for extensive,
centralised infrastructures. These factors underscore the significance of PEM electrolysis
in harnessing renewable energy for sustainable hydrogen production, contributing to the
advancement of clean and eco-friendly energy solutions [31].

SOE electrolysers have been under development for some time now. Juxtaposed with
AWEs and PEMs, these electrolysers can operate at very high temperatures of up to 1000 ◦C
as their efficiency increases with increasing temperatures. They have the lowest specific
system energy consumption of 4.5–7.0 kWh/Nm2. The reactions, just like in the previous
two at the anode and cathodes, are indicated below [32]:

Anode : O2− → 1
2

O2 + 2e− (11)

Cathode : 2H2O + 2e− → H2 + O2− (12)

As evident in all three equations, different reactions occur at the anodes and cathodes
based on the type of electrolyser used. Using electrolysis, hydrogen can be produced
without any direct emissions, and it can incorporate the utilisation of other renewable
energy sources: solar, wind, and geothermal, just to name a few. In comparison to other
production methods, it requires a significant amount of electricity which may be readily
available from non-renewable sources, hence being a double-edged sword. The water and
steam electrolysis energy demand is captured in Figure 5. The efficiency of the process is
also influenced by energy losses.
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Specification SOE AWE PEM

Cell temperature, ◦C 900–1000 60–80 50–80
System lifetime, yr - 20–30 10–20

Hydrogen purity, % - >99.8 99.999
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Table 2. Cont.

Specification SOE AWE PEM

Cold start-up time, min >60 15 <15
Specific system energy consumption,

kWh/Nm2 2.5–3.5 4.5–7.0 4.5–7.5

Cell pressure, psi <30 <30 <30
Current density, A/cm2 0.3–1.0 0.2–0.4 0.6–2.0

Hydrogen production, Nm2/h - <760 <30
Stack lifetime, h <40,000 <90,000 <20,000
Cell voltage, V 0.95–1.3 1.8–2.4 1.8–2.2

Power density, W/cm2 - Up to 1.0 Up to 4.4
Voltage efficiency, % 81–86 62–82 67–82
Partial load range, % - 20–40 0–10

Cell area, m2 - <4 <300

2.3. Biomass Gasification

Gasification can be explained as a thermochemical reaction between an organic sub-
stance and a gasifier (oxygen, steam, air, carbon dioxide). Organic matter can be obtained
from both renewable and non-renewable sources, such as agricultural waste and coal re-
spectively. Gasification of materials from renewable and non-renewable sources both have
different implications for the environment with the latter considered a more sustainable
option. This section focuses on the gasification of biomass. Biomass can take various forms:
wood and forestry residues, agricultural residues, and algae, to name a few. Biomass
gasification involves the conversion of these materials into synthetic gas (syngas). This is
a reaction that takes place at high temperatures dictated by a partial oxidation process to
release hydrogen, carbon monoxide, methane, and other trace gases [35]. Biomass gasifica-
tion occurs at a high temperature range of 700–1200 ◦C [36]. Figure 6 gives a summary of
the biomass gasification process.
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Figure 6. Biomass gasification process.

This process can be integrated with existing biomass or waste processing systems; it
can contribute to a more efficient waste management practice. It reduces reliance on non-
renewable sources; however, biomass availability can be challenging, and the process can
be challenging in terms of control and optimisation. Additionally, incomplete combustion
of biomass feedstocks can lead to carbon emissions.

2.4. Photoelectrochemical Water Splitting

Photoelectrochemical water splitting is a way of leveraging sunlight to break water
down into hydrogen and oxygen using a semiconductor. The overall reaction process is
illustrated below as hv represents an incident photon:

H2O hv→ H2 +
1
2

O2 (13)
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The half equations for the overall reaction are represented by:

H2O→ 2H+ +
1
2

O2 (14)

H+ + e− → 1
2

H2 (15)

A specialised device, a photoelectrochemical cell, consisting of a photoelectrode,
and electrolyte, and a counter electrode is used to achieve this purpose. Advantages of
producing hydrogen gas using this approach include direct usage of sunlight, which is
a renewable resource, and the scalability and suitability of the method. The downsides
of this method, however, are evident in its low efficiency, sporadicity of solar energy, and
stability challenges for efficient photoelectrodes. One example of this production process
using an n-type semiconductor is highlighted in Figure 7 below [37].
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Figure 7. Principle of hydrogen production from photoelectrochemical cells using n-type semiconduc-
tors: a. regenerative type producing current from sunlight; b. generating chemical fuel and hydrogen
through photocleavage of water (Based on information from Ref. [38], with significant modifications).

2.5. Thermochemical Water Splitting

Thermochemical water splitting, also referred to as thermolysis, involves the decom-
position of water into hydrogen and oxygen using heat. It is considered the most envi-
ronmentally friendly method for producing hydrogen gas with respect to CO2 emissions
and acidification potential. It usually involves a series of thermochemical cycles, where
materials undergo chemical transformations at high temperatures. The sulphur–iodine
chemical cycle is one of the most common cycles used in depicting this thermochemical
reaction. It is worth noting that the sulphur–iodine cycle is just one example of a thermo-
chemical water-splitting process. There are other thermochemical cycles with different sets
of reactions and operating conditions. It begins with the decomposition of sulphuric acid
at 300 ◦C to 500 ◦C to release water without a catalyst. SO3 is then separated at 800 ◦C to
900 ◦C to produce oxygen, after which sulphuric acid is produced from the next reaction,
and finally hydrogen is produced from iodine decomposition [39]. Figure 8 is a pictorial
representation of this process. Thermochemical water splitting can be implemented using
different diverse heat sources, and it is compatible with the existing infrastructure and
industrial processes. Notwithstanding, it has a high temperature requirement, high energy
consumption, and comes with complex reaction kinetics.
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With respect to ongoing research and developments in the field of the above-mentioned
hydrogen methods, current work in SMR focuses on carbon capture and utilisation tech-
niques to mitigate greenhouse gas emissions associated with this process [40,41]. Scientists
are exploring advanced materials and catalysts that can enhance the efficiency of carbon
capture and storage, making SMR a more environmentally friendly option. Addition-
ally, efforts are directed towards optimising the process parameters and integrating SMR
with carbon capture and storage technologies, aiming to reduce the overall environmental
impact of hydrogen production from natural gas.

Current research in electrolysis is geared towards improving the efficiency and dura-
bility of electrolysers [42,43]. Scientists are exploring novel electrolyte materials for both
proton exchange membrane and solid oxide electrolysers, aiming to enhance conductivity
and reduce degradation. Moreover, research efforts are focused on developing low-cost,
highly efficient catalysts for the hydrogen evolution and oxygen evolution reactions, making
electrolysis a more economically viable and sustainable method for hydrogen production,
especially when coupled with renewable energy sources [44].

Recent developments in biomass gasification involve advancements in reactor design
and gas cleaning technologies. Researchers are working on innovative gasifier designs that
enhance the conversion efficiency of biomass into syngas [45,46]. Additionally, efforts are
directed towards developing effective methods for removing impurities from the syngas,
ensuring the production of high-purity hydrogen. Integrating biomass gasification with
carbon capture and storage techniques also holds promise in creating a carbon-negative
hydrogen production process, further reducing its environmental impact.

Research in photoelectrochemical water splitting centres around the development
of efficient and stable photoelectrodes. Scientists are exploring new materials, such as
metal oxides, perovskites, and quantum dots, for use in photoelectrodes to enhance light
absorption and charge separation [47,48]. Additionally, efforts are aimed at improving the
stability of these materials under harsh electrolytic conditions. Integration with advanced
solar cell technologies, such as tandem solar cells, is also a focus, aiming to increase the
overall efficiency of photoelectrochemical water splitting and make it a viable option for
large-scale hydrogen production powered by solar energy.

Ongoing research in thermochemical water splitting is focused on the development of
high-temperature thermochemical cycles that enable efficient water splitting at elevated
temperatures. Scientists are investigating various redox materials and reaction pathways to
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identify thermochemical cycles with high efficiency and low energy input [49]. Furthermore,
efforts are directed towards reactor design and heat management systems, aiming to
optimise the overall process and reduce heat losses. The integration of renewable heat
sources, such as concentrated solar power, into thermochemical water-splitting processes is
also a promising area of research, enabling sustainable and efficient hydrogen production
through thermochemical pathways [50,51].

3. Environmental Impact of Hydrogen Production Methods

Over the past few decades, there has been a significant increase in the anthropogenic
combusting of fossil fuels, which has raised the attention of international researchers
regarding the catastrophic repercussions for the environment and human well-being owing
to the immediate impact on elevating the release of toxic atmospheric greenhouse pollutants,
primarily CO2, SO2, and H2S. Unusual discharges of greenhouse gases into the air are
currently raising the risk of a variety of unfavourable events, such as respiratory ailments,
climate change, global warming, and crop yield reduction [52].

The annual average temperature of the Earth is expected to rise by 1.25, 2.2, 3.5, and
5.4 degrees Celsius by the end of the years 2025, 2050, 2075, and 2100, respectively, as a
result of an increase in the atmospheric carbon dioxide concentration. The production of
hydrogen holds immense potential for mitigating the projected temperature rise caused by
increasing atmospheric carbon dioxide concentrations. Hydrogen is a clean and versatile
energy carrier that when produced using renewable energy sources, such as wind, solar,
or hydropower, generates zero greenhouse gas emissions. By shifting our energy systems
towards green hydrogen production, we can significantly reduce our reliance on fossil fuels.
This transition not only cuts down direct emissions but also curtails the environmental
impact associated with extracting and burning traditional fuels, thereby slowing down
the pace of global warming. Furthermore, hydrogen can be utilised as an energy storage
medium, allowing excess energy generated from renewables during peak times to be stored
in the form of hydrogen. When this stored hydrogen is later utilised for power generation
or other applications, it reduces the need to rely on fossil fuel-based backup systems, further
lowering carbon emissions.

Additionally, hydrogen can play a crucial role in sectors that are challenging to decar-
bonise, such as heavy industry and transportation. For instance, hydrogen fuel cells can
power various modes of transport, including cars, buses, trains, and even ships, emitting
only water vapour as a byproduct. In heavy industries, like steel and cement produc-
tion, hydrogen can replace carbon-intensive processes, helping to significantly decrease
emissions. By integrating hydrogen into these sectors, we can pave the way for a more
sustainable future, meeting the world’s growing energy demands while simultaneously
combating climate change and working towards limiting the temperature rise as projected
in the coming years. As a result, identifying and creating new, clean, economical, and
safe substitutes for fossil fuels is critical for the long-term sustainability of power supple-
ments. In recent years, the most significant obstacle in the energy industry has been the
sustainable fulfilment of the Global Energy Demand (GED) for domestic and commercial
operations [53,54].

Global Energy Demand (GED) is the total energy demand of a growing worldwide
population and developing economy in areas such as power generation, transportation,
industry, and household consumption. Achieving GED is a complicated task that involves
a diversity of energy sources, sustainability, and environmental considerations. Because of
its adaptability and environmental friendliness, hydrogen energy has attracted attention as
a possible option [55]. The main takeaways in GED are highlighted below:

• Rising Energy Demand: According to the International Energy Agency (IEA), GED
is expected to rise by more than 50% by 2040 due to global population growth
and industrialisation.

• Energy sources and sustainability: Fossil fuels dominate the contemporary energy
environment, creating challenges such as greenhouse gas emissions, air pollution, and
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limited supplies. It is critical to transition to more sustainable, cleaner energy sources
in order to prevent climate change and protect the environment.

• Hydrogen energy’s role: Hydrogen is a versatile energy carrier that may be produced
from natural gas, water, and biomass via processes such as steam methane reforming
and electrolysis. It may be used in a variety of applications, such as car fuel cells,
industrial operations, and power generation. Green hydrogen, derived from renewable
sources, is a clean, long-term alternative.

• Managing energy issues: Hydrogen can effectively store and transfer excess renewable
energy, acting as an energy buffer to meet peak demand. It also provides a low-carbon
alternative for sectors that are difficult to electrify directly, such as heavy industrial
and long-distance transportation, by replacing hydrogen fuel cells with fossil fuels.

• Hydrogen production and costs: The cost of producing hydrogen varies by technique,
with steam methane reforming being the most cost-effective but generating carbon
without carbon capture and storage. Green hydrogen, created using renewable energy-
powered electrolysis, is more expensive but provides environmental advantages, with
cost reductions projected as renewable energy becomes more inexpensive.

• Infrastructure and limitations: Establishing a full hydrogen infrastructure, including
production, storage, and delivery, presents considerable hurdles, needing significant
expenditures and technological developments.

Many advanced as well as developing nations recognise that the utilisation of hydro-
gen energy is a suitable means to meet the GED and reduce reliance on renewable energy
sources owing to the functional and operational restrictions placed upon the utilisation of
fossil fuels across all human-induced activities. Due to its enormous possibilities for use as
an environmentally friendly energy source in various commercial approaches, hydrogen
has recently gained popularity and has drawn attention on a global scale as an attractive
fuel route and energy vector. Because only water and heat vapour are generated during
the process of producing it, using hydrogen for energy production greatly decreases the
release of greenhouse gases. In those areas where decarbonisation is challenging, hydrogen
is viewed as a significant energy source and another option. In recent years, hydrogen
has emerged as a promising alternative to fossil fuels, offering potential solutions to mit-
igate climate change and reduce our reliance on traditional energy sources. One of the
key advantages of hydrogen lies in its safety profile when properly handled throughout
its production, storage, and utilisation processes. Rigorous advancements in technology
and research have significantly enhanced the safety measures associated with hydrogen,
addressing concerns related to leakage, combustion, and transportation. Innovations in
hydrogen production methods, such as electrolysis powered by renewable energy sources,
contribute to its eco-friendliness by minimising greenhouse gas emissions, making it a
sustainable option for the future.

In terms of production, advancements in green hydrogen production methods util-
ising renewable energy sources, like wind and solar power, have substantially reduced
the environmental impact of hydrogen generation. These methods eliminate the carbon
emissions typically associated with fossil fuel-based production processes, aligning hy-
drogen production with eco-friendly initiatives. Additionally, stringent safety protocols
have been implemented in hydrogen storage and transportation. Cutting-edge materials
and engineering techniques are employed to create secure storage systems, minimising the
risk of leaks and ensuring safe handling during transit. Furthermore, research has led to
the development of robust safety mechanisms in hydrogen-powered applications, includ-
ing fuel cells and hydrogen combustion engines, ensuring reliable and secure utilisation.
These advancements collectively highlight the safety and eco-friendliness of hydrogen
as a substitute for fossil fuels, paving the way for a cleaner and more sustainable energy
future [56].
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3.1. Greenhouse Gas Emissions

Currently, natural gas accounts for a majority of the world’s total production of
hydrogen. When H2 is produced from natural gas with no CCS via SMR, the direct
emissions are approximately 9 kg of CO2 eq per kg of hydrogen [19]. Additional emissions
are produced during the natural gas extraction, processing, and transportation processes.
These emissions may take the form of methane emissions from leaks or venting, carbon
dioxide (CO2) released from methane flaring at gas fields, or emissions related to the energy
employed for the production and delivery of natural gas (for example, emissions related to
the electricity used to compress natural gas) [57].

Natural gas midstream and upstream emissions can differ significantly between gas
basins and nations, illustrating various production techniques and emission reduction ini-
tiatives. The implementation of best practices to reduce emission levels from the production
of natural gas, like the ones in Norway, restricts the combined CO2 and methane emissions
to 4.5 kg of CO2eq/GJNG, of which 0.8 kg of CO2eq/GJNG are methane emissions and
3.7 kg of CO2eq/GJNG are CO2 emissions, primarily from the use of energy during the
production of gas and transport. The direct CO2 emissions produced by burning the natural
gas without CCS, which total 56 kg of CO2eq/GJNG, are in addition to these midstream
and upstream emissions [58].

In other gas-producing locations worldwide, midstream and upstream natural gas
supply emissions can be significantly higher, reaching 27 kg of CO2eq/GJNG in the Caspian
region, for instance (representing roughly fifty percent of the direct emissions of unrestricted
natural gas use). Methane emissions from venting and leakages during the production
and delivery of gas account for over seventy percent of these midstream and upstream
emissions. Currently, gas production results in approximately 15 kg of CO2eq/GJNG of
midstream and upstream emissions worldwide [23]. When the midstream and upstream
emissions are calculated employing this median value, the SMR production path from
natural gas with no CCS produces 11 kg of CO2eq per kg of hydrogen in total, which is
an increase of 2.4 kg of CO2eq per kg of hydrogen. The SMR H2 plant’s direct emissions
can be reduced to 0.7 kg of CO2eq per kg of hydrogen (capture rate 93%), but the overall
emissions rise to 1.5 to 6.2 kg of CO2eq per kg of hydrogen when both the lower and upper
limits of current global midstream and upstream emissions for natural gas supply are taken
into account [59–61].

Currently, coal is used to produce about 5% of the world’s H2, mostly in China.
According to the midstream and upstream emissions for coal processing, mining, and
transport, ranging between 6 and 23 kg of CO2eq per kg of GJ coal, with a median of 8 kg of
CO2eq/GJ coal, the production of hydrogen from coal gasification with no CCS results in
total emissions of 22 to 26 kg of CO2eq per kg of hydrogen. Just under twenty percent of the
emissions intensity of coal-based hydrogen production is related to coal processing, mining,
and transportation, while more than 80% comes from direct emissions at the production
plant. Implementing CCS with an overall capture rate of 93% lowers the coal pathway’s
emissions intensity to 2.6 to 6.3 kg of CO2eq per kg of hydrogen, a range comparable to
natural gas SMR with an overall capture rate of 97% [62].

The upstream and downstream emissions from the production of electricity determine
the emissions from water electrolysis. Employing the present average worldwide carbon
dioxide intensity of 460 g of CO2eq per kW hour leads to an intensity of emissions for H2
of 24 kg of CO2 eq per kg of hydrogen, which is comparable to the emissions for hydrogen
from unaltered coal, though it can be as low as 0.5 kg of CO2eq per kg of hydrogen in a
nation like Sweden, which currently has one of the least emission variables for electricity
from the grid production in the globe (10 g of CO2eq per kW hour).

A different source of energy for producing H2 is nuclear energy. Despite the fact
that nuclear power plants have no direct emissions, the enrichment, mining, fabrication,
and conversion of nuclear fuel result in emissions of 2.4–6.8 g of CO2eq per kW hour.
After accounting for these emissions, the total emission intensity for producing H2 from
nuclear electricity ranges from 0.1 to 0.3 kg of CO2eq per kg of hydrogen. According to the
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IPHE procedure, water electrolysers that use renewable electricity have no downstream or
direct emissions because these energy sources include hydropower, wind, geothermal, and
solar PV. The direct emissions for the production of H2 from bioenergy are also taken into
account as being zero. However, upstream in the supply chains for bioenergy, emissions
can happen [63].

These emissions, in the case of employing wood chips, may range from 4 to 18 kg
of CO2eq per GJ, with overall emissions of 1.0 to 4.7 kg of CO2eq per kg for hydrogen
from the gasification of biomass. By taking the collected biogenic carbon from the biomass
and eliminating it from the natural carbon cycle, such a gasification plant via CCS and an
extraction rate of 95%, it produces negative emissions of −16 to −21 kg of CO2eq per kg
of hydrogen.

Natural gas is employed in SMR as a material for the H2 molecules and as a fuel to
generate steam for the reforming process. Per kg of H2 generated by an SMR process,
approximately 45 kWh of natural gas are needed (kWh per kg of H2). Since splitting the
feedstock carbon dioxide from the H2 is a step in the SMR process, collecting the carbon
dioxide from the feedstock-related utilisation of natural gas is feasible at comparatively
low capture costs. Using the median upstream and midstream emissions for natural gas
supply, this partial capture of the total carbon dioxide emissions yields a total capture rate
of sixty percent and emissions of just over six kg of CO2eq per kg of hydrogen [64].

For comparison, the emission coefficient for natural gas without upstream emissions
is 56 kg of CO2 per GJ, which is equivalent to seven kg of CO2eq per kg of hydrogen.
Alternatively, burning hydrogen produced from natural gas using SMR with partial carbon
dioxide capture would result in relatively fewer emissions than burning a comparable
quantity of natural gas directly in a turbine or boiler, considering a comparable conversion
efficiency for both fuels. Hence, in the short term, techniques that enable a slight decrease in
the emissions impact of current unrestricted fossil hydrogen production with below seven
kg of CO2eq per kg of hydrogen can offer emissions advantages, assisting in a decrease in
carbon dioxide emissions [19].

Another technology is known as autothermal reforming (ATR), whereby the reformer
itself generates the necessary heat. This indicates that the entire production of carbon
dioxide occurs inside the reactor. ATR employs oxygen rather than steam and needs
electricity as fuel in place of steam. ATR may attain capture rates of 93 to 94% when
combined with carbon dioxide capture and needs 47 kWh per kg of hydrogen from natural
gas and 3.7 kWh per kg of hydrogen from electricity [19].

The announcement of numerous water electrolyser schemes could result in a world-
wide operational capacity of approximately 240 GW by 2030 if the projects are completed.
The implementation level is quite similar to what is needed for achieving countries’ APS
climate goals. A number of these initiatives employ electricity from dedicated renewable
electricity plants directly, while others employ electricity from the grid or a combination of
the grid and specially constructed renewable electricity plants [65]. The emissions associ-
ated with utilising electricity from directly linked renewable energy sources are presumed
to be zero, whereas the emissions associated with electricity from the grid are dependent
on the method of generation and fuel mix used within the network as well as how it is run.
To achieve low emissions intensities for H2 when using only grid electricity, the electricity
grid must also have a low emissions intensity.

The average global H2 production emissions intensity currently is 12 to 13 kg of
CO2 eq per kg of hydrogen, with the range displaying distinct allocation techniques for
byproduct H2 generated in refineries. The STEPS reduce the average worldwide emissions
intensity of the production of H2 to eleven to thirteen kg of CO2eq per kg of hydrogen
by 2030 and ten to eleven kg of CO2eq per kg of hydrogen by 2050, as shown in Figure 9,
owing to decreases in midstream and upstream natural gas supply emissions and the
implementation of low-emission technologies for H2.

There are emissions sources at each stage or process unit in the hydrogen production
process, as shown in Table 3.
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Table 3. Greenhouse gas (GHG) emissions breakdown for a few specific hydrogen production
techniques [66].

Technologies Process Phase/Unit Main Sources of Emissions Alternative Sources of
Emissions

Electrolysis

H2 production Electricity for the electrolyser unit
Steam, solid, liquid, and gaseous

fuel combustion for the
production of steam

H2 cooling, compression,
drying, and purification Units’ electricity

Steam production, liquid, solid,
and units’ combustions of

gaseous fuel

Autothermal
reforming (ATR) with

CCS

Natural gas (NG) recovery Escaped CO2/methane from
transport and extraction of NG Venting and flaring

CO2 compression and
transportation Escaped CO2 emissions

Separation of air Fuel and electricity burning to distinct O2
air to feed reformer

Biomass/CCS

Gasification Burning of dry biomass inside the
biogenic (gasifier)

Transportation of biomass
materials

Leakage of biomethane. Electricity or
combustion of liquid fuel for

feedstocks movement

Feedstock (organic)
processing

Fuel or electricity usage for the
movement, extraction, and treatment

of the feedstocks

CO2 storage The electricity for transformation or
injection

Escaped carbon dioxide from a
storage permanent area

H2 storage and
compression Storage and compression electricity Escaped emissions of H2
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Table 3. Cont.

Technologies Process Phase/Unit Main Sources of Emissions Alternative Sources of
Emissions

SMR/CCS

H2 enrichment
Heat or electricity to supply H2Ofor
gas shift reactions occurring as share

of H2 enrichment
Venting and flaring

H2 storage and
compression

Electricity for
storage and compression

maintenance
Escaped emissions of H2

Gasification of
Coal/CCS

Coal processing and
mining

Electricity/combustion of liquid fuel
for materials movement and

extraction

Explosives used in the mining of
coal

Coal processing Electricity for unloading and loading
of coal

Chemical deployment for coal
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Greenhouse gas emissions from electrolysis vary according to the characteristics of
the electricity supply for electrolysis since electricity might be acquired from the grid,
produced locally through the burning of liquid, solid, and/or gaseous fuels, or provided
from an off-grid local system. For SMR with CCS, the main source of GHG emissions
is the conversion of natural gas to CO2. Other significant emissions sources include the
emissions of grid electricity, CO2 compression, and CO2 removal for CCS. The primary
driver of greenhouse gas emissions for biomass-based H2 paths with carbon capture and
storage is carbon dioxide produced by the gasification methods. Nevertheless, unlike coal
gasification or natural gas SMR, CO2 emissions from biomass gasification are biogenic and
do not result in an overall increase in carbon dioxide in the atmosphere. The emissions
from grid electricity, energy utilised in the CO2 elimination process, and energy utilised in
CCS are some additional major sources of emissions [67].

The primary source of emissions of greenhouse gases for autothermal reforming with
carbon capture and storage is the burning of NG. Leaks of greenhouse gases, the separation
of CO2 and capture, carbon dioxide compression, and CO2 transport for CCS are a few
additional major sources of emissions.

3.2. Water Usage

Despite the recognition of hydrogen as a clean and sustainable fuel option, there are
valid concerns regarding its impact on water resources during the production process.
Water usage is a critical sustainability measure for assessing the production of alternative
fuels [68]. Water consumption in hydrogen production varies significantly depending
on the specific techniques being employed. Herein, we consider water usage for five (5)
H2 production techniques: steam methane reforming, electrolysis, biomass gasification,
photoelectrochemical water splitting, and thermochemical water splitting.

In Ref. [69], the authors indicate that the water requirement associated with hydro-
gen production exhibits a broad range of 5.7 to 151.4 L per kilogram of hydrogen pro-
duced. This measure encompasses the embedded water resulting from electricity usage
and encompasses the diverse array of hydrogen production techniques, water treatment
methodologies, and cooling choices.

Electrolysis is a fundamental industrial method used in the production of hydrogen.
It is also considered a renewable method for producing hydrogen. In this process, water is
primarily used as a feedstock, which is split into oxygen and hydrogen using direct current.
The estimated future demand for hydrogen is projected to reach 2.3 Gt annually [70]. From
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a stoichiometric perspective, 9 L of water are needed to produce a kilogram of hydrogen by
electrolysis. However, most commercial electrolysis units indicate a water consumption
range of 10 to 11 L of deionised water per kilogram of hydrogen produced. It should
be noted that additional water may also be necessary for system cooling purposes [71].
Cooling water serves the purpose of indirectly cooling interconnected fluids or equipment,
playing a pivotal role in enhancing the efficiency and dependability of plant operations.
Water is also used to produce other feedstocks necessary for a hydrogen plant, such as
embedded water.

The steam methane reforming process also utilises water as a feedstock. Theoretically,
this process requires approximately 4.5 L of water per kilogram of hydrogen produced.
However, another source suggests that the water requirement may be around 5.85 L per
kilogram. Furthermore, an additional 38 L of water is needed for system cooling per
kilogram of hydrogen produced [18].

Table 4 shows the water consumption factors for various hydrogen production tech-
niques as reported by [72]. Typically, the water employed in these processes should possess
low levels of dissolved solids, which often necessitates pre-treatment, thereby leading to
additional water consumption. To ensure optimal levels of dissolved constituents, cooling
water is utilised, resulting in the need for make-up water addition and the discharge of
blowdown water.

Table 4. Water consumption factors for hydrogen production processes (Based on information from
Ref. [73], with significant modifications).

Production Process Water Consumption Factor (gal/mmBtu of H2)

Central SMR 27.2–31.6
Forecourt SMR 50.9

Central electrolysis 70.2
Forecourt electrolysis 59.6
Biomass gasification 38.1

3.3. Energy and Exergetic Efficiency
3.3.1. Energy Efficiency

According to the US Department of Energy, energy efficiency is simply the use of less
energy to perform the same task or produce the same result. Efficient energy utilisation is
a key factor in tackling escalating energy demands. Consequently, evaluating the energy
efficiency of various hydrogen production technologies becomes essential in order to
determine their effectiveness during the production phase [74]. The energy efficiency of a
hydrogen production technique can be determined using the following formula:

η =
ṁLHWH2

Ėin
(16)

where ṁ represents the mass flow rate of produced hydrogen, LHV denotes the lower
heating value of hydrogen (which is approximately 121 MJ/kg), and Ėin represents the rate
of energy input to the production process.

In terms of energy efficiency, electrolysis demonstrates an efficiency rating of 52%.
The electrolysis process requires approximately 200 MJ (55 kWh) of direct current (dc)
electricity to produce 1 kg of hydrogen H2 from 9 kg of water. On the other hand, steam
reforming boasts a higher range of 74–85% efficiency [75]. In order to achieve greater
efficiency in thermochemical and electrochemical hydrogen production, elevated operating
temperatures are required. While water electrolysis is a well-established technology, relying
solely on light water-cooled reactors may not render it an energy-efficient, centralised
method for future hydrogen production. Conversely, high-temperature steam electrolysis
exhibits favourable energy efficiency characteristics.
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The energy efficiency ranking for different hydrogen production methods are dis-
played in Table 5. The ranking scale ranges from 0 to 10, with 0 indicating poor performance
and 10 representing the ideal scenario of 100% efficiency.

Table 5. Energy efficiency of various hydrogen production technologies (Based on information from
Ref. [75], with significant modifications).

Production Technique Energy Efficiency

Electrolysis 5.30
Biomass gasification 6.50

Photoelectrochemical method 0.70
Thermochemical water splitting 4.20

3.3.2. Exergetic Efficiency

According to the first rule of thermodynamics, energy is conserved. Nevertheless,
throughout the transformation procedure, energy cannot entirely be transformed into
usable energy. Finding usable energy is an aspect of energy analysis. Exergy is a term
for useful energy [76]. Exergy analysis may also determine exergy efficiency, which helps
determine the energy system’s ideal rate of energy utilisation. The second principle of
thermodynamics may be used to derive the exergy balance relationship without neglecting
the work and heat exchange between the system and its surroundings [7,77,78].

Exergy efficiency may be a somewhat more relevant metric than energy efficiency
since it provides an in-depth view of performance. Exergy efficiency emphasises the need
to assess losses and inherent irreversibility in order to enhance performance. Higher
exergy efficiency implies a higher overall energy quality of the system, making it more
sustainable, whereas lower exergy efficiencies indicate losses of energy and internal ir-
reversible processes, resulting in less energy quality and a lesser sustainable score [78].
Additionally, exergy analysis identifies energy deterioration in an energy system and offers
a precise measurement of the usable work that may be extracted from the system. As a
result, the exergy efficiency indicator is a valuable tool for maximising benefit and utilising
resources efficiently.

Similarly to energy efficiency, the exergy efficiency score is determined as the ratio of
exergy recovered (Ex out) to exergy provided (Ex in):

η =
ṁLHWH2

Ėin
(17)

Exin = Ex f uel + ExQ (18)

Exout = ∑ Exprod = ∑ nprodExch,prod (19)

Ex f uel = ∑ Exreac = ∑ nreacExch,reac (20)

ExQ = QHeat

(
1− T0

T

)
(21)

where Ex f uel denotes fuel exergy, Exch denotes standard mole chemical exergy of pure
substances, ni denotes molar flow, and ExQ denotes heat transfer exergy. The chemical
exergy of pure compounds is shown in Table 6 [78,79].
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Table 6. The chemical exergy of pure compounds.

Compounds Standard Mole Chemical Exergy (kJ/mol)

O2 3.87
H2O 9.50
CO2 19.87
H2 236.10
CO 275.10

C (s) 410.00
CH4 831.65

The other essential exergy characteristics include unused and destroyed exergy, which
are determined using the equations below:

ExDestruction = Exin − Exout (22)

ExExhaust = ∑ Exsubprod = ∑ nsubprodExch,subprod (23)

Exunused = ExDestruction + ExExhaust (24)

Exergy destruction is a metric for resource depletion. Even though exergy efficiency
analyses the quality of exergy harnessed by the system, the exergy destruction ratio assesses
degraded materials and identifies the system aspects where destruction occurs [80,81].

The authors of Ref. [78] conducted exergy studies on various hydrogen production
technologies. The efficiency of this exergy analysis is calculated using the following
procedure: Exergy analysis can be employed to improve process design by adjusting
operating parameters and resources. Any additional heat in the process can be recovered as
chemical or thermal energy, thereby increasing the thermal efficiency of the process. Table 7
shows the results of the exergy efficiency calculated using the DWSIM programme. These
efficiencies, like thermal efficiencies, are determined by the products in the reactor rather
than by the entire process.

Table 7. Simulated exergy efficiencies for H2 production reactors (Based on information from Ref. [78],
with significant modifications).

ExDestruction (%) Exunused (%) ExExhaust (%) ηExergy (%)

Autothermal reforming of
methane 10.92 11.66 0.75 89.08

Electrolysis 12.08 12.81 0.73 87.92
Steam reforming of methane 21.13 21.39 0.26 78.87
Partial oxidation of methane 41.65 47.16 5.51 58.35

Coal gasification 49.08 55.55 6.45 50.92
Dry reforming of methane 52.03 53.50 1.46 47.97

Natural gas pyrolysis 53.12 93.82 40.70 46.88

The results demonstrate that steam reforming, autothermal reformation, and water
electrolysis are the most effective methods for achieving high efficiency in exergy. In
contrast, methods like dry reforming or coal gasification of methane have these values
approximately 1.6 times smaller. This discrepancy may be attributed to the presence of solid
carbon in these processes, which contains a large amount of heat that is wasted without
proper optimisation. Additionally, autothermal reforming is a process that relies on the
energy content of the reactants, which implies that they will completely utilise the potential
energy of the system. Water electrolysis has a significant energy source that is derived from
electricity with a low degree of energy destruction. Natural gas pyrolysis exhibits a lower
degree of exergy than other more popular processes, like the steam reforming of methane.
However, methane’s pyrolysis has the highest percentage of wasted energy as a result of
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the byproduct (solid carbon). As previously stated, the exergy connected to this parameter
(ExExhaust) is the sole one that may potentially be recovered, raising the exergy efficiency of
the operation by doubling its value (80%). In reality, solid carbon is a product that may be
effectively utilised within the framework of a sustainable economy [78].

3.4. Air Pollution

To reduce emissions in the transportation industry, hydrogen has been used on an
increasing basis in the United States as a clean fuel alternative for vehicles like fuel cell
electric vehicles (FCEVs) (see Table 8). Currently, transportation is a significant source of
air pollutants, contributing to over 50% of the nation’s emissions of nitrogen oxides (NOx),
over 30% of volatile organic compounds (VOCs), and more than 20% of particulate matter
(PM). The atmospheric chemistry implications of a hydrogen-based energy system remain
uncertain. While the utilisation of hydrogen in clean fuel cells effectively eliminates the
emission of air pollutants like sulphur dioxide (SO2) and nitrogen oxides (NOx) during the
end-use phase, there is still the possibility of air pollutant emissions during the production
of hydrogen [82]. Hydrogen is considered to have great potential for being a viable energy
resource for green aviation in the mid to long term [83].

Table 8. The emissions of criteria air pollutants from 33 hydrogen production facilities utilising steam
methane reforming in the United States.

Pollutants Average Emissions Kg/KgH2 (Std)

CO 0.27 (±1.51)
NOX 1.68 × 10−3 (±3.29 × 10−3)
SO2 1.00 × 10−4 (±5.46 × 10−4)

PM2.5 4.44 × 10−4 (±1.53 × 10−3)
PM10 5.35 × 10−4 (±1.55 × 10−3)
VOC 9.01 × 10−4 (±4.05 × 10−3)
Lead 5.07 × 10−8 (±2.21 × 10−7)

A study conducted by [28] looked at pollution emissions from thirty-three (33) SMR
hydrogen production facilities. They discovered that emissions from these hydrogen
production facilities had very high CO and NOx levels, while other emissions sources
were comparatively insignificant [28]. Due to the inability to eliminate emissions from
SMR hydrogen production (known as grey hydrogen) facilities, the adoption of hydrogen
production utilising carbon capture and storage (referred to as blue hydrogen) has emerged
as a viable approach to reduce overall emissions from the production process. Another
study compared emissions of air pollutants across three hydrogen production methods:
steam methane reforming, biomass gasification, and coal gasification. Their analysis
showed that SMR led to lower emissions of air pollutants excluding CO and NOx when
compared to biomass and coal gasification [82].

Additionally, another research study established a connection between gasification
and the generation of acid rain by attributing it to the production of sulphur oxides, which
are formed as a result of coal’s sulphur content. Regarding coal gasification, a diverse range
of values was reported for NOx and CO emissions, with NOx levels comparable to those of
SMR, while CO emissions potentially reached much higher levels [82]. Limited information
is available on air pollutant emissions in various hydrogen production chains. Most studies
primarily examine the impact of hydrogen-based systems on greenhouse gas emissions,
overlooking the effects on atmospheric pollutants.

3.5. Land Use

According to [37], land use refers to the extent of land area needed for the production
or storage of hydrogen, measured as m2 land requirement/kg of hydrogen [37]. One study
conducted an analysis of performance indicators associated with some important hydrogen
production systems. One of the performance indicators was environmental performance
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criteria, composed of elements like greenhouse gas emissions (GHG), water discharge
quality, land use, and solid waste, which were considered to enhance comprehension of
their actual environmental impact. Comparing environmental criteria, GHG emissions
hold the highest priority, while land use was the least significant. Land use has the lowest
priority compared to air and water quality impacts [84].

SMR uses natural gas as its main raw material, so it does not need much land. Never-
theless, the production and delivery of natural gas may have effects on the land, such as
destroying habitats, causing deforestation, and possibly contaminating groundwater [28].

The type of electricity used for electrolysis has a significant impact on how land is used.
The land use needed for electrolysis is very low when using renewable energy sources, like
wind or solar power. But if electricity is produced using fossil fuels, such as natural gas or
coal, the effects on land use (such as mining operations and power plants) should be taken
into account [24].

Since biomass gasification depends on growing biomass crops, it may necessitate
extensive land use. Large tracts of land may be required for the use of agricultural residues
or the cultivation of specific energy crops, according to the scale of production. Inadequate
management of biomass production can result in forest clearing, habitat loss, and contention
with food production, all of which have an adverse impact on the environment [85].

PEC water splitting that utilises solar energy as its power source usually requires
minimal land use specifications. On the other hand, the facilities needed for large-scale
deployment, like solar panels or other equipment, could take up land. To lessen any possible
effects, good siting and land management techniques should be taken into account.

The utilisation of wind power and photovoltaic (PV) cells for hydrogen production
exerts a substantial influence on land utilisation. These facilities are often situated at con-
siderable distances from densely populated regions, primarily owing to the extensive land
requirements inherent to both technologies. However, it is worth noting that the expenses
associated with transmitting the energy generated can escalate significantly [86]. Biological
methods for producing H2, including the process of fermentation or the photosynthesis
process employing algae or microorganisms, may need different amounts of land based
on the technique and scale. In order to grow and contain algae or microorganisms for the
production of H2, H2O or land surface areas may be needed. The cultivation methods used
and possible rivalry with other land uses play a significant role in the environmental effects
of biological H2 production on the land [85].

It is significant to remember that the environmental effects of land use extend beyond
the actual area used. Land-use choices made during the H2 production process can also
have an effect on variables like biodiversity loss, soil degradation, deforestation, and water
resource effects.

Every phase of the life cycle of H2 production, from the production of feedstock
to its production and distribution, must be taken into account in order to guarantee its
sustainability. Utilising marginal or degraded land, employing sustainable agricultural
methods, and giving renewable energy sources priority are some actions that can be taken
to lessen the effects of land use on the environment.

4. Comparative Analysis of Hydrogen Production Methods
4.1. Comparison of Environmental Impact

The main indicators employed in life cycle evaluations of environmental impacts
include acidification potential (AP) [87], global warming potential (GWP) [52], abiotic
depletion potential (ADP) [52], human toxicity potential (HTP) [87], and eutrophication
potential (EP) [61]. In this study, we concentrate mainly on GWP because it represents
greenhouse gas emissions during the hydrogen production process, which is a major
environmental concern. In addition, we consider ADP (fossil) and AP to account for the
consumption of fossil fuel and acid substance emissions resources, respectively.

It is important to note that different sources of literature present different values for
these indicators, particularly for H2 production using clean energy sources. This variation
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could be attributed to difficulties in acquiring standardised parameters for techniques that
have yet to be widely adopted on large scales. As a result, the inventory data utilised in
evaluation may differ, or further self-defined parameters may be necessary. To address
this, instead of a single value, we will provide the minimum, average, and maximum
results to encompass the range of possible outcomes. The data pertaining to various H2
production methods is presented in Table 9. However, it should be noted that certain
technologies, like microbial H2 production, are currently restricted to laboratory research
and lack comprehensive life cycle assessment data. Consequently, this table does not
encompass the entire spectrum of available H2 production methods.

Table 9. AP and GWP of various hydrogen production techniques, consisting of average, minimum,
and maximum values.

H2 Production Process AP (g SO2 eq) GWP (kg CO2 eq)

Average Min. Max. Average Min. Max.

SMR involving CCS [22] 3.70 3.90 3.70
SMR [88] 15.2 8.4 28.9 11.98 10.56 13.80

Coal Gasification (CG) involving CCS [62] 4.87 4.14 7.14
CG [89] 59.7 11.0 139.0 22.99 19.42 25.28

BG (biomass gasification) [53] 22.5 14.5 37.1 3.54 2.67 4.40
Electrolysis (via wind) [53] 4.3 0.2 11.8 1.08 0.03 2.21

Electrolysis (via biomass) [53] 29.0 2.70 2.40 3.00
Electrolysis (via solar) [90] 6.1 2.1 8.1 1.82 0.37 2.50

Electrolysis (high temp. via nuclear) [63] 4.4 3.4 4.8 1.24 0.42 2.00
Sulphur–iodine (S–I) cycle (via nuclear) [91] 3.4 2.4 4.3 0.64 0.41 0.86

Copper–chlorine (Cu–Cl) via grid [92] 91.7 76.6 99.5 14.67 12.30 15.90
Copper–chlorine (Cu–Cl) via nuclear [32] 6.2 2.8 9.6 0.92 0.56 1.35

Methanol reforming [93] 17.0 17.90
Ethanol reforming [94] 32.0 12.20

The global warming potential (GWP) [52] and acidification potential (AP) of various
H2 [87] production methods have been assessed, considering average, maximum, and min-
imum values. These indicators provide insights into the environmental impacts associated
with different H2 production processes, encompassing the range of potential outcomes.
By evaluating GWP and AP, we can better understand the greenhouse gas emissions and
acidifying substance releases associated with each method, aiding in decision-making for
sustainable H2 production.

Due to their extremely high AP and GWP amounts, fossil fuel-based techniques, such
as CG and the reforming of specific fuels, are thought to have the most detrimental effects
on the planet. Particularly, electrolysis derived from grid electrolysis has the lowest GWP
of all the methods for producing H2, with CG having the second highest at 22.99 kg of CO2
eq. As the outcome demonstrates, applying carbon capture and storage (CCS) methods
to the process of producing H2 from fossil fuels can significantly reduce GHG emissions.
According to estimates, CCS incorporation can cut the GWP of CG by 71.8% to 71.7%. The
average rate of GWP has decreased by 69.1% for SMR. The precise impact is determined by
how well CO2 is captured. The promotion of CCS technology, however, has not focused on
real-world uses.

The ADP of H2 production from fossil fuels is another crucial metric as these fuels
not only serve as an alternative energy source but also as a source of H2 atoms, indicating
higher consumption. SMR is a more energy-efficient option because the main energy use
estimates in the scientific literature place it between 183.2 and 198.4 MJ [95] and 213.8 and
333.2 MJ for CG respectively. ADP values for alternative methods are lower due to the fact
that they do not use fossil fuels as raw materials. As a result, when evaluating new energy
technologies, AP and GWP are frequently prioritised over ADP. We are unable to conduct
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more comprehensive comparisons because of the consequent absence of information depth
in ADP.

A mixture of AP and GWP is produced by biomass gasification. This has a bigger
environmental impact compared to thermochemical and electrolysis cycles based on new
energy sources but fewer consequences than methods based on fossil fuels. In light of the
state of the art, biomass gasification presents a different option while switching from fossil
fuels to water as a H2 source [36].

The primary factor affecting the GWP of the hydrolysis process is the electrical energy
source, which may significantly impact the outcomes [6]. In the event that grid electricity
is employed in accordance with the current electricity system, an extremely significant
environmental impact occurs, exceeding even CG (59.7 g of SO2 eq, 22.99 kg of CO2 eq)
and SMR (15.2 g of SO2 eq, 11.98 kg of CO2 eq) with an AP of 69.0 g of SO2 eq and a GWP
of 29.21 kg of CO2 eq, respectively. AP and GWP decrease substantially if the electricity is
produced using renewable energy sources, like solar, wind, or nuclear power. As a result, it
is crucial to couple electrolysis systems with clean electricity.

4.2. Comparison of Energy Efficiency

The vast majority of commercial H2 produced globally today is produced using the
SMR technique, which is currently among the most popular techniques. Hydrogen and CO2
are byproducts of the SMR process, which involves the reaction of natural gas (methane)
with steam. SMR is a well-established and economical process, but because methane has a
high carbon content, it does not use a lot of energy. When taking into account all aspects of
the production procedure, such as transportation, extraction, and conversion of methane,
SMR usually has a total energy efficiency of 65–75% [95].

The molecules of water are split into O2 and H2 through a process called electrolysis.
The main benefit of electrolysis is that its sole byproducts are O2 and H2, making it an
environmentally friendly method. But the type of electricity that is used for the electrolysis
process determines how energy-efficient it is. Electrolysis is capable of achieving high
energy efficiencies of between 70 and 80% when using renewable energy sources, like wind
power or solar. On the contrary, the total energy efficiency can be substantially lower,
usually between 50 and 60 percent, if the electricity is generated by grids that rely on fossil
fuels [95].

In the process of biomass gasification, organic materials, like wood or agricultural
waste, are transformed into a blend of H2, CO, and CO2. The syngas gas mixture can
then undergo additional processing to yield pure H2. A renewable and carbon-free way
to produce H2 is through biomass gasification. The particular gasification technology,
feedstock, and subsequent purification procedures all affect the total energy efficiency. The
energy efficiency of biomass gasification for the creation of H2 varies between 40 and 60
percent on average, with some cutting-edge systems achieving efficiencies that are close to
70 percent [95].

It is important to note that the energy efficiency information given above is an approx-
imation and may change based on a number of variables, including the particular methods
used, process optimisation, and the incorporation of the total energy system. Furthermore,
attempts to enhance the energy efficiency of H2 production processes are being made as a
result of continuing study and advances in technology.

Overall, SMR is presently the most popular technique for producing H2, but because
it depends on methane, it is not very energy-efficient. Greater energy efficiencies can be
attained through electrolysis, particularly if it operates on sources of renewable energy. In
comparison to electrolysis and SMR, biomass gasification provides a renewable and carbon-
free method but usually has fewer energy efficiencies. Enhancing energy efficiency is still
a top priority as methods for producing H2 are developed in order to assure long-term,
economical H2 production.
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4.3. Comparison of Economic Viability

The cost of producing, utilising, and transporting H2, as well as storing it, can all be
used to evaluate the economics of H2 energy systems. The cost of primary energy sources
determines how important H2 production is right now within these factors. The cost of
newly developed H2 production methods based on renewable energy is currently higher
than those based on fossil fuels when taking economic factors into account. Electricity
prices have an impact on how much it costs to produce H2 from non-fossil sources of
energy [35]. Electrolysis is the most popular technique for generating hydrogen from
non-fossil fuel sources, but the price of the electrolyser and how it is used affects the
cost of electrolysis. Due to the lack of CO2, electrolysis produces H2 at a price that is
competitive with alternative techniques, resulting in the production of green electricity.
In line with this, the price of fossil fuels determines how much H2 can be produced.
For instance, from a comparative standpoint, pressure swing absorption, H2 purification
techniques, and catalyst costs are among the most significant barriers to thermochemical
techniques. These factors all raise the price of H2 production while lowering biomass costs
and improving efficiency.

Economically speaking, the water electrolysis process is a viable option for small-sized
H2 production; however, because of the high electricity usage in the production of large
quantities, the price of the electrolyser rises to about 5% [23]. The cost of producing H2
using photochemical and dark fermentative techniques was predicted to be between USD
2.8 and 2.5 per kg [17]. According to [96]’s estimates from 2017, the costs of producing
H2 using the photo and dark fermentative processes were about USD 18.70 and 3.70,
respectively. Recently, it was reported that the price of H2 in Australia ranges from AUD
1.88 to 2.30/kg of H2 for the production of steam methane reforming and from AUD 2.02
to 2.47/kg of H2 for the production of coal gasification, respectively. Alkaline electrolysis
costs AUD 4.78 to 5.84 per kg of H2, while proton exchange membranes cost AUD 6.08 to
7.43 per kg of H2, according to electrolysis techniques.

The cost to produce partial methane oxidation using synthesis gas is EUR 1.33/kg
of H2 [73]. In Ref. [97], the authors reported in further research that the production of
H2 from natural gas and coal costs USD 0.37 to 1.82 per kg and USD 2.48 to 3.15 per kg,
respectively. Even though the cost of wind and solar energy was found to be high from
2011 to 2016, with an annual growth rate of up to 5.6%, it was determined that the H2
market would increase by 6.21% from USD 87.3 to 118 billion from 2011 to 2016. According
to [98], biomass gasification and pyrolysis will produce H2 at prices between USD 8.91 and
5.51 per GJ and USD 10 to 14 per GJ, respectively, making the SMR process a cost-effective
and advantageous method for producing the gas.

Table 10 shows the costs of various H2 production technology. Steam methane reform-
ing is significantly less expensive (USD 0.75 per kg) compared to the other techniques for
producing H2 [99]. Solar electrolysis currently has the costliest method of producing H2
(USD 5.0/kg); nevertheless, with technological advancements, the cost can be reduced, and
it may be the most advantageous method sooner or later from a sustainability perspective.
As a result, commercialisation of these methods is expected to occur over time, and due to
their insignificant impact on the environment, the cost of producing H2 is expected to be
less than or equivalent to that of traditional techniques employing fossil fuels.

Table 10. Technology costs for producing H2.

Methods Cost of Production (USD per kg) Source References

Photo-catalytic H2O splitting 5.0 Solar [100]
Steam reforming 0.75 Methane [64]

Centralised biomass gasification 1.2 to 2.4 Biomass [85]
Gasification without CO2 sequestration 0.92 Coal [36]

Electrolysis 2.6 to 3.0 Nuclear [34]
H2O splitting 1.4 to 2.3 Nuclear [101]
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4.4. Comparison of Technological Maturity

Table 11 underlines the comparison of various hydrogen-producing technologies’
development levels, the feedstocks, manufacturing techniques, efficiency, and temperature.

Table 11. The comparison of different hydrogen technologies.

Technology Method of
Production

Technology
Maturity Feedstock Efficiency

(%) Temperature (◦C)

Fossil
fuel-based

NH3 reforming Near team NH3 28.3 800–900
Aqueous reforming Medium term Carbohydrate 35–55 220–270
Plasma reforming Long term Hydrocarbon 9–85 900–1300

Pyrolysis Near term - 51 1000–1400
POX Commercial - 60–75 800–1000
ATR Near term - 700–1000
SMR Commercial - 74–85

Renewable

Photolysis Long-term H2O and sunlight 0.5 Ambient
Photo-fermentation - Sunlight and biomass 1.9 -
Dark fermentation - Biomass 60–80 -

MEC - Electricity and biomass 78 -
Biomass gasification Commercial Biomass 35–50 800–1000

SOEC Medium term Heat and H2O and
electricity <110 a 700–1000

Alkaline electrolysis
Commercial Electricity and H2O 62–82 a 40–90

PEM electrolysis 20–100
Photo

electrolysis/PEC Long term Sunlight and H2O 12.4 Ambient

Thermochemical H2O
splitting - Heat and H2O 20–45 500–1000+

Note: a Efficiency (%) based on HHV of H2 (might be >100%). Near term: <5 years; medium term: 5 to 10 years;
long term: >10 years of commercial maturity.

The amount of low-emission H2 currently produced and the amount that is required
to have the world be on top with the NZE and the APS scenarios are remarkably far apart.
The development of significant capacities for the production of low-emission H2, however,
has been the goal of a significant number of projects that have been declared. By 2030, 24
Mt of low-emission H2 might be produced annually, assuming that all projects that have
been declared are completed (Figure 10). Even though these projects are distributed across
the world, approximately fifty percent of the production that might be attained from all of
them would come from G7 members.
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A quarter of the low-emission H2 needed for the NZEs by the 2050 scenario would
be met by the projects that have already been declared, but only 80 percent of the APS
needs. Unpredictability exists regarding the number of projects that have been announced
that will be functional by 2030. Most of these projects will not be achieved under the
present regulatory landscape because of deployment challenges that project developers
are currently facing, such as a shortage of demand, unpredictability about regulation and
accreditation, and a lack of facilities for delivering H2 to final consumers. Additionally,
developing nations (which make up about a quarter of what could be produced from APs)
face significant, additional obstacles, such as the requirement to train qualified workers
and challenges in gaining financial assistance. Deployment will be restricted to 6 Mt,
as predicted in the STEPS, without adequate policy measures being taken to remove
these obstacles.

The degree of maturity of the projects currently being developed can give an accurate
picture of whether it will be possible to realise their full potential for production by 2030.
About four percent of the projects are presently in advanced phases of development,
meaning they are being built or have made a final investment decision (FID), measured
by the amount of output they produce in 2030. Approximately one-third of the possible
generation of low-emission H2 falls into projects at the concept stage, which means they are
in the earliest phases of their development, while the remainder comprises projects going
through feasibility analysis and engineering assessments.

Approximately two percent of the CCUS projects are nearing completion, correspond-
ing to 0.2 Mt of low-emission H2 being produced by 2030. About five percent of electrolysis
projects are in advanced development (which corresponds to about 0.7 Mt of low-emission
H2 generation), with the majority of the possible output resulting from projects going
through feasibility analysis and engineering assessments (fifty-eight percent of possible
production) or in the planning stage (thirty-seven percent of prospective production). This
implies that a large number of projects are still a long way from completion. The building
process and installation of H2 projects can take anytime from a couple of years (in the states
of electrolysis projects less than 100 MW) to a decade (for larger CCUS projects).

Over eighty percent of the H2 produced in 2021 by G7 members came from functional
CCUS projects utilising fossil fuels, and forty percent came from functional electrolysis
projects. Approximately 0.5 Mt of prospective low-emission H2 production is additionally
found in G7 participants, where almost fifty percent of the announced projects that are
currently being built or have received an FID and may be functional by 2030 are located.
Furthermore, feasibility analyses and engineering assessments are being conducted on
projects in G7 nations that could produce 8.5 Mt of low-emission H2 by 2030. As 55% of
all projects worldwide are in this phase of development, the G7 has a major role to play in
rapidly developing the production of low-emission H2 [21].

5. The Influence of Hydrogen Safety on the Economy of Hydrogen Energy

Even though the H2 economy has a promising future, there are certain H2 safety con-
cerns that must not be overlooked. Though H2 is harmless and free of contaminants [102],
it is very combustible and has a substantially greater flame propagation rate than other
fuels [103]. When compared to other fuels of the same volume, H2 burns away in 10 to
20% of the time [99]. The H2 economy consists of the H2 generation, storage, distribu-
tion, and utilisation processes. Reliable safety precautions are required in all phases of
hydrogen generation, storage, transit, and utilisation, which raises the overall price of the
H2 economy.

5.1. The H2 Economy

John Bockris initially introduced the H2 economy as an idea in 1972 [104]. A H2
economy is a system in which H2 gas is employed as the primary energy carrier for power
production, transportation, and industrial activities. It aspires to substitute fossil fuels
with H2 that can be generated and utilised in a sustainable and environmentally friendly
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manner. With the depletion of fossil fuels and the major environmental pollution concerns
created by the large-scale usage of fossil fuels, the search for a novel clean energy carrier
has become increasingly crucial. In comparison to the present direct consumption of
power generated by tidal, wind, and nuclear energy, given its inexhaustible availability
and non-toxic properties, H2 is expected to become an essential or perhaps major energy
carrier in years to come [99]. Although the costs of H2 production, delivery, and storage are
now considerable, its vast possibilities and benefits continue to draw international interest.
Governments around the globe have also emphasised the relevance of the hydrogen
economy [105]. However, one significant benefit of the H2 economy is the fact that it
may attain zero carbon dioxide emissions along the full H2 energy industrial chain, and
numerous nations have begun charging carbon dioxide emissions [106]. The United States
Department of Energy established a five-year objective for H2 storage and H2 fuel cell
research in 2003 [107]. Simultaneously, the European Commission’s High-Level Group on
Fuel Cell and H2 Technology suggested that the EU establish a H2 economy by 2050, with
35% of newly built automobiles powered by hydrogen by 2040 [108]. In the meantime, in
2002, the Brazilian Ministry of Science, Technology, and Innovation established the Brazilian
Fuel Cell and H2 System Programme. In 2005, this programme changed its name to the H2
Economy Science, Technology, and Innovation Programme to encourage the advancement
of H2-based technologies and fuel-cell technology in Brazil [109].

5.2. Hydrogen Storage

Lately, the absence of cost-effective, reliable H2 energy storage systems has been
identified as a major impediment that must be solved as soon as possible. Despite its
incredibly low density and considerable flammability, H2 is chemically stable and may be
kept in stable circumstances for a long period of time. Based on their phase condition, H2
storage systems are classified as solid, gaseous, or liquid [104].

As H2 has a known extremely low density (0.089 kg/m3), its volumetric energy density
is low. Therefore, in order to store H2 efficiently, high pressure or very low temperatures
are needed. Right now, storing gaseous H2 in high-pressure containers, such as those
rated at 35 MPa or 70 MPa, is the most used and developed technique of storing it [110].
Leakage of H2 from steel or aluminium cylinders under high-pressure storage settings
is a possibility. In the event of an accident or discharge, there might be a risk to public
safety if electrical sparks are produced. A plastic composite tank reinforced with carbon
fibre offers greater durability and impact resistance than a metal H2 storage tank, which
can help lower safety hazards. However, the final cost of using H2 will rise as a result
of its expensive price [104]. Natural salt caverns are a better high-pressure gaseous H2
storage option than constructed hydrogen storage tanks when it comes to economics.
Natural basement geological formations may store H2 at higher pressures and volumes
with minimal effects on the environment or public safety. Though one H2 molecule consists
of only two H2 atoms, the energy density per volume of H2 is only one-third that of
natural gas, making its storage costlier as well as less effective [111]. The operational
conditions of high-pressure gaseous H2 storage are comparable to those of natural gas
storage. Furthermore, compared to natural gas, there is a higher chance of H2 leakage.
Given the tiny size and high diffusivity of H2 molecules, it is imperative to ensure the
appropriate selection and construction of the salt cavern. Construction and design should
also take soil and steel sealing into account [111].

Hydrogen embrittlement is another important aspect of gaseous H2 storage. After
prolonged exposure to H2, metal materials undergo embrittlement. When temperature and
concentration gradients induce hydrogen atoms to diffuse via metal, they recombine to
create H2 molecules in the metal gaps, which raises the pressure inside the metal cavity
and causes the phenomenon. As H2 molecules build up, the pressure progressively rises
until the metal substance splits and becomes brittle. Including alloying elements like nickel
and molybdenum to boost H2 permeation resistance, adjusting process parameters like
annealing temperature or electroplating conditions, and using corrosion inhibitors to lower
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the corrosion rate are some ways to avoid H2 embrittlement [112]. Without a doubt, this
will result in higher process costs, material expenses, or unanticipated, new safety concerns.

Another method of physically storing H2 is liquid H2 storage. Liquid H2 has a density
of 71 g/L at its boiling point of 20 K, but compressed H2 has a maximum density of 30 g/L
at ambient temperature. The liquid H2 storage tank has a far higher density and a much
lower internal pressure as compared to high-pressure gaseous H2 storage. Since H2 must
be maintained at a low temperature of 20 K in a tank with good thermal insulation and the
liquefaction process uses significant quantities of energy, roughly 30% of the H2’s energy
content [112], liquid H2 storage has higher efficiency for both transportation and storage,
but it also comes at a higher cost in terms of equipment and energy consumption. In
general, the price of liquid H2 storage is approximately four to five times that of gaseous
H2 storage [14].

The advancement of the H2 economy necessitates the construction of a robust H2
storage facility with satisfactory levels of safety, economy, effectiveness, and ease. Because
it is safer and more stable than gaseous or liquid H2 storage, H2 storage in either liquid
or solid materials is gaining popularity [104]. By absorbing solid materials and releasing
them under optimum pressure and heat conditions, H2 molecules may be kept securely
and persistently. There are two types of solid H2 storage: physical and chemical adsorption.
Physical adsorption employs van der Waals force to adsorb H2 molecules in materials
such as carbon fibre tubes and other porous structures, which are subsequently released
at a suitable temperature [16,113,114]. Although this technology is reversible and has
a low storage cost, its H2 storage capacity is often limited. The H2 storage potential
of alkali metal-modified carbon nanomaterials, for instance, ranges from 8 to 9 weight
percent [115], making them inadequate for large-scale H2 storage and, hence, severely
limiting their practical applicability. Chemical adsorption employs metal hydride and
H2-containing organic matter (carbohydrate, formic acid) to store H2 via hydrolysis and
emit it via catalytic pyrolysis. Chemical production of hydride has a greater energy density
and a milder operating condition than physical adsorption. The storage of H2 by sodium
borohydride, lithium aluminium hydride, and borane ammonia is safer and has a greater
storage density, which can be over 10 percent. However, the emission of H2 from metal
hydrides is typically irreversible and comes with byproducts. Because the interaction of
hydrides with water causes a strong hydrolysis process, the ambient humidity for their
storage is severely limited [116]. Furthermore, the expensive nature of metal hydride
compounds raises the price of H2 storage. Though metal hydrides are regarded as among
the most practical hydrogen storage solutions [117], more work has to be carried out in
regard to reaction kinetics, material prices, storage period, and conditions of reaction.

5.3. Hydrogen Transportation

There are three basic means of transporting H2: liquid H2 via ship, truck, and rail;
gaseous H2 by pipeline; and absorbed H2 via various materials. As previously stated, the
biggest safety risks with the latter two procedures are linked to their storage. The gas
pipeline transportation facility is linked to the safety concern.

Transporting H2 by pipeline is a safe method, particularly when the pipeline has a
small diameter and low pressure. It is perfect for transporting huge amounts of H2 across
long distances. However, building the pipeline network requires a significant financial
outlay, and a unique coating treatment is further necessary to stop H2 from penetrating and
causing embrittlement issues for the pipeline. Because of its very low density and quick
diffusion rate, H2 poses a danger of leakage along the pipeline. Although H2 has no taste
or smell, it is not appropriate to add an odourant to it in order to detect leaks, as this will
contaminate the H2 gas and impact its final application [14].

5.4. Safety Concerns with the Transportation and Storage of Hydrogen

Material degradation during H2 storage and transit will result in pipe and tank damage.
The H2 molecule will infiltrate the metal under high pressure, damaging the inner structure
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of the metal and causing mishaps during storage and transit. There are basically three
forms of material degradation caused by H2: H2-induced cracking, H2 embrittlement, and
high-temperature H2 corrosion, with H2 embrittlement being the most prevalent [118].

Pressure vessels made of carbon fibre composite for the outside packing and a polymer
sealing lining are commonly used as H2 tanks. When the depressurisation rate is greater
than the rate at which the absorbed gas escapes by diffusion, H2 will be absorbed by the
plastic liner at high pressure, causing blistering of the liner [56]. In the event of a failure,
the composite material bearing the principal pressure load may split as a consequence of
the blistering of the liner in the H2 storage tank. This might cause serious mishaps.

The materials employed in liquid H2 structures are subjected to low temperatures;
thus, when choosing materials for these types of structures, particular attention should
be paid to the change in material characteristics. In low-temperature H2 usage, low-
temperature thermal shrinkage and low-temperature embrittlement are the most significant
thermal characteristics. A reduced ability to absorb impact energy in a material at lower
temperatures is known as low-temperature embrittlement. A material’s ability to absorb
impact energy is greatly diminished, and it transitions from a ductile to a brittle state when
its temperature falls below the critical transition temperature for toughness and brittleness.
Because thermoplastic materials naturally expand at low temperatures, the process known
as “low-temperature thermal contraction” describes how the volume of these materials
contracts [119].

When the system’s temperature approaches 200 ◦C, the metal will come into contact
with H2 at high pressure and temperature. Hydrogen molecules or hydrogen atoms can
readily infiltrate the metal in such an atmosphere. When penetrating H2 molecules or
H2 atoms interact with the metal’s impurity elements, gaseous products are frequently
generated, and high-temperature H2 corrosion occurs. Because of the tiny size of H2 atoms,
H2 dissolved in metals has great fluidity. Hydrogen atoms dissolved in the metal can
recombine to generate H2 molecules, which can then mix with carbon to form methane
within the metal’s microstructural defect holes. The production of methane gas can result
in high internal pressure, resulting in the creation of bulges and fissures inside the metal.
As a result, high-temperature H2 corrosion may be exacerbated [120].

During the storage and transportation of hydrogen, it is possible for it to leak and
disperse. Hydrogen has a low ignition point and can explode into flames quickly. Even
without a fire, H2 leaking is a dangerous circumstance, especially in tight places where it
can induce asphyxiation. When low-temperature liquid hydrogen (LH2) is released into the
atmosphere, it evaporates violently, forming a high-concentration H2 cloud that spreads
over a vast area and causes combustion or even explosion if a spark occurs. To simulate
LH2 leakage, [121] developed a pseudo-source model and utilised the commercial CFD
application FLACS. This study examined the effects of liquid hydrogen refuelling station
(LHRS) layout, leakage factors, and local climatic variables on the repercussions of LH2
leakage. It has been discovered that the caravan parking site in the present LHRS layout
would exacerbate the explosive implications of the LH2 leak. More importantly, when the
leaking equivalent width is 25.4 mm, an explosion might occur, inflicting terrible harm on
nearby people. According to the data, the chance of an explosion diminishes as wind speed
increases [121].

6. Conclusions and Recommendations

A thorough evaluation of the different hydrogen production techniques and their
effects on the environment has been given in the present paper. When evaluating the
efficacy of various hydrogen production techniques, the findings highlight the significance
of taking the effects on the environment into account in addition to technical viability.
It is obvious that no particular strategy can be regarded as the best one because each
approach has pros and cons in terms of performance, scalability, affordability, and adverse
environmental effects.
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Steam methane reforming generates a substantial quantity of carbon emissions regard-
less of its cost-effectiveness and high rate of production, underscoring the requirement
for technologies to capture and store carbon in order to lessen its negative environmen-
tal effects. Although electrolysis appears to be a viable renewable hydrogen production
technique, more research is needed to lower the amount of energy needed and increase
its economic viability. SMR is now the most used process for creating methane; however,
because it relies on methane, it is inefficient in terms of energy. Electrolysis can achieve
higher energy efficiency, especially when using renewable energy sources. In comparison
to electrolysis and SMR, biomass gasification is a green and carbon-free process; however,
it often has lower energy efficiency. Improving energy efficiency is a primary focus as new
manufacturing methods are developed to ensure long-term, cost-effective output.

The environmental sustainability of hydrogen production can be substantially en-
hanced by including renewable energy sources, like solar and wind power, in the processes.
The carbon impact of hydrogen can be significantly decreased by using renewable electricity
for electrolysis or simply powering biomass gasification.

The following suggestions can be made to promote the creation and application of
environmentally friendly hydrogen technology in light of the review’s findings:

• Research and development: To increase the effectiveness and environmental sus-
tainability of hydrogen production techniques, more research and development are
required. To circumvent their present restrictions and improve their economic vi-
ability, emphasis should be placed on thermochemical, biomass gasification, and
electrolysis methods.

• Integration of renewable energy sources: Regulations and financial incentives ought
to be put in place to promote the incorporation of renewable energy sources, such as
solar and wind power, into the methodologies used to produce hydrogen. As a result,
carbon dioxide emissions linked to the production of hydrogen will be decreased, and
the overall sustainability of the energy system will be improved.

• Technological innovation: For the advancement of hydrogen production techniques,
investments in new technologies and pilot initiatives are crucial. Partnerships between
governments, businesses, and academia can hasten the creation of new, environmen-
tally friendly methods for producing hydrogen.

• Life cycle evaluation: Performing thorough life cycle analyses of various hydrogen
production techniques can give us in-depth knowledge of the effects they have on
the environment. To discover and tackle prospective environmental hotspots, this
assessment should take into account every step, from the extraction of raw materials
to the final product.

• Policy encouragement: To encourage the implementation of environmentally friendly
hydrogen production methods, policymakers and governments ought to develop
enabling policies, rules, and rewards. To encourage the switch to more environmentally
friendly hydrogen production techniques, this involves pricing carbon processes,
funding for research, and tax incentives.

These suggestions can be put into practice in order to pave the way for a hydrogen
economy that is more environmentally friendly, aiding efforts to reduce global warming
and create an energy system that is more sustainable.
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Abbreviations

ATR Autothermal Reforming
AP Acidification Potential
ADP Abiotic Depletion Potential
CCU Carbon Capture and Utilisation
CCS Carbon Capture and Storage
CO2 Carbon dioxide
Cu–Cl Copper–chlorine
GHG Greenhouse Gas
GWP Global Warming Potential
EP Eutrophication Potential
FID Final Investment Decision
H2 Hydrogen
HHV High Heating Value
GED Global Energy Demand
CG Coal Gasification
HTP Human Toxicity Potential
IPCC Intergovernmental Panel on Climate Change
Fe Iron
FCEVs Fuel Cell Electric Vehicles
IPHE International Partnership for Hydrogen and fuels cells in the Economy
LCA Life Cycle Assessment
LHV Lower Heating Value
SMR Steam Methane Reformer
TWD Thermochemical Water Decomposition
AWE Alkaline Water Electrolysis
SOE Solid Oxide Electrolysis
NOx Nitrogen Oxides
Ni Nickel
NZE Net Zero Emission
PEM Proton Exchange Membrane
PEC Photoelectrochemical
SO2 Sulfur Dioxide
KOH Potassium hydroxide
PM Particulate Matter
NaCl Sodium Chloride
VOCs Volatile Organic Compounds
H2O Water
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