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The Hydrogen Paradigm - Past, Present, and Future

1.1 Introduction to Hydrogen as an Energy Carrier

1.1.1 Definition and Fundamental Properties of Hydrogen

Hydrogen, the lightest and most abundant element in the universe, plays a cru-
cial role in both natural and engineered energy systems. It is represented by the
chemical symbol H and has an atomic number of 1, meaning it contains only one
proton in its nucleus. As a fundamental building block of the universe, hydrogen is
a primary component of stars and gas giants and is widely found in water, hydrocar-
bons, and biological systems. Its significance in energy applications arises from its
high-energy density and clean combustion properties, making it an ideal candidate
for sustainable fuel alternatives [1].

The atomic structure of hydrogen is the simplest among all elements, consisting
of a single proton and an electron. However, hydrogen exhibits multiple isotopic
forms, which are distinguished by the number of neutrons in the nucleus. The
three naturally occurring isotopes of hydrogen are:

« Protium (1H) - The most abundant isotope, accounting for over 99.98% of
naturally occurring hydrogen. It consists of a single proton and no neutrons.

« Deuterium (“2H or D) - This isotope contains one proton and one neutron,
making it twice as heavy as protium. Deuterium is stable and occurs naturally
in small quantities (about 0.015% of Earth’s hydrogen). It is commonly used in
nuclear fusion research and heavy water applications in nuclear reactors.

« Tritium ("3H or T) - A radioactive isotope containing one proton and two
neutrons. Tritium has a half-life of 12.3 years and is primarily produced in
nuclear reactions. It is used in specialized applications such as nuclear fusion
research and self-luminous materials.

Hydrogen’s placement in the periodic table highlights its unique properties and
chemical versatility (as illustrated in Figure 1.1). Despite being positioned in Group 1
due to its single valence electron, hydrogen exhibits behavior distinct from alkali
metals, and in some respects, resembles halogens. It readily forms bonds with other
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Figure 1.1 Hydrogen’s position in the periodic table and its key properties. Reproduced
with permission of [5]/John Wiley & Sons.

elements, contributing to a vast range of compounds, including water (H,0), hydro-
carbons (CH,, C,Hy), and acids (HCI, H,SO,) [2].

The properties of hydrogen that make it particularly attractive as an energy carrier
are its lightweight nature, high-energy content, and environmental benefits [3]. Some
key physical and chemical characteristics of hydrogen relevant to energy applications
are as follows:

Low Atomic and Molecular Mass — Hydrogen is the lightest element, with an atomic
mass of 1.008 u. Molecular hydrogen (H,) has a molecular weight of 2.016 g/mol,
making it significantly lighter than other fuels. Its low density (0.0899 g/L at stand-
ard conditions) presents challenges for storage and transportation, necessitating
advanced containment techniques such as compression, liquefaction, or chemical
storage. These storage challenges are particularly important in applications where
large quantities of hydrogen need to be transported or stored over extended periods.

High-Energy Density - Despite its low volumetric density, hydrogen has an excep-
tionally high gravimetric energy density of 120 MJ/kg, nearly three times that of
gasoline (44 MJ/kg). This property makes hydrogen a promising alternative for
applications requiring lightweight, high-energy fuels, such as aerospace, fuel cell
vehicles, and portable power systems. Its high-energy density per unit mass also
positions hydrogen as an ideal candidate for energy applications in sectors that
demand significant power with minimal weight, such as aviation and heavy-duty
transport.

Chemical Reactivity and Combustion - Hydrogen exhibits strong reducing
properties, allowing it to participate in various chemical reactions, including
redox processes and catalysis. When burned in the presence of oxygen, hydrogen
reacts exothermically:

2+ 0, — 2H,0 + Energy (1.1)
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This reaction releases a significant amount of energy and produces only water
vapor as a byproduct, making hydrogen a zero-emission fuel when used in com-
bustion engines or fuel cells (as illustrated in Figure 1.1). The clean nature of
hydrogen combustion positions it as an attractive alternative to fossil fuels, which
emit harmful greenhouse gases and pollutants.

Flammability and Explosion Limits - Hydrogen has a wide flammability range
(4-75% in air) and a low ignition energy, making it highly reactive. This char-
acteristic necessitates strict safety measures in hydrogen storage and handling.
However, due to its low molecular weight, hydrogen dissipates quickly in the
atmosphere, reducing the risk of prolonged exposure to explosive concentrations.
These safety considerations are essential in ensuring the safe adoption of hydro-
gen in various energy systems.

Electrochemical Potential in Fuel Cells - Hydrogen’s ability to release electrons
in an electrochemical reaction makes it an ideal fuel for proton exchange mem-
brane (PEM) fuel cells, where hydrogen is split into protons and electrons to gen-
erate electricity. This application is central to hydrogen-powered vehicles, backup
power systems, and stationary fuel cell applications. The efficiency of hydrogen
fuel cells, combined with their zero-emission nature, offers a promising solu-
tion for a wide range of applications, from transportation to stationary power
generation.

Interaction with Metals and Storage Challenges - Hydrogen can diffuse
through metals, leading to hydrogen embrittlement, which weakens structural
materials over time. This property impacts pipeline transport and metal storage
solutions, requiring specialized materials to contain hydrogen safely. Engineers
are working to develop advanced materials that can withstand the effects of
hydrogen embrittlement, ensuring the safe transport and storage of hydrogen.

Cryogenic Liquefaction - Hydrogen has a boiling point of —252.87 °C, neces-
sitating cryogenic technology for liquid hydrogen storage. Liquefied hydrogen
(LH,) is often used in rocket propulsion and energy storage applications where
high-density storage is required. The cryogenic liquefaction of hydrogen enables
its storage in compact, dense forms, making it suitable for high-energy applica-
tions such as space exploration.

Hydrogen’s distinct physical and chemical properties underscore its potential as a
clean and sustainable energy source, while also presenting technical challenges that
require innovative solutions for widespread adoption. As the world shifts toward
decarbonization and renewable energy integration, hydrogen will continue to play a
pivotal role in shaping the future energy landscape [4].

1.1.2 Why Hydrogen Is Considered a Clean Energy Carrier

Hydrogen has gained global recognition as a clean energy carrier due to its poten-
tial to provide a sustainable, zero-emission alternative to conventional fossil fuels.
Its unique properties, including high-energy density, efficiency in energy conver-
sion, and versatility across multiple sectors, make it a promising candidate for the
future of energy. Hydrogen can be used in fuel cells, internal combustion engines,

3



4

1 The Hydrogen Paradigm - Past, Present, and Future

and industrial applications while producing minimal environmental impact. The
key reasons hydrogen is considered a clean energy carrier include its zero-emission
potential, high efficiency in energy conversion, and favorable comparison with fos-
sil fuels and renewables [6].

One of the most compelling advantages of hydrogen as an energy carrier is its
zero-emission potential when combusted or used in fuel cells. Unlike fossil fuels,
which release carbon dioxide (CO,), nitrogen oxides (NO,), sulfur oxides (SO,),
and particulate matter, hydrogen produces only water vapor (H,0) when reacted
with oxygen. This clean combustion process is represented by the reaction (1.1).
This reaction is highly exothermic, releasing a significant amount of energy while
generating no carbon-based emissions. Due to this characteristic, hydrogen is con-
sidered a viable alternative to coal, oil, and natural gas in sectors where emissions
are a major concern, such as transportation, power generation, and heavy indus-
try. Additionally, hydrogen can be produced from renewable energy sources, such
as solar, wind, and hydropower, through electrolysis, making it a truly sustainable
energy carrier. Green hydrogen, produced via water electrolysis powered by renewa-
bles, has a net-zero carbon footprint, making it an ideal candidate for long-term
energy storage and grid stabilization [7].

Hydrogen can also be blended with natural gas in existing pipeline infrastructure
to reduce carbon emissions in heating applications. A blend of 20% hydrogen with
natural gas can lower overall emissions without requiring major modifications to
current gas infrastructure. In contrast, using pure hydrogen in fuel cells ensures
completely carbon-free power generation, making it particularly suitable for elec-
tric vehicles, stationary power systems, and portable energy applications [8].

Hydrogen’s efficiency in energy conversion is another reason for its growing
popularity as a clean energy carrier. When used in fuel cells, hydrogen undergoes
an electrochemical reaction rather than combustion, significantly improving effi-
ciency and reducing energy losses. Fuel cells can achieve an efficiency of 50-60%,
much higher than internal combustion engines, which typically operate at 20-30%
efficiency due to heat losses. When combined with waste heat recovery systems,
fuel cells can reach an overall efficiency of 80-90%, making them one of the most
efficient energy conversion technologies available. In contrast, traditional coal-fired
power plants have efficiencies of only 35-40%, with the remainder of the energy
lost as heat. The sustainability of hydrogen is further enhanced by its ability to be
produced domestically using locally available resources. Unlike fossil fuels, which
are finite and concentrated in specific regions, hydrogen can be derived from water
(H,0), biomass, or industrial byproducts. This enhances energy security by reduc-
ing dependence on oil and gas imports, creating a more resilient and distributed
energy system. Furthermore, hydrogen can act as an energy storage medium for
intermittent renewables like solar and wind. Surplus electricity generated during
high renewable output periods can be used to produce hydrogen via electrolysis,
which can then be stored and converted back to electricity when demand is high
(as depicted in Table 1.1). This capability makes hydrogen a key enabler of grid sta-
bility and energy balancing, addressing one of the major challenges of renewable
energy integration [9].
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A comprehensive comparison of hydrogen with other energy carriers, includ-
ing electricity, natural gas, and gasoline, reveals its potential advantages in energy
density, emissions, and efficiency (as shown in Table 1.1). Hydrogen has a higher
energy content per unit mass (120 MJ/kg) than gasoline (44 MJ/kg) and natural
gas (53 MIJ/kg). This makes hydrogen particularly attractive for aerospace and
heavy-duty transport, where weight considerations are critical. However, hydro-
gen’s low volumetric energy density presents storage and transportation challenges,
requiring compression, liquefaction, or solid-state storage solutions [10].

Emissions Profile:

» Hydrogen emits zero greenhouse gases when used in fuel cells.

« Natural gas, while cleaner than coal, still emits 50-60% of the CO, per unit
energy compared to gasoline.

« Gasoline and diesel combustion produce CO,, NO,, SO,, and particulate mat-
ter, contributing to air pollution and climate change.

Efficiency:

« Hydrogen fuel cells operate at 50-60% efficiency and can reach 80-90% with
heat recovery.

« Internal combustion engines (ICEs) powered by gasoline or diesel typically
have efficiencies of 20-30%, with significant losses due to heat dissipation.

« Battery electric vehicles (BEVs) achieve efficiencies of 85-90%, but their energy
storage capacity is limited compared to hydrogen fuel cells.

Hydrogen, with its zero-emission potential, efficiency in energy conversion, and
favorable emissions profile, stands out as a clean energy carrier capable of playing
a pivotal role in the global transition toward a more sustainable and decarbonized
energy future [11].

Table 1.1 Comparison of hydrogen with other energy carriers (electricity, natural gas,
gasoline) in terms of energy density, emissions, and efficiency. (Placed at the end of this
section to highlight advantages and limitations.)

Gravimetric Emissions
energy density  (CO, per MJ
Energy carrier (MJ/kg) energy) Efficiency (%) Storage challenges
Hydrogen (H,) 120 0 (Fuel 50-60 (Fuel  Requires compression/
cells) cells) liquefaction [12]
Gasoline 44 73g 20-30 (ICEs) Liquid fuel, stable
CO,/MJ storage [13]
Natural 53 50g 30-40 (Gas Requires pipelines or
gas (CH,) CO,/MJ turbines) liquefied natural gas
(LNG) storage [14]
Electricity 0.3 (Li-ion) Dependson 85-90 (BEVs) Limited by battery
(battery storage) grid mix capacity and

lifespan [15]
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Hydrogen stands out as a clean, efficient, and sustainable energy carrier with
the potential to replace fossil fuels in multiple sectors. Its zero-emission nature,
high-energy conversion efficiency, and ability to store and transport renewable
energy make it a key enabler of the global energy transition. While challenges such
as storage, infrastructure, and cost remain, ongoing advancements in hydrogen pro-
duction, distribution, and utilization will drive its widespread adoption. As global
policies shift toward carbon neutrality, hydrogen is poised to play a pivotal role in
achieving sustainable and emission-free energy systems [16].

1.1.3 Role of Hydrogen in Decarbonization Efforts

The transition to a low-carbon economy is crucial for mitigating climate change,
and hydrogen has emerged as a key enabler of global decarbonization efforts. As
a clean and versatile energy carrier, hydrogen can significantly reduce greenhouse
gas (GHG) emissions by replacing fossil fuels in transportation, industry, and power
generation. Moreover, its ability to integrate with renewable energy sources makes it
an essential component of a sustainable energy system. By leveraging green hydro-
gen production, advancements in fuel cell technology, and hydrogen infrastructure
development, the world can accelerate toward carbon neutrality and meet climate
goals set by international agreements such as the Paris Agreement [17].

Carbon neutrality — achieving net-zero carbon dioxide (CO,) emissions - requires
a fundamental shift away from fossil fuels toward clean energy solutions. Hydrogen
offers a zero-emission alternative when produced using renewable energy sources
such as solar and wind power. Unlike coal, oil, and natural gas, which emit CO,,
methane (CH,), and other pollutants, hydrogen can be used in fuel cells and com-
bustion processes while producing only water (H,0O) as a byproduct. To achieve
deep decarbonization, hydrogen must be produced, stored, and utilized in a way
that minimizes emissions. This includes transitioning from gray hydrogen (derived
from fossil fuels) to blue hydrogen (produced with carbon capture and storage) and
ultimately to green hydrogen (generated via electrolysis powered by renewables).
Large-scale deployment of green hydrogen is expected to reduce CO, emissions
in hard-to-abate sectors and contribute significantly to global carbon neutrality
goals [18].

Sectors Benefiting from Hydrogen-Based Decarbonization

a. Transportation: The transportation sector is one of the largest contribu-
tors to global CO, emissions, primarily due to the reliance on gasoline and
diesel-powered vehicles. Hydrogen-based solutions, such as fuel cell electric
vehicles (FCEVs), offer a zero-emission alternative to ICEs. Unlike BEVs, which
require long charging times, FCEVs can be refueled quickly and have longer
driving ranges, making them ideal for heavy-duty transport, buses, trains, and
maritime shipping. Hydrogen-powered aviation is also under development,
with companies exploring liquid hydrogen fuel for long-haul flights [19].

b. Industry: Heavy industries, such as steel, cement, and chemical manufactur-
ing, account for a significant share of global carbon emissions. These indus-
tries rely on high-temperature processes that are difficult to electrify. Hydrogen,
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especially in the form of green hydrogen, can serve as a clean alternative to
coal and natural gas in steel production (via hydrogen direct reduction), ammo-
nia synthesis, and chemical refining. By replacing fossil-based hydrogen (gray
hydrogen) with green hydrogen, industries can achieve substantial CO, emis-
sion reductions while maintaining efficiency [20].

c. Power Generation: Hydrogen can play a vital role in stabilizing electricity
grids and supporting renewable energy expansion. While solar and wind energy
are crucial for decarbonization, their intermittent nature presents challenges
for grid stability. Hydrogen can be used to store excess renewable energy during
periods of low demand and later converted back to electricity via fuel cells or
hydrogen turbines when needed. This ability to act as a long-term energy stor-
age solution makes hydrogen an essential component of future power systems.
Countries are already testing hydrogen-fired gas turbines to replace traditional
natural gas power plants, further reducing carbon emissions from the power
sector [21].

Hydrogen’s compatibility with renewable energy is a major advantage in global
decarbonization efforts. When solar and wind farms generate excess power, this
surplus energy can be used for water electrolysis, producing green hydrogen. This
hydrogen can then be stored and transported to be used in fuel cells, industrial
applications, or power plants. The concept of “power-to-gas” (P2G) allows renew-
able energy to be converted into hydrogen, effectively addressing energy storage
and grid-balancing challenges. Furthermore, hydrogen pipelines can integrate with
existing gas networks, allowing for blending hydrogen with natural gas to progres-
sively reduce carbon footprints. Some countries are already experimenting with
20-30% hydrogen blending, with the goal of transitioning to 100% hydrogen-based
heating and electricity generation [22].

Hydrogen is a critical enabler of global decarbonization efforts, offering solutions
for carbon neutrality in transportation, industry, and power generation. By leverag-
ing green hydrogen production and integrating it with renewable energy systems,
nations can significantly reduce GHG emissions, enhance energy security, and cre-
ate a sustainable energy future. While challenges remain, including infrastructure
development and production costs, ongoing technological advancements and policy
support will accelerate the global hydrogen economy, making it a cornerstone of
climate change mitigation strategies [23].

1.2 Evolution of Hydrogen as an Energy Carrier

1.2.1 Early Uses of Hydrogen

Hydrogen has a long history of use, beginning with its discovery in the eighteenth
century and gradually expanding into various industrial and scientific applications.
The first documented production of hydrogen dates back to 1671, when the English
scientist Robert Boyle observed the gas while experimenting with metals and acids.
However, it was not until 1766 that the British chemist Henry Cavendish identi-
fied hydrogen as a distinct element, isolating it and recognizing its flammability.
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His experiments revealed that hydrogen, when burned, produced water, a crucial
discovery that laid the foundation for understanding its chemical properties [24].

One of the earliest and most iconic applications of hydrogen was in balloons. In
the late eighteenth and early nineteenth centuries, hydrogen gas became widely
used to fill balloons, offering a practical means of achieving flight due to its low
molecular weight and high buoyancy. The French brothers Joseph-Michel and
Jacques-Etienne Montgolfier are often credited with the development of the first
hot air balloons, but hydrogen’s ability to lift heavier loads made it an attractive
alternative. In 1783, the first hydrogen-filled balloon flight took place, and soon
after, hydrogen was used for a series of daring aerial adventures. It was particularly
instrumental in early ballooning expeditions, including those by famous figures
such as Jean-Pierre Blanchard and Henry Coxwell. Despite its potential for flight,
the flammability of hydrogen eventually led to its replacement by safer, less volatile
gases like helium. Beyond ballooning, hydrogen found early use in various indus-
trial processes. In the nineteenth century, it became an essential component in the
production of ammonia through the Haber process, a critical advancement for fer-
tilizer production that revolutionized agriculture. Hydrogen’s role in hydrogenation
processes also began to take shape during this period, facilitating the conversion of
unsaturated fats and oils into solid forms, such as margarine. This process, known
as catalytic hydrogenation, is still widely used in the food industry today. Overall,
the early use of hydrogen paved the way for its later applications in energy and
chemical processes. Its discovery and the subsequent exploration of its potential
led to significant technological and industrial developments, establishing hydrogen
as a key element in the scientific and industrial revolutions of the eighteenth and
nineteenth centuries [25].

1.2.2 Development of Hydrogen Production Technologies

The development of hydrogen production technologies has evolved significantly
from early methods like electrolysis to the sophisticated reforming processes used
today. Hydrogen’s potential as an energy carrier has driven scientists and engineers
to explore various methods for its generation, resulting in numerous breakthroughs
over the centuries. In the late eighteenth century, the first recorded instance of
hydrogen production occurred via electrolysis, a process that remains relevant to
this day. In 1800, William Nicholson and Anthony Carlisle demonstrated the elec-
trolysis of water, breaking it down into hydrogen and oxygen using an electric cur-
rent. This was the first time hydrogen had been intentionally produced from water,
marking a major milestone in hydrogen energy development. Electrolysis became a
foundational technology for hydrogen production, as it provided a means of gener-
ating hydrogen from abundant and renewable water sources [26].

The next significant breakthrough came in the nineteenth century, with the
development of steam reforming, which remains one of the most widely used meth-
ods for hydrogen production today. In the early 1800s, chemists discovered that
high temperatures and the presence of a catalyst could be used to extract hydro-
gen from hydrocarbons, such as methane. Steam reforming, which involves react-
ing methane with steam at high temperatures (700-1,000 °C) to produce hydrogen,
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carbon monoxide, and a small amount of carbon dioxide, became a major industrial
method. This process, still widely used in refineries and chemical plants, is efficient
but produces carbon-based byproducts, making it a less environmentally friendly
option compared to newer technologies like water electrolysis powered by renewa-
ble energy sources [27]. In the mid-twentieth century, advances in hydrogen produc-
tion continued with the introduction of more efficient methods, including partial
oxidation and auto-thermal reforming. These processes combined steam reforming
with other chemical reactions to increase hydrogen yield and reduce energy con-
sumption. Additionally, during this time, the industrial-scale production of hydro-
gen saw rapid growth, especially with its increasing use in the petroleum industry
and for the production of ammonia [28]. The late twentieth and early twenty-first
centuries saw a surge in research aimed at improving the sustainability of hydrogen
production. The introduction of “green hydrogen” production methods, particu-
larly through electrolysis powered by renewable energy sources such as wind, solar,
and hydropower, represented a breakthrough in decarbonizing hydrogen produc-
tion. These methods have gained momentum in recent years, driven by the need for
cleaner energy alternatives to fossil fuels. Green hydrogen is produced by splitting
water molecules into hydrogen and oxygen using electricity derived from renewable
sources, resulting in a zero-emission production process that holds great promise
for reducing global carbon footprints [29].

Alongside green hydrogen, developments in biomass gasification, which uses
organic materials to produce hydrogen, have also emerged as another potential source
of hydrogen. This method converts biomass into hydrogen-rich gases, making it an
attractive option for regions with abundant agricultural or forest waste. As shown
in Figure 1.2, the timeline of hydrogen energy development highlights the key mile-
stones in hydrogen production, from the early electrolysis experiments to the modern
reforming processes and the ongoing push for sustainable hydrogen generation tech-
nologies. This progression reflects the growing understanding of hydrogen’s potential

Figure 1.2 Timeline showing key milestones in hydrogen energy development.
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as a clean energy carrier and the increasing demand for efficient, environmentally
friendly hydrogen production methods to meet the energy needs of the future. The
future of hydrogen production lies in further innovations, such as advanced electro-
lyzers and more cost-effective renewable energy integration, ensuring its role in the
global transition to a cleaner energy system [30, 31].

1.2.3 The Rise of Fuel Cells and Space Applications

The rise of hydrogen fuel cells in space applications marked a significant turning point
in both the development of fuel cell technology and the broader use of hydrogen as
an energy carrier. In the mid-twentieth century, NASA’s space programs became one
of the most prominent arenas for demonstrating the potential of hydrogen fuel cells,
a technology that would later find its way into various commercial applications. The
development of hydrogen fuel cells for space missions began in the 1950s, with the
realization that traditional power sources would not meet the unique needs of space
exploration. Fuel cells, which generate electricity through the electrochemical reac-
tion between hydrogen and oxygen, provided a lightweight, reliable, and long-lasting
energy source. This made them ideal for powering spacecraft, where weight and effi-
ciency are critical. NASA’s interest in fuel cells led to significant advancements in both
the technology and its application in space missions [32, 33].

In the early 1960s, NASA began using hydrogen fuel cells for its Gemini and
Apollo space programs. The Apollo spacecraft, which carried astronauts to the
Moon, relied on fuel cells to generate electricity and supply potable water for
the astronauts. The fuel cell system was highly efficient, producing both electric-
ity and water as a byproduct, which was particularly important in the confined
environment of the spacecraft. The Apollo missions demonstrated that hydro-
gen fuel cells could operate efficiently in space, providing a continuous power
source for critical systems while also producing water for consumption by the
astronauts. The success of hydrogen fuel cells in the Apollo missions catalyzed
their further development and adoption [34]. By the 1970s, fuel cells were widely
used in space exploration, and NASA’s space shuttle program relied heavily on
hydrogen fuel cells for power. The space shuttle, which launched in 1981, was
equipped with fuel cells that generated electricity from hydrogen and oxygen
during flight. These fuel cells provided electrical power for the shuttle’s sys-
tems and were essential for supporting the crew’s needs during both launch and
re-entry. The use of hydrogen fuel cells in space applications was a testament to
their reliability, long life, and efficiency under extreme conditions. Parallel to
NASA’s work in space, hydrogen fuel cells began to receive commercial atten-
tion. In the 1960s and 1970s, several early experiments were conducted in the
automotive and industrial sectors, where fuel cells were tested for use in vehicles
and backup power systems. Although the technology faced challenges in terms
of cost and scalability, it laid the groundwork for future developments. In the
1990s, commercial interest in fuel cells increased as the need for clean, efficient
energy sources grew, particularly in the context of environmental concerns and
the development of alternative energy solutions [35].
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The early experiments and commercial developments of hydrogen fuel cells,
although limited in scope at the time, demonstrated their potential to provide clean
energy for various applications. Today, hydrogen fuel cells have moved from the
realm of space exploration to terrestrial applications, including transportation, sta-
tionary power systems, and backup generators. The development of fuel cells for
NASA’s space programs played a pivotal role in proving the viability of hydrogen
as an energy carrier, and it continues to be a driving force in the development of
fuel cell technologies today. As the world moves toward cleaner, more sustainable
energy solutions, hydrogen fuel cells are positioned to play a key role in decarbon-
izing sectors such as transportation and power generation, building upon the legacy
of their success in space applications [36, 37].

1.2.4 Hydrogen’s Transition to an Energy Vector in the Twenty-first
Century

Hydrogen has undergone a remarkable transformation over the last few decades,
evolving from a simple industrial gas to a cornerstone of clean energy solutions in
the twenty-first century. Historically, hydrogen was primarily used in industries
such as refining, ammonia production, and chemical synthesis. It was seen as a
useful but niche industrial product, and its applications were largely confined to
these sectors. However, as the world faces mounting challenges associated with
climate change, air pollution, and the depletion of fossil fuels, hydrogen’s poten-
tial as a clean energy carrier has gained global attention, setting the stage for its
significant role in the future energy landscape. The shift of hydrogen from an
industrial gas to a clean energy solution is largely driven by the increasing demand
for decarbonization in various sectors, particularly in transportation, power gen-
eration, and heavy industry. One of the most compelling aspects of hydrogen is
its versatility: it can be used in fuel cells for vehicles, stored as an energy carrier,
and even integrated into industrial processes to replace carbon-intensive fuels. As
concerns about GHG emissions have intensified, hydrogen has emerged as a key
solution to reduce emissions in hard-to-abate sectors like steel production and
long-distance transportation [38].

In the early twenty-first century, hydrogen began to be seen not just as a chemical
feedstock but as a vector for storing and transporting renewable energy. The rise of
renewable energy sources, such as solar and wind, has posed significant challenges
to grid stability due to their intermittent nature. Hydrogen offers a solution to this
challenge by acting as an energy carrier. Surplus renewable energy can be used to
produce hydrogen through electrolysis, and this hydrogen can then be stored for
use when renewable energy generation is low. This ability to store and transport
energy over long distances makes hydrogen a critical player in the transition to a
low-carbon energy system [39].

The global policy landscape has also shifted significantly to support hydrogen
adoption. Countries around the world are recognizing hydrogen as an essential
part of their energy transition strategies. In Europe, for example, the EU has set
ambitious goals for hydrogen development, focusing on the production of green
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hydrogen and its integration into the energy grid. The EU Hydrogen Strategy,
unveiled in 2020, aims to scale up the production of renewable hydrogen, with a
target of producing 10 million tons of green hydrogen annually by 2030 [40]. In
Japan, hydrogen has been central to the country’s energy strategy, with policies
supporting hydrogen fuel cell vehicles, infrastructure development, and interna-
tional hydrogen trade. The Japanese government’s commitment to hydrogen is
exemplified by the country’s early leadership in hydrogen fuel cell vehicles and
its establishment of a national hydrogen roadmap [41]. Similarly, governments in
South Korea, China, and the United States have been prioritizing hydrogen in their
energy policies. South Korea has launched a hydrogen roadmap aimed at boost-
ing hydrogen production and adoption in various sectors, including transportation,
while China’s commitment to hydrogen has been reinforced by large-scale pilot
projects and funding for hydrogen infrastructure. In the United States, hydrogen is
increasingly seen as a key component of decarbonizing the industrial sector, with
both state and federal initiatives focused on developing hydrogen technologies and
expanding infrastructure [42].

At the same time, there has been an explosion of research and development
in hydrogen production technologies. Early methods of hydrogen production,
such as steam methane reforming (SMR) and electrolysis, have been refined to
improve efficiency and reduce costs. SMR, which remains the most common
method of hydrogen production, has been traditionally criticized for its high car-
bon emissions [43]. However, with advancements in carbon capture and storage
(CCS) technologies [44], low-carbon versions of SMR are now being explored.
Meanwhile, electrolysis, which splits water into hydrogen and oxygen using elec-
tricity, is gaining momentum, particularly when powered by renewable sources
of energy. Innovations in electrolyzer technologies are rapidly increasing the effi-
ciency of electrolysis, driving down costs and making green hydrogen more com-
petitive in the market. The continuous evolution of hydrogen production methods
is depicted in Table 1.2, which shows key milestones in hydrogen generation tech-
nologies, along with trends in efficiency and cost. The table highlights the progres-
sion from early industrial hydrogen production methods to modern techniques,
such as green hydrogen production via electrolysis, and illustrates the declining
costs and increasing efficiencies over time. As these technologies mature and
scale, hydrogen is becoming an increasingly viable option for large-scale, clean
energy systems.

As hydrogen becomes more integrated into the global energy landscape, the role
it plays in decarbonization efforts is expected to expand dramatically. The shift from
industrial gas to clean energy vector is already underway, with research, innova-
tion, and policy support driving hydrogen’s role in addressing climate change. This
transition is critical not only for reducing emissions but also for ensuring energy
security and creating sustainable, low-carbon economies in the future. As the world
accelerates its push toward a greener, more resilient energy system, hydrogen’s
role as an energy vector will continue to grow, unlocking new opportunities for
innovation and collaboration across the globe.
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Table 1.2 Evolution of hydrogen production methods with efficiency and cost trends.

Hydrogen Cost
production trends
method Description Efficiency (%) (per kg) Key milestones
Electrolysis Electrolysis of ~50-60 High Early nineteenth
(early water using direct ($10-$12) century: discovery
methods) current (DC) and initial use [45]
SMR Hydrogen produced ~65-75 $1-$3 Industrial scale-up
by reacting natural gas in the twentieth
with steam century [46]
Coal Hydrogen produced ~65-70 $1.5-%4 Twentieth century:
gasification from coal through a used for industrial
gasification process. purposes [47]
Electrolysis Modern electrolyzers ~ 70-85 ~$3-%$6 Twenty-first
(modern) powered by renewable century:
electricity adoption of green
hydrogen [48]
Biomass Hydrogen produced ~60-70 ~$2-%$6 Increasing
gasification from organic materials interest with
(e.g., biomass) bioenergy [49]
Blue SMR with CCS to ~75-80 ~$2-$4 2020s: focus on
hydrogen reduce emissions decarbonizing
(SMR + CCS) hydrogen [50]
Green Electrolysis powered 70-85 ~$3-%6 2020s: scaling up
hydrogen by renewable sources with renewable
(electrolysis)  (solar, wind, etc.) energy [51]

1.3 Why Hydrogen? Comparison with Fossil Fuels
and Renewables

1.3.1 Hydrogen vs. Fossil Fuels

Table 1.3 compares the characteristics of hydrogen with fossil fuels (gasoline and
natural gas) and lithium-ion batteries, focusing on key aspects such as emissions,
energy efficiency, energy density, and transport/storage capabilities. This com-
parison provides valuable insights into how hydrogen fares against traditional
and emerging energy carriers in terms of sustainability, cost-effectiveness, and
performance. The table below highlights these differences:

1.3.2 Hydrogen vs. Batteries

Table 1.4 compares hydrogen with batteries in terms of key performance metrics
such as storage duration, charging time, efficiency, scalability, long-term perfor-
mance, and emissions. The table also provides a detailed comparison of emissions
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associated with different energy sources, including hydrogen, coal, natural gas, and
renewables. This comparison allows for a better understanding of how hydrogen
and batteries perform as energy carriers in different sectors, including transporta-
tion, stationary power, and industrial applications.

1.3.3 Hydrogen’s Role in the Renewable Energy Ecosystem

Hydrogen is increasingly being recognized as a critical component of the renewable
energy ecosystem, providing an effective solution to some of the challenges posed by
intermittent renewable energy sources like solar, wind, and hydropower. As the global
energy landscape shifts toward cleaner, more sustainable energy systems, hydrogen’s
role as an energy carrier, storage medium, and means of balancing supply and demand
becomes more vital. One of the primary advantages of hydrogen lies in its ability to
store excess energy produced by renewable sources during periods of high generation
and release it when demand is high or renewable generation is low. This capability is
crucial for addressing the intermittency of renewable energy generation, which often
fluctuates due to weather conditions, time of day, or seasonality [52].

One of the key challenges with renewable energy sources such as solar and wind
is their variable output. Solar power generation, for instance, depends on sunlight,
which can be erratic depending on time of day, season, or weather conditions.
Similarly, wind power is highly dependent on wind speeds, which fluctuate. This
variability makes it difficult to ensure a stable and continuous energy supply from
these sources. Hydrogen provides a solution to this problem by acting as an energy
carrier, storing surplus renewable energy that can be converted back into electric-
ity when needed. The process of producing hydrogen from renewable energy, often
referred to as “green hydrogen,” involves using excess electricity generated by solar,
wind, or hydropower plants to split water into hydrogen and oxygen through a pro-
cess called electrolysis. This hydrogen can then be stored and transported for later
use, either in fuel cells to generate electricity or in combustion systems for heat or
power. In essence, hydrogen acts as a storage medium for excess renewable energy,
providing a means to stabilize the grid and store energy for times when generation
from renewables is low (such as at night for solar or during wind lulls) [53].

The integration of hydrogen into renewable energy systems is a promising path-
way for achieving energy resilience and sustainability. When combined with solar
and wind energy, hydrogen can enable a more reliable and flexible energy system.
For example, when renewable generation exceeds demand, surplus electricity can
be diverted to electrolyzers to produce hydrogen, which can be stored for later use.
This stored hydrogen can be converted back into electricity using fuel cells or tur-
bines when renewable generation falls short, such as on cloudy days for solar or
during periods of low wind. Hydropower, which provides a stable and continuous
source of electricity, can also be used in combination with hydrogen to enhance
grid stability. In times of high hydropower generation, excess electricity can be used
to produce hydrogen, providing a buffer that can be drawn upon during periods
of low renewable energy output. In addition, hydrogen can be used to balance the
grid by integrating with other low-carbon technologies such as bioenergy and geo-
thermal power, enhancing the overall flexibility and reliability of renewable energy
systems [54].
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« Electrolysis with Solar Power: Solar photovoltaic (PV) panels generate electricity, ™

which powers electrolysis to produce hydrogen.

« Seasonal Energy Storage: Hydrogen stores excess solar energy generated during
peak sunlight hours for use when sunlight is unavailable.

* Solar-Thermochemical Hydrogen Production: High-temperature solar reactors
split water into hydrogen and oxygen, increasing efficiency.

* Wind-to-Hydrogen Systems: Wind turbines supply electricity for electrolysis, )
converting surplus wind power into hydrogen.

 Balancing Grid Fluctuations: Hydrogen helps store intermittent wind energy,
ensuring grid stability and reliability.

* O Wind Hydrogen F ion: Offshore wind farms generate hydrogen at

sea, reducing energy transport losses.

* Hydrop Assisted EI ysis: Hydroelectric plants provide stable, renewable ™
electricity for large-scale hydrogen production.

* Pumped Hydro-Hydrogen Hybrid Systems: Hydrogen acts as a secondary energy
storage option when water reservoir levels fluctuate.

* Hydrogen for Remote Hydropower Applications: Hydrogen extends the usability
of hydropower in remote locations by enabling off-grid energy storage and transport. /

« Grid Energy Storage and Backup: Hydrogen bridges gaps in renewable energy
supply by acting as a large-scale energy storage solution.

« Fuel for Clean Transport: Hydrogen-powered fuel cell vehicles (buses, trucks,
trains, and ships) reduce dependence on fossil fuels.

* Industrial Decarbonization: Hydrogen replaces coal and natural gas in steel,
ammonia, and chemical industries, cutting carbon emissions. y

Figure 1.3 Hydrogen’s role in the renewable energy ecosystem (integrating solar, wind,
and hydropower).

Hydrogen also offers significant potential in heavy-duty applications that
are difficult to decarbonize with electricity alone, such as long-haul transport,
heavy industry, and large-scale storage. In these sectors, hydrogen can serve as a
clean alternative to fossil fuels, facilitating the decarbonization of industries like
steelmaking, shipping, and aviation. By utilizing renewable hydrogen for these
hard-to-abate sectors, the overall carbon footprint of industrial processes can be
significantly reduced, contributing to global decarbonization goals. As shown in
Figure 1.3, hydrogen’s role in the renewable energy ecosystem is central to ena-
bling the large-scale integration of solar, wind, and hydro-based power systems.
The diagram illustrates how hydrogen production, storage, and conversion fit
within the broader renewable energy landscape, helping to manage fluctuations
in renewable generation and ensure a stable energy supply. By connecting hydro-
gen production with renewable energy generation, we can create a more resilient
and sustainable energy system, capable of meeting future energy demands while
reducing carbon emissions [55, 56].

1.4 Current Global Hydrogen Economy and Future
Roadmaps

1.4.1 Global Hydrogen Production and Consumption

Hydrogen has gained significant attention as a key component of the global energy
transition, with its demand and supply experiencing rapid growth as countries move
toward carbon-neutral economies. The hydrogen economy is evolving with various pro-
duction methods and consumption applications, contributing to its rising importance
in sectors like energy, industry, and transportation. In recent years, a global shift toward
cleaner hydrogen production methods has intensified as part of a broader push to
decarbonize key industries and reduce carbon emissions [57]. As outlined in Table 1.5,
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Table 1.5 Global hydrogen production by method (gray, blue, green hydrogen). (Placed at
the beginning of this section to establish the current state of production.)

Hydrogen Current share of
production global hydrogen
method Process description production (%) CO, emissions  Key features
Gray Produced via SMR 95 High (8-12 Inexpensive and
hydrogen from natural gas, tons of CO, widely used, but
without carbon per ton of environmentally
capture hydrogen damaging
produced) due to CO,
emissions [61]
Blue Produced similarly 4 Low (CO, Lower emissions
hydrogen to gray hydrogen, but emissions than gray
with CCS technologies reduced by hydrogen, but
to capture CO, 50-90%) still reliant on
emissions fossil fuels [62]
Green Produced via water 1 Zero (net-zero Sustainable
hydrogen electrolysis powered emissions) and clean,
by renewable energy with potential
sources (wind, solar, for large-scale
hydropower) production in
the future [63]
Turquoise Produced through Emerging Zero or low A potential
hydrogen methane pyrolysis, emissions new method
where methane is (depending for producing
split into hydrogen on carbon hydrogen with
and solid carbon management) lower CO,
emissions [64]
Pink Produced via Emerging Zero (no Can provide
hydrogen electrolysis powered direct a low-carbon
by nuclear energy emissions) hydrogen
alternative,
but dependent
on nuclear
energy [65]

the global hydrogen production is largely divided into three primary categories: gray
hydrogen, blue hydrogen, and green hydrogen. These categories are distinguished by
the methods used for production and their associated environmental impacts.

Gray hydrogen is currently the dominant form of hydrogen production, accounting
for about 75-80% of global hydrogen supply. It is primarily produced through natu-
ral gas reforming, a process known as SMR. In this method, methane (CH,) reacts
with steam (H,O) to produce hydrogen and carbon dioxide (CO,). However, gray
hydrogen is considered environmentally harmful because it results in the release of
significant amounts of CO,, contributing to GHG emissions. Despite its low produc-
tion costs, gray hydrogen does not align with global decarbonization goals, mak-
ing its reliance unsustainable in the long term. In response to the need for cleaner
hydrogen production, blue hydrogen has emerged as a more sustainable alternative.
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Blue hydrogen is produced using the same SMR process as gray hydrogen, but it
incorporates carbon capture, utilization, and storage (CCUS) technologies to pre-
vent CO, emissions from being released into the atmosphere. By capturing and stor-
ing CO,, blue hydrogen significantly reduces its environmental impact, although
it still depends on fossil fuels for its production. While blue hydrogen presents a
transitional solution, it still carries some challenges related to CCUS infrastructure
and the need for continued reliance on natural gas [58].

The green hydrogen revolution, however, represents the most promising future for
hydrogen production. Green hydrogen is produced via the electrolysis of water, using
renewable energy sources such as solar, wind, or hydropower to split water molecules
into hydrogen and oxygen. The process does not involve any fossil fuels and results
in zero carbon emissions, making green hydrogen the most environmentally friendly
option. Although green hydrogen is currently more expensive to produce than gray
or blue hydrogen, falling renewable energy costs and improvements in electrolyzer
efficiency are expected to bring down its costs significantly over the coming decades.
Green hydrogen is seen as the cornerstone of a sustainable hydrogen economy, with
its potential to decarbonize heavy industries, provide long-term energy storage solu-
tions, and contribute to the broader energy transition. As the global hydrogen econ-
omy continues to grow, demand for hydrogen is expanding across a range of sectors.
In particular, hydrogen plays a vital role in decarbonizing hard-to-abate industries
such as steel production, cement manufacturing, and heavy-duty transportation.
Hydrogen is also being used for energy storage and balancing in grid systems, where
its ability to store excess renewable energy and discharge it when needed makes it a
valuable asset in the renewable energy ecosystem [59, 60].

The geopolitical landscape is also shifting in favor of hydrogen adoption, with coun-
tries like Japan, Germany, and the United States investing heavily in hydrogen infra-
structure and research. Several nations have already established hydrogen roadmaps
and policy frameworks to facilitate the scaling up of green hydrogen production and
integrate it into existing energy systems. By 2030, it is expected that hydrogen will play
a critical role in achieving carbon neutrality and facilitating the transition to cleaner
energy worldwide. Overall, while hydrogen production methods are currently domi-
nated by gray hydrogen, the future of hydrogen lies in blue and green production.
Table 1.5 provides a comprehensive breakdown of global hydrogen production by
method, demonstrating the progress in cleaner hydrogen production and highlighting
the necessary transition toward more sustainable hydrogen solutions. The demand for
hydrogen is set to grow exponentially, and as production technologies evolve, hydro-
gen will continue to play a pivotal role in the global energy transition.

1.4.2 Investments and Policies Driving Hydrogen Adoption

The global push toward hydrogen adoption is supported by a combination of gov-
ernment policies and private sector investments aimed at fostering the development
of a hydrogen economy. These initiatives are designed to promote research, infra-
structure development, and scaling up hydrogen production while addressing the
key challenges related to cost, storage, and distribution. Both public and private sec-
tors have recognized hydrogen’s potential as a critical solution for achieving carbon
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neutrality and energy security, prompting a surge in investments across the hydro-
gen value chain [66].

Government initiatives play a significant role in hydrogen adoption, as many
countries have recognized the importance of hydrogen in their energy strategies.
Governments worldwide are introducing policies, incentives, and funding programs
to accelerate the development and deployment of hydrogen technologies. The EU,
for example, has outlined a comprehensive hydrogen strategy as part of its Green
Deal, with a target to produce 10 million tons of green hydrogen by 2030. The
European Commission has committed substantial financial support to green hydro-
gen projects, with billions allocated for research and development, as well as for
funding infrastructure and market development. In Germany, the government has
earmarked €9 billion as part of its National Hydrogen Strategy, aiming to establish
the country as a leader in hydrogen production and technologies [67].

In the United States, hydrogen is a key component of the Biden administra-
tion’s climate agenda. The US Department of Energy (DOE) has launched various
programs to support hydrogen innovation, such as the Hydrogen and Fuel Cell
Technologies Office, which funds research on hydrogen production, storage, and
fuel cell technologies. The DOE has also pledged substantial funding to establish
hydrogen hubs in different regions, particularly focusing on integrating hydrogen
into industrial applications, transportation, and power sectors. The United States
is aiming to produce 50 million metric tons of clean hydrogen annually by 2050,
positioning hydrogen as an essential element of its energy transition strategy [68].

Japan has also been at the forefront of hydrogen adoption, positioning itself as
a leader in the global hydrogen market. Japan’s government has made significant
investments in hydrogen research and development, with a long-term goal to estab-
lish a hydrogen-based society. The country has invested heavily in hydrogen fuel cell
technologies for vehicles, power generation, and industrial applications. In addition
to these governmental efforts, Japan has entered into international collaborations
with other nations, such as Australia, to secure a reliable hydrogen supply chain for
its energy needs [69].

Private sector investments are equally crucial in driving hydrogen adoption.
Leading companies in the energy, automotive, and industrial sectors are investing
billions in hydrogen technologies. Energy giants like Shell, BP, and TotalEnergies
have committed to significant investments in hydrogen projects, particularly green
hydrogen. These companies are focusing on expanding their portfolios of renewable
energy sources while simultaneously developing hydrogen production capabilities
to meet future demand. In the automotive industry, companies such as Toyota,
Hyundai, and Honda have made substantial advancements in hydrogen fuel cell
vehicles (FCVs) and have partnered with governments to promote hydrogen infra-
structure development, such as hydrogen refueling stations. Startups and technology
firms are also playing a vital role in the hydrogen ecosystem by driving innovations
in hydrogen production, storage, and transportation. Companies specializing in
electrolyzers, which are critical for green hydrogen production, are attracting sub-
stantial venture capital investment, helping to accelerate the commercialization
of renewable hydrogen technologies. Both government policies and private sector
investments are critical drivers of hydrogen adoption. Through strategic funding,
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technological advancements, and international collaborations, these initiatives are
laying the foundation for a global hydrogen economy. With strong financial sup-
port and a clear focus on overcoming the current technological barriers, hydrogen
is poised to play an increasingly central role in the transition to a sustainable and
decarbonized energy future [70].

1.4.3 Key Players in Hydrogen Development

Key players in hydrogen development are strategically shaping the global hydro-
gen landscape, with major initiatives underway in Japan, the EU, the United States,
China, and India. These regions are making substantial investments in research,
technology, and infrastructure to accelerate the adoption of hydrogen as a clean
energy solution. Japan has been a pioneer in hydrogen technologies and continues
to lead the way in hydrogen adoption. The country has set ambitious targets, aim-
ing to establish a hydrogen-based society by 2050. Japan’s government has invested
heavily in hydrogen production, fuel cell technologies, and infrastructure develop-
ment. Key initiatives include the development of hydrogen FCVs and the establish-
ment of a nationwide network of hydrogen refueling stations. Japan is also focusing
on international partnerships to secure reliable hydrogen supply chains, with pro-
jects underway in Australia and other regions to import clean hydrogen.

In the EU, hydrogen is central to the Green Deal and the EU’s strategy for decar-
bonization. The EU has committed to producing 10 million tons of green hydrogen
by 2030, supported by policies and funding for hydrogen research and infrastructure.
Key players in the EU hydrogen ecosystem include Germany, which has launched
its National Hydrogen Strategy with a €9 billion investment, and France, which is
focusing on hydrogen for heavy industries and transportation. The EU’s hydrogen
strategy also emphasizes the importance of cross-border collaboration to create a
connected hydrogen market across member states [71].

The United States is making significant strides in hydrogen development under the
Biden administration, which has prioritized clean energy and hydrogen in its climate
agenda. The US DOE has funded various hydrogen projects, with a focus on hydrogen
production, storage, and fuel cell technologies. The United States is also investing in
hydrogen hubs to promote regional hydrogen economies, particularly in areas like
transportation, power generation, and industry. California, a major hydrogen hub in
the United States, is leading the charge with a network of hydrogen refueling stations
and initiatives to reduce emissions in the transportation sector [72].

China, the world’s largest emitter, is increasingly focusing on hydrogen as part of
its efforts to decarbonize. The country has set ambitious goals for hydrogen produc-
tion and infrastructure, with a particular focus on green hydrogen. China is invest-
ing in hydrogen FCVs and infrastructure, with plans to build a large network of
hydrogen refueling stations in major cities [73].

India, with its growing energy demand, is also exploring hydrogen as a key part of
its energy strategy. The Indian government is focusing on green hydrogen production
using renewable energy sources like solar and wind. India has set a target to become
a global hub for green hydrogen production and has introduced policies to encourage
private sector investment and development of hydrogen infrastructure [74].
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1.4.4

Future Hydrogen Economy Trends and Projections

a. Hydrogen Market Outlook

Increasing Market Demand: The global hydrogen market is projected to
experience exponential growth in the coming decades. By 2050, the hydro-
gen economy could be worth over $2.5 trillion, driven by demand in sec-
tors such as transportation, industry, and power generation. Analysts predict
that hydrogen could account for up to 18% of global energy consumption by
mid-century, making it a key player in decarbonization strategies [75].
Rising Green Hydrogen Demand: As nations set more ambitious decar-
bonization targets, the demand for green hydrogen, produced using renew-
able energy sources like wind, solar, and hydroelectric power, will increase
significantly. Green hydrogen is expected to dominate the hydrogen market,
with countries and corporations investing heavily in electrolysis technologies
to generate it sustainably [76].

Hydrogen as a Long-term Energy Solution: With growing concerns
about energy security and the environmental impact of fossil fuels, hydro-
gen is seen as a long-term solution to mitigate carbon emissions and
diversify energy sources. As industries transition toward sustainable prac-
tices, hydrogen’s role as a versatile and scalable energy carrier is set to
expand [77].

b. Emerging Hydrogen Technologies

Electrolysis Advancements: The efficiency of electrolyzers (the devices
used to produce hydrogen from water) will continue to improve with the
development of new materials and technologies. Solid oxide electrolyzers
(SOEC) and PEM electrolyzers are expected to become more efficient, reduc-
ing the cost of green hydrogen production. Advances in electrolyzer design
and performance will help drive down the price of hydrogen and make it
more competitive with fossil fuels [78].

Storage and Transport Solutions: Hydrogen storage technologies, includ-
ing high-pressure tanks, liquefied hydrogen, and chemical hydrogen carriers,
are evolving rapidly. Innovations in solid-state hydrogen storage and cryo-
genic storage will make hydrogen transport more cost-effective, especially
for long-distance shipments. Storage solutions will also focus on improving
energy density and minimizing hydrogen loss during storage [79].

Fuel Cell Advancements: Fuel cell technologies are expected to continue
progressing, offering higher efficiency, durability, and reduced cost. PEM fuel
cells and solid oxide fuel cells will see significant improvements, enabling
hydrogen-powered vehicles, stationary power systems, and portable devices
to become more mainstream [80].

Hydrogen Blending: In regions with existing natural gas infrastructure,
hydrogen blending (mixing hydrogen with natural gas in existing pipe-
lines) will become a key transitional strategy. This method can significantly
reduce carbon emissions from natural gas without requiring extensive new
infrastructure [81].
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c. Infrastructure Development
= Expansion of Hydrogen Refueling Stations: Infrastructure for hydrogen
refueling stations is expected to expand, especially in countries with strong
hydrogen strategies like Japan, Germany, and the United States. Investments
in refueling infrastructure will be critical to support hydrogen-powered vehi-
cles, including trucks, buses, and cars, making hydrogen more accessible to
consumers [82].
= Hydrogen Pipelines: To support the large-scale distribution of hydrogen,
a global network of hydrogen pipelines will be developed, linking hydrogen
production areas with demand centers. The expansion of hydrogen pipeline
networks will allow for a more efficient and cost-effective distribution of
hydrogen, making it a viable alternative to fossil fuels [83].
= Hydrogen Storage Facilities: Large-scale hydrogen storage facilities will be
built to facilitate the integration of hydrogen with renewable energy sources.
These facilities will store hydrogen produced during periods of high renew-
able energy generation, providing a flexible and reliable energy supply when
demand peaks or renewable output decreases [84].
d. Cost Reductions
= Declining Production Costs: Hydrogen production costs, especially for
green hydrogen, are expected to fall significantly. As renewable energy gen-
eration costs continue to decrease and electrolyzer technologies improve, the
cost of green hydrogen will become more competitive with fossil fuels. By
2030, it is expected that the cost of green hydrogen will decrease by up to 50%,
making it more accessible for industrial and commercial applications.
= Cost-Effective Storage and Transport: As hydrogen storage and trans-
portation technologies evolve, their costs will also decrease. Innovations in
storage materials, pipeline construction, and transportation methods (such
as liquid organic hydrogen carriers (LOHCs) or ammonia) will reduce the
overall cost of delivering hydrogen to end-users, making it more economi-
cally feasible for widespread adoption.
= Economies of Scale: As demand for hydrogen increases, economies of scale
will drive down costs across the hydrogen value chain, from production to stor-
age, transportation, and distribution. This will help lower the cost of hydrogen
and improve its competitiveness compared to fossil fuel alternatives [85].
e. Hydrogen Adoption in Various Sectors
= Heavy Industry and Manufacturing: Hydrogen is poised to play a criti-
cal role in decarbonizing industries like steel, cement, and chemicals, where
electrification and direct renewable energy use are difficult. Hydrogen can
replace fossil fuels in high-temperature industrial processes, significantly
reducing emissions in these hard-to-abate sectors.
= Transportation and Mobility: Hydrogen is expected to become a lead-
ing fuel for sectors such as heavy-duty transport, shipping, and aviation.
Long-range, zero-emission vehicles powered by hydrogen fuel cells will be
deployed at scale, alongside hydrogen-powered ships and planes, contribut-
ing to the decarbonization of the transport sector.
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= Power Generation: Hydrogen is seen as a key solution for integrating inter-
mittent renewable energy sources like wind and solar into the grid. Hydrogen
can be stored and converted back into electricity when needed, providing a
stable and reliable source of power for the grid. This will help solve the inter-
mittency issues associated with renewable energy generation [86].

The hydrogen economy is poised for a transformative growth phase in the coming
decades. Technological advancements, infrastructure expansion, and cost reduc-
tions will unlock hydrogen’s potential as a clean and sustainable energy carrier.
With ongoing global investments and the rise of hydrogen-driven industries, hydro-
gen will be central to achieving net-zero emissions and a resilient energy future.

1.5 Key Challenges in Hydrogen Adoption
and Infrastructure Development

1.5.1 Scalability and Cost Barriers

The widespread adoption of hydrogen as a clean energy carrier faces significant
scalability and cost challenges. While hydrogen is recognized for its potential to
decarbonize industries and transportation, its large-scale deployment remains con-
strained by high production costs, infrastructure limitations, and economic feasi-
bility concerns. Overcoming these barriers requires technological advancements,
cost-reduction strategies, and strong policy frameworks to accelerate adoption [87].

One of the most pressing challenges in hydrogen deployment is its high produc-
tion cost, particularly for green hydrogen, which is produced through electrolysis
using renewable energy. The cost of green hydrogen currently ranges from $4 to $6
per kilogram, significantly higher than gray hydrogen (produced from fossil fuels)
at $1 to $2 per kilogram. This cost disparity is largely due to expensive electrolyzer
technology, high-energy consumption, and limited production capacity [88].

To reduce costs, ongoing research focuses on:

« Electrolyzer efficiency improvements through advanced catalysts and mem-
brane materials.

« Economies of scale in hydrogen production plants, which can lower per unit
Ccosts.

« Integration of renewable energy sources with electrolysis to reduce electricity
expenses.

« Development of modular and distributed hydrogen production systems to cut
transportation costs [89].

Significant reductions in capital expenditures and operational expenditures are
necessary for hydrogen to be cost-competitive with fossil fuels. Experts project that
with technological advancements and increased production, green hydrogen costs
could fall below $2 per kilogram by 2030, making it more viable for widespread use.

Large-scale hydrogen deployment faces logistical and economic hurdles related
to storage, transportation, and refueling infrastructure. Unlike fossil fuels, hydro-
gen has a low volumetric energy density, requiring compression, liquefaction, or
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conversion into carriers like ammonia or LOHCs. These processes add significant
costs and energy losses, reducing overall system efficiency. Additionally, the lack
of a global hydrogen supply chain makes distribution expensive. Many regions
lack dedicated pipelines or refueling stations, making long-distance transportation
unfeasible. Addressing these challenges requires massive infrastructure investment
and strategic planning to integrate hydrogen into existing energy networks [90].
Government policies play a crucial role in driving down costs and scaling hydrogen
adoption. Many countries have introduced:

« Subsidies and tax incentives for hydrogen production and infrastructure.
« Carbon pricing mechanisms to make fossil-based hydrogen less competitive.
« Public-private partnershipsto accelerate research, development, and deployment.

With strong policy support, technological advancements, and investment in infra-
structure, hydrogen can become a cost-effective and scalable clean energy solution.

1.5.2 Infrastructure Gaps

The current hydrogen refueling infrastructure is limited and geographically
dispersed, making hydrogen-powered transportation less practical compared
to battery electric alternatives. Expanding hydrogen fueling stations requires
significant investment in high-pressure storage, compressors, and distribution
networks. Similarly, pipeline infrastructure for hydrogen transport is underde-
veloped. Existing natural gas pipelines can be retrofitted to transport hydrogen,
but concerns over material degradation (hydrogen embrittlement) and leakage
risks present engineering challenges. Developing dedicated hydrogen pipelines is
essential for large-scale industrial and mobility applications. Table 1.6 provides a
comparative analysis of the costs associated with hydrogen infrastructure versus
conventional energy infrastructure, highlighting the investment needs for hydro-
gen adoption.

1.5.3 Technological Hurdles

There are several technological hurdles to overcome in hydrogen adoption. One
of the primary challenges lies in catalyst development for efficient electrolysis
and fuel cells. Current catalysts, such as platinum, are expensive and scarce, lim-
iting the scalability and affordability of hydrogen production. Research is ongoing
to develop more cost-effective and abundant alternatives, such as nickel-based
catalysts, to make hydrogen production more sustainable. Another significant
hurdle is hydrogen storage. Storing hydrogen safely and efficiently remains a
challenge due to its low volumetric energy density. Advanced materials such as
metal hydrides, porous carbons, and LOHCs are being explored, but none have
achieved widespread commercial success yet. Efficient hydrogen storage solu-
tions will be critical for practical hydrogen utilization, particularly in transport
and mobile applications. As these innovations mature, the cost-effectiveness and
scalability of hydrogen technologies will improve, paving the way for broader
adoption [101].
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Table 1.6 Comparison of hydrogen infrastructure costs vs. conventional energy

infrastructure.

Infrastructure type

Hydrogen
(estimated cost)

Conventional
energy (natural gas/
petroleum)

Challenges and
considerations

Storage tanks $800-$1,200 $50-$150 per High-cost due to material

(high pressure)  per kg H, barrel [92] strength and safety
capacity [91] requirements

Cryogenic $3-$5 per kg N/A (fossil fuels Requires extreme cooling,

storage facilities H, [93] stored at ambient leading to high-energy

temperatures) [94]

losses

Pipeline $1-$2 million  $0.2-$0.5 million per =~ Hydrogen embrittlement

infrastructure per mile [95] mile [96] requires pipeline material
modifications

Refueling $1-$2 million ~ $200K-$500K per Requires high-pressure

stations per station [97] gasoline station [98]  compression and safety
measures

Transport $5-$15 $1-$3 per barrel of Hydrogen’s low energy

(trucks, per kg for 0il [100] density increases cost per

ships, rail) delivery [99] unit of energy delivered

1.5.4 Public Perception and Market Readiness

Public perception of hydrogen is crucial for its acceptance and widespread adop-
tion. Consumer awareness about the benefits and safety of hydrogen is still rela-
tively low compared to other energy technologies, such as BEVs. Hydrogen is
often perceived as a risky or untested technology, partly due to its flammability
and the historical association with hydrogen explosions (e.g., the Hindenburg
disaster). To address these concerns, consumer education campaigns are essen-
tial to highlight hydrogen’s safety features and its potential as a clean energy
solution. In terms of industry readiness, while there has been significant invest-
ment in hydrogen technologies, the pace of adoption varies by sector. Some
industries, such as heavy-duty transport and aerospace, are more prepared for
hydrogen integration due to their higher energy demands. However, the tran-
sition to hydrogen in sectors like residential heating or light-duty transport is
slower. Industry readiness depends on the resolution of cost, efficiency, and
infrastructure barriers, as well as clear government policies and incentives. As
these challenges are addressed, market readiness for hydrogen adoption will
increase, driving its widespread use [86].

1.5.5 Environmental and Safety Concerns

Hydrogen is widely regarded as a clean energy carrier with the potential to reduce
global carbon emissions significantly. However, the large-scale deployment of
hydrogen requires addressing environmental and safety concerns, particularly in
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production, storage, transport, and utilization. Hydrogen’s flammability, low den-
sity, and wide explosive range present unique risks that necessitate strict safety
protocols and robust regulatory frameworks to ensure safe handling. Additionally,
hydrogen leakage and its indirect environmental effects must be carefully managed
to maintain the sustainability benefits of hydrogen energy [102].

One of the primary safety concerns in hydrogen production arises from
the high-pressure and high-temperature processes involved in its generation.
Electrolysis, although a cleaner method, involves high-voltage electrical systems
that pose shock and explosion hazards if not properly managed. SMR and coal gasi-
fication require high-temperature reactors, increasing the risk of industrial acci-
dents. Additionally, in blue hydrogen production, CCS systems must be monitored
carefully to prevent CO, leakage, which could undermine hydrogen’s environmen-
tal advantages [103].

Storage and transport of hydrogen present further challenges due to its low
volumetric energy density and tendency to leak. Hydrogen can be stored as com-
pressed gas (350-700 bar), cryogenic liquid (—253 °C), or in chemical carriers such
as ammonia and LOHCs. Each method has safety trade-offs. High-pressure storage
requires strong containment materials to prevent ruptures, while cryogenic hydro-
gen storage faces challenges related to boil-off losses and insulation efficiency.
Chemical hydrogen carriers mitigate some of these risks but introduce new chal-
lenges, such as toxicity (ammonia) and complex conversion processes (LOHCs and
metal hydrides). Transportation through pipelines, trucks, and tankers also requires
specialized infrastructure to prevent hydrogen embrittlement, leaks, and ignition
risks. Hydrogen refueling stations, critical for transportation applications, must be
equipped with high-pressure compressors, flame detectors, and emergency venting
systems to ensure operational safety [104].

Hydrogen leakage is a major concern due to its small molecular size, making it
prone to escaping through tiny gaps in pipes, tanks, and valves. Unlike natural gas,
hydrogen burns with an almost invisible flame, making fire detection difficult. In
industrial and refueling applications, advanced leak detection systems, such as infra-
red sensors and optical gas imaging technologies, must be implemented to ensure
safety. Additionally, hydrogen embrittlement-resistant materials should be used in
pipelines and containment systems to prevent structural failures. Beyond direct safety
risks, hydrogen leakage also has environmental consequences. While hydrogen itself
is not a GHG, excessive leakage into the atmosphere can contribute to climate change
indirectly. Hydrogen can react with atmospheric hydroxyl radicals (OHe), which are
responsible for breaking down methane (CH,), a potent greenhouse gas. If hydrogen
leakage is not controlled, it could prolong the atmospheric lifetime of methane, reduc-
ing the overall climate benefits of hydrogen energy. Thus, minimizing hydrogen leaks
across the supply chain is crucial to ensure its net-zero carbon potential [105].

Regulatory frameworks play a vital role in establishing global hydrogen safety
standards. Organizations such as the International Organization for Standardization
(ISO) and the Occupational Safety and Health Administration have set guide-
lines for hydrogen handling, refueling stations, and industrial applications. The
EU Hydrogen Strategy and Japan’s Ministry of Economy, Trade, and Industry
Hydrogen Safety Guidelines also outline stringent safety regulations for hydrogen
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infrastructure and transport. Ensuring strict compliance with these standards,
along with ongoing advancements in leak detection, fire suppression, and infra-
structure resilience, will be key to mitigating risks and making hydrogen a truly
safe and scalable energy solution [106]. As hydrogen adoption continues to grow,
addressing safety concerns, improving infrastructure, and minimizing leakage risks
will be critical for its long-term sustainability. Innovations in materials science,
Al-driven predictive safety systems, and enhanced regulatory frameworks will play
amajor role in ensuring that hydrogen is not only clean but also safe and reliable for
widespread use in industrial, transportation, and grid applications. By prioritizing
both environmental and safety measures, hydrogen can fulfill its potential as a key
enabler of the global energy transition [107].

Figure 1.4 illustrates the key challenges in the adoption and development of
hydrogen infrastructure through a circular flow diagram. At the center, “Challenges
in Hydrogen Adoption and Infrastructure Development” serves as the focal point,
highlighting the interconnected nature of the issues. The diagram identifies seven
major challenges: scalability, cost barriers, infrastructure gaps, technological hur-
dles, public perception, market readiness, and environmental and safety concerns.
Scalability remains a critical challenge due to the difficulty in expanding hydrogen
production and infrastructure on a large scale. Cost barriers, including the high costs
of production, transportation, and storage, further hinder adoption. Infrastructure
gaps, such as the limited number of refueling stations and inadequate distribution
networks, restrict hydrogen’s widespread use. Technological hurdles involve the
need for advancements in fuel cell efficiency and hydrogen production methods.
Public perception remains a significant challenge, as skepticism and safety concerns

Environmental
and Safety
Concerns

Market
Readiness

Public
Perception

Figure 1.4 Key challenges in hydrogen adoption and infrastructure development.
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affect consumer confidence. Market readiness is another barrier, with insufficient
market demand and commercial viability slowing down progress. Finally, environ-
mental and safety concerns, including the risks associated with hydrogen leakage
and production emissions, further complicate adoption. The circular design of
the diagram emphasizes the interdependence of these challenges, suggesting that
addressing one aspect will likely influence others, highlighting the need for a com-
prehensive and integrated approach to overcoming these barriers.
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