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Preface

This book delves into hydrogen technology as an alternative fuel option for future
engineering applications. Hydrogen is widely regarded as the leading candidate

to replace fossil fuels, outperforming electric battery vehicles. It is a clean energy
source that produces zero emissions during use, making it highly appealing for
future applications. However, hydrogen is not entirely green if produced using fossil
fuel energy; thus, employing renewable energy sources for its production enhances
its environmental benefits throughout its life cycle. Electrolysis is considered the
most effective method for hydrogen production, despite its high energy demands.
There are significant challenges associated with the storage and transportation

of hydrogen, necessitating further research to develop innovative materials and
processes to address these issues. This book includes chapters that explore various
approaches to hydrogen production, as well as the negative impacts of hydrogen

on materials during transportation and storage. It serves as a valuable reference for
researchers worldwide who are focused on hydrogen technology, a highly relevant
topic today. With my expertise in materials science and hydrogen technology,
alongside the co-editors’ expertise in materials and modeling, we have successfully
compiled this book. We are proud to present it to the research community and

are optimistic about its contribution to a greener environment in the future. We
hope you enjoy reading the book and find it a rich source of information to further
research in this engineering field.

Dr. Zak Abdallah

Senior Lecturer (Materials and Hydrogen Technology),
University of the West of England (UWE),

Bristol, UK

Dr. Nada Aldoumani

Director of Research,

ITECH Engineering Consultancy,
London, UK
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Chapter1

Hydrogen Technologies: Recent
Advances, New Perspectives, and
Applications

Carine Alves, Gustavo Castro, Rodrigo Coelho
and Luciano Hocevar

Abstract

Hydrogen has become a crucial element in the search for clean energy solutions. It
provides promise as a versatile and sustainable energy carrier. This chapter discusses
the history of hydrogen technologies, tracing its journey from early industrial uses
to its current pivotal role in modern energy systems. It explores the versatility and
energy storage capabilities of hydrogen, emphasizing its potential for decarbonization
in various sectors such as transport, industry, and electricity generation. The chapter
aims to provide a comprehensive overview of recent advancements in hydrogen
technologies, examining innovative production methods and groundbreaking appli-
cations. Through this exploration, it seeks to clarify the role of hydrogen in shaping
global energy landscapes and contributing to sustainable practices. By assessing its
impact across different sectors, the chapter highlights the significance of hydrogen in
promoting a transition toward cleaner and more resilient energy systems that align
with environmental goals and the pursuit of carbon neutrality.

Keywords: hydrogen, new perspectives, energy, renewable energy, biofuels

1. Introduction

The energy sector finds itself at a pivotal juncture, marked by escalating demand
and pressing global environmental concerns [1]. Hydrogen stands as a pivotal clean
energy carrier in the modern energy landscape, offering a sustainable solution to
global energy challenges. Its significance extends beyond being merely an energy
source; it embodies a potential keystone for a low-carbon future. Historically, hydro-
gen technologies have evolved significantly, transitioning from early industrial uses to
a cornerstone of contemporary clean energy systems.

Initially utilized in chemical processes and refining, hydrogen’s role has expanded
due to its versatility, energy storage capabilities, and potential for decarbonization.
Its ability to integrate with various energy sectors, including transport, industrial
processes, and electricity, positions hydrogen as a crucial player in the transition
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toward sustainable energy practices. The historical context of hydrogen technologies
reflects a journey of innovation and adaptation, underscoring its growing importance
in achieving a balanced and resilient energy ecosystem that aligns with environmental
goals and the pursuit of carbon neutrality [2].

In Europe, ambitious plans are underway to achieve climate neutrality by 2050,
as outlined in the Paris Agreement [3]. Social imperatives underscore initiatives like
the European Green Deal and its transformative “Fit for 55” package, aimed at driv-
ing decarbonization within the EU. Geopolitical dynamics further shape the energy
landscape, evident in initiatives such as the “REPowerEU” plan, which seeks to swiftly
reduce reliance on Russian fossil fuels [4].

Despite significant strides in renewable energy adoption, the intermittency of
renewables poses a persistent challenge to their widespread integration into the
energy mix. Addressing this hurdle, hydrogen (H;) has emerged as a compelling
solution for leveraging surplus electricity generated by sources like solar and wind
parks, thereby enhancing the flexibility of energy systems [5]. Widely acknowledged
as a key player in the green energy transition, hydrogen holds immense potential as an
energy carrier with diverse applications across industries [6].

While currently utilized primarily in industrial processes and derived from fossil
fuels, hydrogen is poised for a transformative expansion into sectors like transporta-
tion and construction in the coming decades, increasingly produced as a low-carbon
fuel [7]. Countries worldwide have outlined roadmaps and national strategies for
fostering the hydrogen economy, with deployment targets set for the next decade and
beyond [8].

This transition heralds not just technological advancements but also significant
cultural shifts, necessitating the development of robust market infrastructure
and widespread accessibility to hydrogen resources. The evolution of the hydro-
gen economy is influenced by a myriad of factors, reflecting a diverse array of
approaches across various disciplines [9]. In evaluating its sustainability, economic
and environmental considerations often take center stage, comparing hydrogen
technologies against conventional fossil fuels using metrics such as cost and carbon
footprint.

However, it is crucial to recognize that prevailing global hydrogen energy models
tend to prioritize techno-economic parameters, potentially diverging from societal
preferences. Thus, while efficiency and cost-effectiveness remain vital, achieving a
truly sustainable hydrogen economy demands a holistic approach that aligns with
broader societal aspirations and values.

2. Recent advances in hydrogen production

This section delves into the latest advancements in hydrogen production, a critical
pillar for the hydrogen economy’s viability and sustainability. It explores cutting-edge
developments across various hydrogen production technologies, emphasizing innova-
tions that enhance efficiency, reduce costs, and minimize environmental impacts.
The focus is on breakthroughs in electrolysis, photoelectrochemical, and biological
hydrogen production methods, each contributing uniquely to the diversification
and resilience of clean hydrogen supply. By examining these recent advancements,
the section aims to provide a thorough understanding of the current state-of-the-art
technologies and their potential to revolutionize the hydrogen production landscape,
paving the way for a sustainable energy future.
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2.1 Electrolysis

Electrolysis, a principal method for hydrogen production, has undergone sig-
nificant technological transformations, enhancing its appeal for large-scale, clean
hydrogen generation. Recent years have seen remarkable progress in the development
of advanced electrode materials and catalysts. These innovations have been pivotal
in increasing the efficiency and durability of electrolyzers, particularly in proton
exchange membrane (PEM) electrolysis (Figure 1). Enhanced catalysts offer reduced
overpotentials, leading to lower energy consumption and increased operational
efficiency. The advent of novel, earth-abundant catalysts also promises to reduce costs
and reliance on scarce materials like platinum and iridium, making electrolysis more
economically viable and sustainable.

Modern electrolysis systems are being designed with a focus on integration with
renewable energy sources, such as solar and wind power. This integration is crucial
for producing green hydrogen, ensuring that the hydrogen generation process is
entirely carbon neutral. Innovations include adaptive systems that can operate
efficiently under variable power inputs, enhancing the compatibility of electrolyzers
with fluctuating renewable energy outputs, thereby optimizing the overall efficiency
and cost-effectiveness of hydrogen production (Figure 2).

High-temperature electrolysis (HTE) has gained attention for its potential to
improve the overall system efficiency. By operating at elevated temperatures, HTE
can utilize heat (often waste heat from industrial processes) to reduce the electri-
cal energy required for hydrogen production. Recent advancements have focused
on improving the durability and performance of high-temperature electrolyzers,
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Figure 1.
PEM electrolyzer cell [10].
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Figure 2.
Modern electrolysis systems [11].

developing robust solid oxide electrolyte materials that can withstand harsh operating
conditions while maintaining high efficiency. High-temperature steam electrolysis,
also known as steam electrolysis, is another promising method to produce hydrogen
using the thermal energy produced by nuclear reactors. Unlike conventional water
electrolysis, HTSE utilizes higher temperatures ranging from 800°C to 1000°C to split
water molecules, thus requiring less electricity. This makes HTSE a more efficient and
cost-effective method for hydrogen production [12].

The push toward commercializing electrolysis technology has led to significant
advancements in scalability and the economic feasibility of large-scale operations.
Efforts to scale up electrolyzer manufacturing, reduce capital costs, and improve
system longevity are crucial for widespread adoption. The industry is moving toward
gigawatt-scale production facilities, driven by decreasing costs and increasing demand
for green hydrogen, especially in sectors like transportation, industry, and grid storage.
These advancements collectively contribute to the ongoing evolution of electrolysis as a
sustainable and economically feasible technology for hydrogen production, aligning with
global energy transition goals and the growing emphasis on decarbonization.

2.2 Photoelectrochemical hydrogen production

Photoelectrochemical (PEC) hydrogen production represents a cutting-edge
approach that directly converts solar energy into chemical energy, offering a promis-
ing pathway to sustainable hydrogen generation. PEC systems utilize semiconductor
materials to absorb sunlight and generate electron-hole pairs, which then drive water-
splitting reactions to produce hydrogen. The efficiency of these systems depends
heavily on the semiconductor’ ability to absorb solar radiation, facilitate charge
separation, and catalyze water reduction and oxidation reactions. Recent innovations
focus on optimizing these materials for better light absorption, increased charge car-
rier mobility, and enhanced catalytic properties (Figure 3) [13].
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Figure 3.
PEC system [13].

The core of the PEC technology lies in the development of efficient and stable
semiconductor photocatalysts. Recent research has concentrated on novel materials
like perovskites, quantum dots, and nanostructured semiconductors, which offer
superior light absorption and charge separation efficiencies. Innovations in material
engineering, such as doping, heterojunction formation, and surface passivation,
have significantly enhanced the photocatalytic performance and stability under solar
irradiation.

The design of PEC cells has evolved from traditional planar configurations to
more advanced designs that maximize light absorption and minimize recombination
losses. Concentrating PEC cells, tandem cell structures, and integrated PEC systems
that combine photovoltaic cells with electrolyzers have emerged, showing enhanced
solar-to-hydrogen conversion efficiencies. These innovative architectures are crucial
for optimizing the spatial arrangement of materials and the overall integration of
components within the PEC system.

Integrating PEC systems with existing renewable energy infrastructures offers a
pathway to decentralized hydrogen production. Such integration enables the utiliza-
tion of excess renewable energy to produce hydrogen, aligning hydrogen production
with periods of high renewable availability. This synergy can enhance the overall
efficiency of renewable energy systems, providing a storage solution in the form of
hydrogen and facilitating a more resilient energy grid.

Despite significant progress, PEC hydrogen production faces challenges related to
efficiency, durability, and scalability. Efficiency improvements are needed to make
the technology economically competitive, while durability issues must be addressed
to ensure long-term operation without significant degradation. Research is focused
on developing protective coatings, advanced water-splitting catalysts, and engineered
interfaces to overcome these challenges and improve the long-term stability of PEC cells.

The future of PEC hydrogen production is promising, with ongoing research
aimed at overcoming current limitations and moving toward practical applications.
The field is advancing toward the development of cost-effective, scalable, and effi-
cient PEC systems capable of operating under real-world conditions. Collaborations
between academia, industry, and government entities are vital in accelerating the
translation of laboratory-scale innovations to commercial-scale applications, pav-
ing the way for PEC technology to contribute significantly to the global hydrogen
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economy. These insights reflect the dynamic nature of PEC hydrogen production
research, highlighting the technological advancements and the potential of this
method in contributing to a sustainable energy future.

2.3 Biological hydrogen production

Biological hydrogen production is an area of growing interest due to its potential
for sustainable and eco-friendly fuel generation. This section outlines the significant
advancements and insights in this field. Biological hydrogen production primarily
involves two pathways: biophotolysis of water by algae and photofermentation by bacte-
ria (Figure 4). These processes harness the natural ability of microorganisms to produce
hydrogen from water or organic substrates, using sunlight or metabolic energy. Recent
research has focused on enhancing these biological systems’ efficiency, scalability, and
reliability, leveraging genetic engineering and biotechnological innovations.

Advances in genetic engineering have enabled the optimization of microbial
strains for increased hydrogen yield and productivity. Scientists have manipulated
the metabolic pathways of microorganisms like cyanobacteria and green algae to
enhance their hydrogen-producing capabilities, focusing on the overexpression of
hydrogenase enzymes and the suppression of competing metabolic processes that
consume hydrogen. Biological hydrogen production is a challenging area in bio-
technology, with environmental and energy source problems. However, in the past
decade, hydrogen energy has made progress in all areas of energy. High potential
exists in existing technologies for the development of practical H, production bio-
processes. Increasing rates of synthesis and final yields of H, require further research
and development. Bioprocess integration, optimization of bioreactor design, rapid
removal, purification of hydrogen, directed evolution of hydrogenase, and metabolic
engineering of the Hy-evolving microorganism offer exciting prospects for biohydro-
gen systems. Novel strategies will also be very encouraging and exciting in the future.
The rapid advances in biological and engineering sciences will facilitate overcoming
existing bottlenecks and new challenges and create new opportunities for economical
hydrogen production shortly [14].

Biological Hydrogen
Production

Fermentation Photosyntesis

Dark Fermentation Photo Fermentation Direct photolysis Indirect photolysis

Sequential dark &
photo fermentation

Figure 4.
Biological hydrogen production methods.
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The development of hybrid systems combining biotechnological and chemi-
cal processes represents a significant leap forward. These systems aim to optimize
hydrogen production by integrating different biological and physicochemical stages,
allowing for the sequential degradation of organic compounds and subsequent
hydrogen generation, thereby increasing the overall process efficiency and yield.
Innovations in bioreactor design have been crucial for scaling up biological hydrogen
production. High-performance bioreactors with optimized conditions for microbial
growth and hydrogen production have been developed, including photobioreactors
for algae and fermenters for anaerobic bacteria. These systems are designed to maxi-
mize light penetration, nutrient supply, and waste removal, enhancing the efficiency
and sustainability of hydrogen production.

Despite promising laboratory-scale results, scaling up biological hydrogen pro-
duction to commercial levels poses significant challenges. These include maintain-
ing stable microbial cultures over long periods, optimizing the production process
for high-volume output, and ensuring economic viability. Ongoing research is
addressing these challenges by developing robust microbial strains, efficient
bioreactor systems, and integrated process technologies. The future of biological
hydrogen production is promising, with the potential to contribute significantly to
the renewable energy mix. The field is moving toward more sustainable and cost-
effective solutions, focusing on utilizing waste biomass as a feedstock and integrat-
ing production systems with existing waste treatment facilities. This approach not
only produces clean energy but also contributes to waste reduction and resource
recovery, aligning with circular economy principles. The exploration of biological
hydrogen production is a testament to the innovative approaches being pursued
in the renewable energy sector, offering a glimpse into a future where clean fuel
generation harmonizes with environmental stewardship.

3. Advances in hydrogen storage technologies

This section addresses the critical advancements in hydrogen storage technologies,
avital component for the widespread adoption of hydrogen as a clean energy carrier.
It explores innovative solutions and recent breakthroughs that have significantly
improved the efficiency, safety, and economic viability of hydrogen storage. From
high-density solid-state systems to liquid organic carriers and advanced composite
materials, this section will delve into the latest developments that are shaping the
future of hydrogen storage, highlighting their potential to transform energy systems
and facilitate a seamless transition to a hydrogen-based economy.

3.1 Solid-state hydrogen storage

Solid-state hydrogen storage is a key technology that offers high hydrogen density and
the potential for safe, efficient energy storage, crucial for the widespread adoption of
hydrogen as a clean energy carrier. Advances in materials science have led to the develop-
ment of new solid-state hydrogen storage materials, such as complex metal hydrides,
chemical hydrogen storage materials, and intermetallic compounds. These materials can
absorb and release hydrogen through chemical reactions or physical processes, offering
high storage densities and the potential for tailored thermodynamics and kinetics.

Researchers [15] have made significant strides in understanding and improving
the hydrogen storage mechanisms of solid-state materials. This includes optimizing
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Mechanisms of solid-state hydrogen storage
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Figure 5.
Solid-state hydrogen storage mechanisms [15].

the absorption/desorption kinetics, increasing reversible hydrogen capacity, and
reducing the operating temperatures required for efficient hydrogen release and
uptake (Figure 5).

The integration of nanotechnology has been a game-changer in solid-state hydro-
gen storage, enabling the manipulation of materials at the atomic or molecular level
to improve their hydrogen storage properties. Nanostructuring of storage materials
can enhance surface area, modify reaction pathways, and improve kinetics, leading
to faster charging and discharging rates and better overall performance. Innovations
in system design and engineering have facilitated the development of more compact,
efficient, and safer solid-state hydrogen storage systems. These systems are designed
to optimize heat and mass transfer, accommodate the volumetric expansion of
materials, and integrate seamlessly with fuel cell technologies and other hydrogen
applications [16].

Despite progress, challenges remain in realizing the full potential of solid-state
hydrogen storage, such as high activation energies, slow kinetics, and issues with scal-
ability and cost. Ongoing research is focused on addressing these challenges through
material modification, advanced engineering strategies, and the development of
hybrid systems that combine the advantages of different storage methods. The future
of solid-state hydrogen storage looks promising, with ongoing research pushing the
boundaries of material performance and system integration. The aim is to achieve
storage solutions that are not only efficient and safe but also economically viable for
large-scale applications, paving the way for hydrogen to become a cornerstone of the
global energy landscape. The advancements in solid-state hydrogen storage are pivotal
for the transition to a hydrogen economy, offering solutions that could transform
energy storage, transportation, and various industrial applications.

3.2 Liquid organic hydrogen carriers

Liquid organic hydrogen carriers (LOHCs) represent a transformative approach
in hydrogen storage technologies, offering a safe, efficient, and energy-dense
alternative to conventional storage methods. LOHCs are organic compounds
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capable of chemically binding and releasing hydrogen through hydrogenation and
dehydrogenation reactions. They offer a practical solution for hydrogen storage
and transportation, as they can operate at near-ambient conditions, making them
safer and more adaptable to existing infrastructure compared to high-pressure or
cryogenic hydrogen storage methods. The idea of storing hydrogen in LOHCs at
room temperature is based on the process of hydrogenation and dehydrogenation
of organic molecules (Figure 6). LOHCs are a type of hydrogen storage system
that remains in a liquid state when it contains a high concentration of hydrogen.
They are a potentially cost-effective, safe, and easily manageable way of storing
hydrogen [17]. Additionally, LOHCs enable long-term energy storage without any
losses or boil-off and can be transported easily. Key to the efficiency of LOHC
systems is the development of advanced catalysts that facilitate rapid and revers-
ible hydrogenation and dehydrogenation reactions.

Recent breakthroughs have focused on enhancing the activity, selectivity, and
durability of these catalysts; reducing energy requirements; and improving the over-
all economic viability of the LOHC technology. Innovations in system design are cru-
cial for optimizing the performance of LOHC systems. This includes the integration
of advanced thermal management systems, improved reactor designs for enhanced
kinetics, and scalable process configurations that can adapt to varying demands
and operational conditions, ensuring efficient and consistent hydrogen release and
storage [17]. The search for optimal LOHC materials has led to the exploration of
various organic compounds, including aromatics, carbazoles, and heterocycles. These
materials are evaluated based on their hydrogen storage capacity, stability, recyclabil-
ity, and compatibility with existing infrastructure, driving the development of more
effective and sustainable LOHC solutions.

Despite their potential, LOHC systems face challenges such as the need for high
temperatures in dehydrogenation, the potential toxicity of certain carriers, and the
long-term stability of the storage material. Research is directed toward overcom-
ing these challenges by developing more efficient catalytic systems, identifying
environmentally benign and cost-effective carriers, and enhancing the material’s
recyclability and lifecycle. The future of the LOHC technology is promising, with
ongoing research aimed at commercial-scale applications, integration with renew-
able energy sources, and development of mobile and stationary hydrogen storage
solutions. The adaptability of LOHC systems to existing liquid fuel infrastructure
presents a unique opportunity to facilitate the widespread adoption of hydrogen as
a key energy carrier in the transition toward a sustainable energy economy. These

Maobili
Electricity 0 W | ity
De-
Electrolysis Hydrogenation [ iiropaation Fuel cell
L f Transport } f I!
f 1 il 5 Industrial
J Heat generation ' processes
HoLOHC {exathermic reaction) H,LOHC

(\m s (\Ri
RZJ Catalyst and possibly solvent 2\)

R
-H,;

20-50 bar, 50-250°C 1-5 bar, 200-420°C
Heat demand
(endothermic reaction)

Figure 6.
LOHC system [17].
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detailed insights into LOHCs underscore their potential to revolutionize hydrogen
storage, offering a viable pathway for the safe, efficient, and large-scale deploy-
ment of hydrogen energy solutions.

3.3 Advanced composite materials

Advanced composite materials for hydrogen storage are at the forefront of innova-
tion, offering unique solutions that combine lightweight properties, high hydrogen
storage capacities, and excellent safety profiles. The development of composite
materials involves the integration of various substances, such as metal hydrides,
polymers, and carbon-based materials, to create systems that can store hydrogen with
high efficiency. These composites often leverage the synergistic properties of their
constituents, offering enhanced hydrogen storage capacities, improved kinetics, and
reduced risks of leakage [18].

Recent advances in materials science and research have enabled engineers to
explore the use of less conventional materials in their designs. Composite materi-
als are becoming increasingly popular in marine, aerospace, automotive, and other
industries and offer excellent strength-to-weight ratios, improved thermal and
mechanical properties, and other desirable qualities that result from combining dif-
ferent constituent materials. The use of composites in hydrogen storage tanks could
improve the efficiency of such systems [18-20].

Looking forward, the emphasis on sustainability is driving the development of
composite materials that are not only efficient and safe but also environmentally
benign. The potential for recycling and reusability of these materials is an important
consideration, aiming to ensure that the hydrogen economy is supported by circular
economy principles. The exploration of advanced composite materials is crucial for
overcoming the current limitations of hydrogen storage, offering promising prospects
for the development of safe, efficient, and sustainable hydrogen energy systems.

4. New perspectives in hydrogen utilization

This section explores the evolving landscape of hydrogen utilization, highlighting
innovative applications and the integration of hydrogen technologies into various
sectors. It examines the latest trends and developments that are expanding the role
of hydrogen beyond conventional uses, focusing on its potential in energy systems,
industrial processes, and emerging markets. The discussion will encompass recent
advancements in hydrogen fuel cells, combustion technologies, and the role of hydro-
gen in decarbonizing heavy industries, underscoring its significance in achieving a
sustainable, low-carbon future.

4.1 Hydrogen fuel cells

Hydrogen fuel cells are a transformative technology in the energy sector, offering
a clean, efficient alternative to conventional combustion-based power generation.
Hydrogen fuel cells generate electricity through the electrochemical reaction of
hydrogen and oxygen, producing water as the only byproduct. Recent advancements
have focused on enhancing the efficiency, durability, and cost-effectiveness of these
cells, broadening their applicability in energy systems. Significant strides have been
made in developing advanced materials for electrodes, electrolytes, and catalysts,
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Hydrogen fuel cell vehicles (FCVs) [21].

aiming to improve performance and reduce the costs of fuel cells. Innovations include
the use of non-precious metal catalysts, durable polymer electrolytes, and improved
electrode architectures that enhance the electrochemical surface area and catalytic
activity.

Efforts in system integration involve optimizing fuel cell stacks for various scales
and applications, from portable devices to large stationary installations. Scalability
challenges are being addressed through modular design, allowing for the customiza-
tion of power output to meet specific demands, and enhancing the versatility of
fuel cell applications. The automotive industry has seen significant developments
in hydrogen fuel cell vehicles (FCVs) (Figure 7), with improvements in fuel cell
efficiency, vehicle range, and refueling infrastructure. These vehicles offer a sustain-
able alternative to traditional combustion engines, with the added benefits of quick
refueling times and long driving ranges.

Beyond transportation, hydrogen fuel cells are gaining traction in stationary
applications for backup power, grid support, and distributed energy systems, as well
as in portable applications for consumer electronics, remote power, and emergency
systems, showcasing their flexibility and adaptability across energy domains. While
hydrogen fuel cells present a promising path toward decarbonization, challenges
remain in terms of large-scale hydrogen production, infrastructure development, and
market acceptance. Future research and development are geared toward addressing
these challenges, with a focus on improving the economic viability and environmental
impact of fuel cell technologies. The advancements in hydrogen fuel cells are pivotal
for the transition to a cleaner energy landscape, offering innovative solutions for
transportation, stationary power, and beyond, marking a significant step toward a
sustainable, low-carbon future.

4.2 Hydrogen combustion

Hydrogen combustion is emerging as a pivotal technology in the transition to
a cleaner energy future, offering new perspectives and applications. Hydrogen
combustion is characterized by its high energy yield and clean emission profile,
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primarily producing water vapor when burned. The efficiency of hydrogen
combustion engines is continually enhanced through innovations in combustion
chamber design, fuel injection systems, and ignition timing optimization, aiming to
maximize the energy output while minimizing any NOx emissions. Recent develop-
ments have focused on refining the combustion process to ensure complete hydro-
gen burn, reduce emissions, and improve overall system efficiency. Advancements
in turbocharging, exhaust gas recirculation, and lean-burn technologies have been
crucial in enhancing the performance and environmental compatibility of hydrogen
combustion engines [22].

Hydrogen combustion is increasingly integrated with renewable energy sources. It
serves as a flexible load for power systems, capable of storing excess renewable energy
and releasing it when demand peaks. This integration facilitates a more resilient and
sustainable energy infrastructure, leveraging hydrogen’s potential to balance and
store renewable energy. Beyond its role in power generation, hydrogen combustion is
gaining traction in industrial applications, including high-temperature processes in
steelmaking, glass production, and other manufacturing sectors. It offers a pathway
to decarbonize industrial heat processes, significantly reducing the carbon footprint
associated with these industries [23].

Despite its potential, challenges remain in the widespread adoption of hydrogen
combustion, such as ensuring safety, improving public perception, and developing
infrastructure. Innovations in safety technologies, public engagement strategies, and
the expansion of hydrogen refueling infrastructure are critical to overcoming these
barriers. The future of hydrogen combustion looks promising, with ongoing research
aimed at enhancing efficiency, reducing costs, and expanding applications. As the
technology matures and scales up, hydrogen combustion is set to play a crucial role
in a diverse range of sectors, from transportation to industrial heating, contributing
significantly to global decarbonization efforts. Hydrogen combustion stands as a
transformative technology, poised to significantly impact how energy is produced
and utilized, driving forward the clean energy transition with its high efficiency and
potential for broad application.

4.3 Hydrogen in chemical synthesis

The integration of hydrogen into chemical synthesis signifies a transformative
shift toward greener chemical processes, leveraging hydrogen’s potential as a clean
and sustainable reactant. Hydrogen is pivotal in developing eco-friendly synthesis
routes, offering a cleaner alternative to traditional processes that rely on fossil fuels.
Its application in chemical synthesis reduces carbon emissions, aligning with global
sustainability goals and the increasing demand for green chemistry. This section
elaborates on the multifaceted role of hydrogen in chemical synthesis [24].

Innovations in catalysis have revolutionized hydrogen’ role in chemical synthesis,
enabling more efficient, selective, and lower-energy processes. Catalytic systems
that facilitate hydrogenation reactions have become more robust, versatile, and
capable of driving reactions under milder conditions, thus enhancing their industrial
applicability and environmental compatibility. In the realm of organic and inorganic
synthesis, hydrogen is employed as a powerful reducing agent. Its ability to facilitate
the reduction of various functional groups while maintaining a clean environmental
profile is paramount in synthesizing a wide array of chemicals, pharmaceuticals,
and materials. Leveraging hydrogen in chemical synthesis has led to process inten-
sification, where reactions can be conducted more rapidly, efficiently, and at lower
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temperatures. This not only improves the economics of chemical production but also
significantly reduces the energy footprint, contributing to more sustainable industrial
practices [25].

The synthesis of green chemicals using hydrogen can be further enhanced by
integrating the processes with renewable energy sources. Electrochemical hydrogen
generation from water, powered by solar or wind energy, provides a sustainable path-
way for producing hydrogen that can be directly utilized in chemical manufacturing,
closing the loop on a truly green process [26].

The integration of hydrogen into chemical synthesis holds the promise of revolu-
tionizing the chemical industry, making it cleaner and more sustainable. However,
challenges such as the development of cost-effective, efficient, and durable systems
for hydrogen production and utilization, as well as the adaptation of industrial
infrastructure, need to be addressed to fully realize this potential. The utilization of
hydrogen in chemical synthesis not only stands as a testament to the versatility and
sustainability of hydrogen but also opens new avenues for the development of green
manufacturing processes, marking a significant step toward a sustainable chemical
industry.

5. Emerging applications of hydrogen technologies

This section delves into the groundbreaking applications of hydrogen technolo-
gies that are shaping the future of energy, industry, and transportation. It explores
innovative uses that extend beyond conventional boundaries, highlighting how
hydrogen is being integrated into new markets and sectors. From powering zero-
emission vehicles to enabling large-scale renewable energy storage and supporting
decarbonization in various industries, this exploration sheds light on the versatility of
hydrogen and its potential to drive significant environmental and economic benefits.

5.1 Hydrogen in transportation

Hydrogen is increasingly recognized as a pivotal energy carrier in the transporta-
tion sector, offering a sustainable alternative to fossil fuels. Hydrogen fuel cells are
a key technology in powering zero-emission vehicles, particularly in the automotive
industry. They convert hydrogen into electricity, generating only water vapor and
heat as byproducts, thus providing a clean alternative to internal combustion engines.
Recent advancements in fuel cell technology have enhanced efficiency, reduced costs,
and extended the lifespan of these systems. These improvements are crucial for the
commercial viability of hydrogen-powered vehicles, including cars, busses, and
trucks.

The expansion of hydrogen refueling infrastructure is critical to the adoption of
hydrogen in transportation. Efforts are underway globally to increase the number of
hydrogen refueling stations, which is vital for supporting the widespread use of fuel
cell vehicles. Hydrogen is particularly suited for heavy-duty and long-range transport
applications, such as trucks, busses, and maritime vessels, where battery-electric
solutions face challenges due to weight and range limitations.

Hydrogen transportation can be integrated with renewable energy sources,
providing a pathway to reduce greenhouse gas emissions significantly. Using
green hydrogen, produced from water electrolysis powered by renewables,
enhances the environmental benefits of hydrogen-powered transport. The shift
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to hydrogen-powered transportation has significant economic and environmental
implications. It offers a pathway to reduce dependency on fossil fuels, decrease air
pollution, and mitigate greenhouse gas emissions, contributing to the goals of the
Paris Agreement and global climate change mitigation efforts. The integration of
hydrogen technologies in transportation is set to revolutionize the sector, offering
sustainable, efficient, and clean solutions that align with global energy transition and
decarbonization objectives.

5.2 Hydrogen for grid balancing and energy storage

The role of hydrogen in grid balancing and energy storage is increasingly pivotal as
the world shifts toward renewable energy sources. Hydrogen serves as a key enabler
for the integration of intermittent renewable energy sources like wind and solar
power. By converting excess electricity into hydrogen, it acts as an energy buffer,
ensuring that surplus renewable energy is not wasted but stored for future use.

Hydrogen technologies offer grid balancing services by providing demand
response capabilities. They can quickly release stored hydrogen to generate electric-
ity during peak demand periods or when renewable energy supply is low, thereby
maintaining grid stability and reliability. Unlike batteries that are typically used for
short-term energy storage, hydrogen can be stored for long durations without signifi-
cant losses. This characteristic makes it ideal for seasonal storage, enabling energy
systems to overcome periods of prolonged energy surplus or deficit.

Hydrogen can be produced and stored at a local level, supporting the decentraliza-
tion of energy systems. This local production and utilization of hydrogen contribute
to reducing energy transmission losses and enhancing local energy resilience.
Hydrogen plays a crucial role in sector coupling, linking the electricity sector with
heating, transport, and industry. By converting electrical energy into hydrogen, it can
be used across different sectors, promoting an integrated and flexible energy system.

The future of hydrogen in grid balancing and energy storage looks promising,
with ongoing innovations aimed at improving the efficiency, scalability, and cost-
effectiveness of hydrogen-based energy storage solutions. As renewable energy
adoption grows, the importance of hydrogen in ensuring a stable, reliable, and
sustainable energy grid becomes increasingly significant. Hydrogen’ versatility and
energy storage capacity position it as a key player in the transition to a more resilient,
efficient, and sustainable energy system, particularly in the context of increasing
global renewable energy penetration.

5.3 Hydrogen in industrial processes

The utilization of hydrogen in industrial processes (Figure 8) is a transformative
approach, heralding a new era of sustainability and efficiency in various sectors.
Hydrogen is instrumental in decarbonizing heavy industries like steel, cement, and
chemicals. These sectors, traditionally dependent on fossil fuels, are now exploring
hydrogen to reduce their carbon footprint, leveraging its clean combustion and high-
energy content. Integrating hydrogen into industrial processes enhances efficiency,
reduces waste, and promotes cleaner production methods. Hydrogen’s role in pro-
cesses like refining, ammonia production, and methanol synthesis is evolving, driven
by the demand for greener practices.

In industries where high-temperature heat is essential, hydrogen is emerging as
a key energy carrier. Its combustion releases water vapor, providing the necessary
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Hydrogen applications [27].

energy without the carbon emissions associated with coal or natural gas. Research and
development are paving the way for innovative applications of hydrogen in industries,
including its use in advanced manufacturing, as a reducing agent in metallurgical
processes, and in creating sustainable synthetic fuels. The industrial adoption of
hydrogen is supported by evolving economic and policy frameworks that incentivize
clean energy use. Investments in hydrogen infrastructure, subsidies for clean energy,
and carbon pricing are pivotal in integrating hydrogen into industrial applications.

The future of hydrogen in industrial processes is linked closely with global sus-
tainability goals. As industries aim to reduce their environmental impact, hydrogen
stands out as a versatile and clean solution that aligns with the global shift toward
renewable energy and circular economy principles. Hydrogen’s integration into
industrial processes is not just an innovation in energy use but a necessary step
toward achieving a sustainable industrial future, reducing global carbon emissions,
and facilitating the transition to a clean energy economy.

6. Conclusions

In this comprehensive exploration of hydrogen technologies, we delved into the latest
advancements and innovative applications shaping the future of energy and industry.
From cutting-edge developments in hydrogen production, including electrolysis, pho-
toelectrochemical processes, and biological systems, to sophisticated storage solutions
like solid-state materials, liquid organic hydrogen carriers, and advanced composites, the
chapter has highlighted hydrogen’s pivotal role in the clean energy transition.

It also examined hydrogen’s expanding footprint in utilization sectors, showcas-
ing its impact in fuel cells and combustion processes and as a transformative agent in
chemical synthesis. The narrative further extended into hydrogen’s emerging roles,
illustrating its potential in transportation, grid balancing, energy storage, and indus-
trial applications, underscoring its versatility and adaptability across various sectors.
The strategic importance of hydrogen technologies in achieving energy sustainability
and climate goals cannot be overstated. As a clean, flexible, and efficient energy
carrier, hydrogen stands at the forefront of the global shift toward a sustainable, low-
carbon future. It bridges the gap between renewable energy sources and their integra-
tion into our daily lives, offering solutions for storage, transport, and decarbonization
challenges that are critical for the energy transition.
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This chapter’ insights reflect a vision where hydrogen technologies are integral to
our energy ecosystem, driving innovation, bolstering economic resilience, and pav-
ing the way for a sustainable environmental legacy. The collective advancements in
hydrogen technology encapsulate a future where energy systems are interconnected,
efficiency is maximized, and carbon emissions are significantly reduced, heralding a
new era of energy that is clean, adaptable, and sustainable.
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Abstract

Black TiO, (H-Ti0,), as a promising photoanode material, can be used for direct
green hydrogen production without emissions to pollute the environment, but the
reported surface engineering approaches for the preparation of black TiO, suffer from
high temperatures, long processing time, or chemical residues, limiting its practical
application in green hydrogen production. Here, we developed two advanced surface
engineering technologies, overcoming the above limitations, to prepare a black TiO,
photoanode that achieved the maximum photocurrent density reported to date.
Moreover, we theoretically and experimentally revealed the formation mechanism of
black TiO, and its enhanced photoelectrochemical (PEC) performance. These surface
engineering technologies are not only suitable for the preparation of efficient photo-
anode materials for PEC hydrogen production but also play a beneficial and promot-
ing role in the research and development of new materials for hydrogen fuel cells and
hydrogen storage.

Keywords: photoelectrochemical green hydrogen production, black TiO,, surface
engineering technologies, formation mechanism, hydrogen fuel cells, hydrogen storage

1. Introduction

Photoelectrochemical (PEC) technology for solar fuel generation has garnered
international recognition as a promising solution for addressing both energy and
environmental challenges [1, 2]. This technology has the capability to mimic photo-
synthesis by converting solar energy into hydrogen energy and also has the potential
to convert CO, into hydrocarbon fuel, making it an ideal solution for a sunshine
economy.

The technology of PEC hydrogen production was initiated in 1972 by Fujishima
and Honda, which discovered that single crystal TiO, can generate sufficient pho-
tovoltage when exposed to light to facilitate the splitting of water into hydrogen
and oxygen [3]. This breakthrough demonstrated the potential of utilizing solar
energy to directly produce green hydrogen without CO, emissions, which is regarded
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as the most promising method for achieving zero-carbon hydrogen in the future.
Subsequently, semiconductor photocatalysts have triggered significant interest within
the academic community.

TiO, has emerged as a prominent semiconductor photocatalyst among various
materials due to its stable chemical properties, robust oxidation-reduction capabili-
ties, and cost-effectiveness. However, as a wide bandgap semiconductor, TiO, can
only absorb ultraviolet light within the solar spectrum. Enhancing the responsiveness
of TiO, to visible light has become a key focus of research in this field. Recent studies
have explored surface engineering technologies via doping of various elements to
improve visible light absorption of TiO,, yet the resulting photocurrent remains below
1mA cm™ [4]. The field of surface engineering for TiO, is currently grappling with
the obstacle of achieving high solar-to-hydrogen conversion efficiency.

The global interest in the synthesis of black TiO, through high-pressure hydro-
genation of TiO, has been significant. In 2011, Chen et al. presented an innovative
approach to creating black TiO, in Science [5]. Figure 1 visually represents the unique
core-shell structure of black TiO, and an accompanying energy diagram illustrating
a decreased band gap. The researchers verified that black TiO, displays a wider band
for light absorption, allowing it to capture visible, ultraviolet, and infrared light,
exhibiting outstanding photocatalytic characteristics. Since its inception, black TiO,
has attracted considerable interest in the scientific community due to its unique
combination of high sunlight absorption and exceptionally high photocatalytic abili-
ties. However, its applications are hampered by impractical hydrogenation conditions
(20 bar, 200°C, and 5 days). Developing new hydrogenation technologies at mild
conditions is highly demanded.

Figure 1.
(a) Core-shell structure and narrowing band gap models; (b) white pristine TiO, to black TiO,; (c) and (d)
high-resolution transmission electron microscope (HR-TEM) images of pristine TiO, and black TiO,, respectively.
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2. Recent advances in hydrogen technologies promoted by emerging
hydrogenation methods

Hydrogenation technology is known as one of the most important material
surface engineering technologies today, and here, we highlighted the latest research
progress on how hydrogenation technologies can solve the core scientific problems of

hydrogen-related technologies like PEC hydrogen production, hydrogen fuel cells and
hydrogen storage.

2.1 PEC green hydrogen production

Wang et al. utilized high-temperature H, hydrogenation to prepare H-TiO, nanowires
with significantly improved PEC performance for solar water splitting [6]. The H-TiO,
nanorods treated at 350°C achieve the best photocurrent density of 2.4 mA cm™ at
1.23 Vgyg compared to untreated nanorods, indicating efficient charge separation and
transportation (Figure 2a). The incident photon to current efficiency (IPCE) analyses
confirm that the enhancement of photocurrent density of H-TiO, is attributed to the
enhanced photoactivity in the ultraviolet region (100%) and a significant increase in the
donor density (3x), achieved through the creation of a high density of oxygen vacancies
that act as electron donors. However, the harsh conditions of the high-temperature H,
approach (400°C, 1 h) limit its practical application in PEC water splitting,

Xu et al. explored a Pd-catalyzed H hydrogenation strategy for reducing TiO,,
leading to the generation of Ti** species in TiO, and improved photocatalytic activity
(Figure 2b) [7]. The hydrogenation process creates intrinsic defects in the materials,
narrowing the band gap and enhancing solar energy utilization. The unique crystal-
line core/disordered shell structure of H-TiO, formed during the process contributes
to improved photocatalytic activity and long-term stability. However, the high cost of
noble metal and chemical residues in this hydrogenation method hinder its practical
application in PEC hydrogen production.

2.2 Hydrogen fuel cells

The hydrogen fuel cell is divided into two chambers, which pass into H, and O,,
respectively; in the left chamber, under the catalytic Pt, H, dissociates to protons and
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Figure 2.

Photocurrent density versus potential (J-V) measurements of H-TiO, via (a) high-temperature H, and (b)
Pd-catalyzed H hydrogenations.
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(a) Scheme of hydrogen fuel cells. (b) Temperature-dependent proton conductivity: HSrCoO, 5 vs. state-of-the
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electrons (2H, - 4H" + 4e7), protons reach the counter electrode of the right chamber
through the solid electrolyte, and at the same time, the electrons pass through the
peripheral circuit to the counter electrode, so as to cooperate with the reduction reac-
tion of protons to O, to generate H,O (O, + 4H" + 4 — 2H,0), which completes the
transfer of chemical energy to electrical energy (Figure 3a). It is evident that conver-
sion efficiency depends strongly on the proton conductivity of solid electrolytes.
Solid oxide ionic conductors are utilized to serve as solid electrolytes in hydrogen
fuel cells. Meanwhile, traditional low ionic conductors based on metal oxides typically
necessitate temperatures exceeding 500°C to facilitate ionic transport (Figure 3b).
Very recently, Lu et al. reported a new solid oxide proton conductor, HSrCoO,,
prepared by noble metal catalyzed H hydrogenation, exhibiting remarkably high
proton conductivity within the temperature range of 40-140°C [8]. The proton
conductivity in the specified temperature range ranged from 0.028 to 0.33Scm™
(Figure 3b), which is ascribed to the elevated proton concentration and the organized
oxygen vacancy channels facilitated by the noble metal catalyzed H hydrogenation
(Figure 3c). However, the prohibitive expense of noble metals and the presence
of chemical residues in the hydrogenation process pose significant obstacles to its
feasibility for use in practical hydrogen fuel cells.

2.3 Hydrogen storage

Solid-state hydrogen storage materials, facilitating the storage and controlled release
of hydrogen, have been a focal point of extensive research for numerous decades, estab-
lishing ambitious goals for their advancement in recent years. Developing such materials
that can store an appreciable amount of hydrogen reversibly without having to use high
pressure and/or low temperature is a significant challenge.

Izumi et al. prepared crystalline samples of the material La;_,SryHz « 2,0y
(0.1<x<0.6,y < 0.171) through ball-milling, followed by annealing under high-
pressure H, hydrogenation [9]. They conducted an examination of the samples at
ambient temperature, determining their ability to facilitate the conduction of hydride
ions at a notable rate. Subsequently, they assessed the efficacy of the material in an all-
solid-state cell composed of Ti| La;_«Sr,Hj x_2,Oy|LaH;_s, manipulating the quantities of
strontium and oxygen within the composition. Upon identifying an optimal strontium
content of at least 0.2, they observed the complete conversion of titanium to titanium
hydride (TiH,) at a rate of 100%, indicating minimal wastage of hydride ions. Based
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on the results, they focus on enhancing performance and developing electrode materi-
als with the capability to reversibly absorb and release hydrogen. This advancement is
crucial for enabling the recharging of batteries and facilitating the storage and controlled
release of hydrogen, thereby meeting the demands of hydrogen-based energy applica-
tions. While the above findings have made important advances in hydrogen storage, the
high-temperature and high-pressure hydrogen hydrogenation method (400°C, 0.5 MPa,
12 h) they employed will prevent the development of its practical applications.

3. Advanced hydrogenation technologies for PEC green hydrogen
production

The above-hydrogenated surface engineering technologies have shown great poten-
tial in PEC green hydrogen production, fuel cells, and hydrogen storage applications;
however, the efficacy of their applications is hindered by impractical hydrogenation con-
ditions and ambiguous hydrogenation mechanisms. Here, two advanced methods, low-
temperature H [10] and room-temperature H* hydrogenations [11], are developed to address
the challenging conditions associated with traditional high-temperature H, reductions
and the constraints posed by chemical residues resulting from chemical reductions.

3.1 Low-temperature H hydrogenation
3.1.1 Experimental set-up

The concept of low-temperature hot wire H hydrogenation draws inspiration
from previous research. Langmuir’s study in 1912 investigated the efficiency of
a tungsten filament in facilitating the dissociation of H, molecules into H atoms
[12]. Experimental results demonstrated that when a tungsten filament is heated to
temperatures exceeding 1000°C in a hydrogen-rich environment, H, molecules can
be catalytically dissociated upon contact with the hot tungsten filament. In contrast
to the H" hydrogenation approach, this method exclusively involves only hydrogen
atoms rather than hydrogen ions.

Figure 4a depicts the experimental configuration utilized for the low-temperature
H hydrogenation. Within a vacuum chamber, a parallel array of 10x tungsten wires,
each measuring 600 mm in length, 0.53 mm in diameter, and 50 mm in space, was
positioned, resulting in a total activated area of 600 x 450 mm®. The samples were
subjected to treatment at varying wire temperatures (1600, 1700, and 1800°C), with
a separation of 75 mm between the wires and the samples.

The regulation of the flux rate of atomic hydrogen is contingent upon the wire
temperature and pressure, with the pressure typically preset at 1 Pa. Figure 4b shows
the plot of the flux of atomic hydrogen vs. wire temperature. It is evident that the flux
of atomic hydrogen increases exponentially with increased wire temperature. This
means that the low-temperature H hydrogenation [10] can achieve precise H-doping
by tuning the wire temperature, demonstrating the superior features over the uncon-
trollable traditional high-temperature or high-pressure H, hydrogenations.

3.1.2 Hydrogenation-PEC performance relation

In this section, we examine in detail the effects of wire temperature on the struc-
tural, optical, electrical, and PEC properties of black TiO,.
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Figure 4.
(a) Experimental set-up of low-temperature H hydrogenation and (b) plot of the flux of atomic hydrogen vs.
wire temperature.

3.1.2.1 Structure

Scanning electron microscopy (SEM) and HR-TEM were used to investigate the
microstructure of H-TiO, nanorods treated at different wire temperatures. H-TiO,
treated at Tyir = 1700°C closely resembles pristine TiO, in morphology. HR-TEM
images show that pristine TiO, has a single crystalline structure (Figure 5a—c), while
H-TiO; at Tyire = 1700°C has a core-shell structure with a 2 nm thick disordered shell
(Figure 5d-f). Electron energy loss spectroscopy (EELS) analysis showed that the [O]/
[Ti] ratio in pristine TiO, remains constant at about 2 throughout the nanorod, while
in H-TiO; at Tyire = 1700°C, the ratio decreases gradually in the disordered region.

3.1.2.2 Optical properties

The optical absorption spectra of pristine TiO, and H-TiO, were analyzed to study
the improved optical absorption properties of H-TiO,. Results show a red shift in the
band edge of H-TiO, with increasing wire temperatures and increased absorption in
the visible spectrum (Figure 6a). Tauc plots indicate a band edge of 2.9 eV for H-TiO,
compared to 3.0 eV for pristine TiO, (Figure 6b).

3.1.2.3 PEC properties

J-V measurements were conducted to investigate the improved PEC properties
of H-TiO, nanorods (Figure 7a). The comparison of J-V curves of pristine TiO,
and H-TiO, samples showed an increase in photocurrent density after treatment at
Tyire = 1600°C, peaking at Tyre = 1700°C, and decreasing at Tyire = 1800°C. The effect
of wire temperature on the conductivity of H-TiO, was studied using Mott-Schottky
measurements (Figure 7b). Higher wire temperatures led to a decrease in the slope of
H-Ti0,, indicating an increase in donor density and conductivity. The donor densities
of H-TiO, were found to be 3x higher than those of pristine TiO,, showing a trend of
increased conductivity in H-TiO, samples with higher temperatures.

3.1.2.4 T identification

X-ray photoelectron spectra (XPS) analysis of H-TiO, samples at different wire
temperatures showed that the photocurrent density was highest at T = 1700°C.
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Figure 5.
TEM, HR-TEM images, and fast Fourier transform (FFT) patterns of (a—c) pristine TiO, and (d—f) H-TiO,
nanorods treated at Ty, = 1700°C.
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(a) Optical absorption and (b) Tauc plots for pristine TiO, and H-TiO,.

The O1ls spectra revealed peaks at 530 and 531.5 eV, corresponding to TiO, and
Ti-OH species (Figure 7c). The intensity of the Ti—OH peak increased with
increasing wire temperature up to 1700°C but decreased at 1800°C. The reduced
Ti-OH peak in H-TiO, at 1800°C suggests less Ti’* presence. XPS Ti2p spectra

for both samples show similar characteristics, with binding energies of 458.5 eV
for Ti2p;/, and 464.3 eV for Ti2py,, typical of TiO, (Figure 7d). A Ti-H peak at
456.5 eV, rather than metallic Ti at 453.8 eV, is observed in the sample treated at
Twire = 18000C. The formation of Ti-H bonds in H-TiO, at 1800°C reduces Ti—OH
bonds and decreases Ti>* concentration, confirming the insight into improved
photocurrent density of H-TiO; at Ty, = 1700°C.
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(a) J-V curves of pristine TiO, and H-TiO, nanorods in dark and under solar illumination. (b) Mott-Schottky
plots of pristine TiO, and H-TiO, nanorods. (c) O1s and (d) Tizp XPS spectra of pristine and H-TiO, samples.

The results suggest that the low-temperature H hydrogenation process effectively
facilitates the formation of a disordered shell on the H-TiO, nanorods, resulting in a
decrease in band gap (3.0 - 2.9 eV), an increase in donor density (3x), and Ti** con-
centration, leading to the highest photocurrent density of 2.5 mA cm™ at 1.23 Vg of
H-TiO; at Ty,ie = 1700°C reported to date.

3.1.3 Formation mechanism

The low-temperature H hydrogenation process is delineated in the subsequent
three stages: (a) hydroxylation of the Ti0,(110) surface through hydrogen adsorption;
(b) subsurface diffusion of hydrogen; (c) subsurface hydrogenation.

Density functional theory (DFT) simulations suggest that H treatment facili-
tates the occupation of Os. surface sites by H, subsurface diffusion, and subsurface
hydrogenation through the O3, — Oy, low-energy-barrier pathway (0.87 eV), leading
to the thermodynamically favorable formation of a disordered shell. Conversely, H,
treatment typically results in only submonolayer degrees of hydroxylation, with the
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[H] H,
Hydroxylation Almost no barrier for adsorption of High barrier for dissociative adsorption
atomic hydrogen — low temperature molecular hydrogen — high temperature and
is sufficient H, desorption is flux are needed. High surface coverages are not
suppressed due to high-energy thermodynamically favorable
barrier
Subsurface Lower barrier for subsurface High barrier for subsurface diffusion pathway is
diffusion diffusion pathway is O3 — Ogyp Oyc = 03¢ = Ogyp, subsurface diffusion is very slow
subsurface diffusion is faster than
H, and H,0 desorption at low
temperatures
Subsurface Incorporation of H in TiO, lattice is Incorporation of H in TiO, lattice is not
H-doping thermodynamically favorable up to thermodynamically favorable. At high

high concentrations

temperatures, incorporation becomes even less
favorable

Formation of

Formation of disordered shell

Oy = 03 = Ogy, = H-doping in TiO, is not

disordered is thermodynamically favorable thermodynamically favorable and kinetically
shell through Os. — O, — H-doping suppressed. Different formation pathway: only
in TiO, lattice with relatively low H,0 desorption and formation of oxygen
barriers. Formation pathway: low vacancies are thermodynamically favorable —
temperatures are enough high temperatures are needed
Table 1.

Different formation pathways of disordered shell: H vs. H,.

occupation of Oj, sites being thermodynamically unfavorable. Consequently, subsur-
face diffusion from O, to Oy, is kinetically hindered during H, treatment; only H,O
desorption and the formation of oxygen vacancies are deemed thermodynamically
feasible, necessitating high pressure and/or high temperatures for the process to occur

(Table1).

In conclusion, we have experimentally and theoretically confirmed that our
low-temperature H hydrogenation method is indeed superior to the traditional H,
hydrogenation method: the highest photocurrent density and highly efficient hydro-

genation are achieved.

3.2 Room-temperature H* hydrogenation

3.2.1 Experimental set-up

Recent interest in H" hydrogenation using kinetic hydrogen ion species has
increased because it does not require thermal activation. Traditional methods of H*
hydrogenation are limited by the need for high temperatures or high power output

from plasma equipment to generate high-energy hydrogen ions, leading to inefficient
and uncontrollable processes as well as limited photocurrent density of <1 mA cm ™ at
1.23 Vgyg [13].

The magnetic field from an electromagnetic coil affects hydrogen ions and free
electrons differently. Electrons change direction, but ions are not affected due to their
greater mass (1000x). The magnetic field causes electrons to orbit in a circular path,
increasing the chance of ionization and creating more hydrogen ions.

Inspired by the physical picture above, unlike traditional plasma hydrogenation
methods, we used a circular electromagnetic coil in a radio frequency (RF) plasma
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physical vapor deposition (PVD) system to create a magnetic field (Figure 8). This
field increases hydrogen ion concentration and decreases RF power and self-bias
voltage, allowing for controlled low-energy hydrogen ion production for room-
temperature H" hydrogenation [11].

A programmable recipe controlled the RF power, magnetic field strength, hydro-
gen flow rate, processing pressure, and treatment duration for the H* hydrogenation
process. This included using RF power of 20 W, a magnetic field strength of 30 mT,
a hydrogen flow rate of 50 sccm, and a processing pressure of 1.5 Pa to achieve a low
self-bias voltage of —250V at the substrate electrode.

3.2.2 Hydrogenation-PEC performance relation

H-TiO, nanorods were synthesized at different time intervals (2.5, 5, 10, 20, and
40 mins) to investigate their structural, optical, electrical, and PEC properties.

3.2.2.1 Structure

SEM was used to study morphological changes in TiO, before and after H' treatment.
No significant changes were observed in SEM images of pristine TiO, and H-TiO, treated
at 5 and 40 mins. X-ray diffraction (XRD) patterns showed only a rutile phase with (101)
and (002) peaks, indicating no phase change in either sample. HR-TEM images show
that H-TiO, samples have a composite structure with a crystalline core and a disordered
shell. The core remains single crystalline, with the shell thickness increasing from 2 to
5 nm as treatment time increases from 5 to 40 mins (Figure 9). The line-scan EELS data
of [O]/[Ti] ratio changes in pristine TiO, and H-TiO, samples. Oxygen vacancies form in
the shell of H-TiO, over time but not in the core of H-TiO, treated for 5 mins.

3.2.2.2 Optical properties

We recorded optical absorption spectra to compare the optical properties of
pristine TiO, and H-TiO,. The absorption band edges of H-TiO, shift toward red and

RF powered

Figure 8.
Experimental set-up of room-temperature H' hydrogenation. The role of a circular electromagnetic coil in the H*
hydrogenation process.
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50 nm

Figure 9.
TEM, HR-TEM, and FFT images of H-TiO, at (a—c) 5 and (d—f) 40 mins, vespectively.

absorb more in the visible to infrared range with longer treatment time. The band gap
decreases from 3.0 eV in pristine TiO, to 2.91 eV in H-TiO, after 5 mins of treatment.

3.2.2.3 PEC properties

Figure 10a shows that the photocurrent density of H-TiO, increases up to 5 mins
of treatment time, then decreases. At 5 mins, a photocurrent density of 2.55 mA cm™?
at 1.23 Vyyg is achieved, the highest reported for H-TiO, studies. Increasing treatment
time increases donor density and decreases depletion region width. The negative shift
in flat band potential of H-TiO, at 2.5 and 5 mins is due to a higher donor density,
shifting the Fermi level toward the conduction band. The largest band bending of
1.1V is observed for H-TiO; at 5 mins, determined from M-S plots (Figure 10b).

3.2.2.4 Ti** identification

XPS analysis of the disordered shell showed the presence of Ti-O and Ti-OH in
H-TiO,. Ti** was detected in H-TiO, treated at 5 mins, with a strong reduction to Ti%*
observed in H-TiO, treated at 40 mins (Figure 10c and d).

Our experiment results confirmed that the highest photocurrent density of
2.55 mA cm™? at 1.23 Vyyg of H-TiO, at 5 mins is due to a smaller band gap (291eV),
increased band bending (1.1 eV) and bulk defect suppression.

3.2.3 Formation mechanism

We studied how the penetration ratio of vertically impinging H* changes with
initial kinetic energy Ey, o. At the lowest Eyy, o of 0.1 €V, all 15 H* were reflected,
consistent with the above DFT study of low-temperature H hydrogenation predicting
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(a) J-V curves of pristine TiO, and H-TiO, at different treatment times in davk and under solar illumination. (b)
M-S plots of pristine TiO, and H-TiO, at different treatment times. (c) O1s and (d) Tizp XPS spectra of pristine
TiO, and H-TiO, at 5 and 40 mins, respectively.

a minimal energy barrier of 0.87 eV for subsurface diffusion. At Ej, 0 = 1€V, 1 out
of 15 H* bonded to a surface O ion. At Ey, o = 10 €V, 8 out of 15 H* penetrated the
TiO, surface. At the maximum velocity of 80 eV, 10 out of 15 H" penetrated the TiO,
surface, resulting in a 67% penetration ratio. H* with kinetic energies of at least 1 eV
can penetrate the TiO, surface without needing thermal activation. The penetration
ratio for H" with kinetic energies of at least 10 eV can reach approximately 0.5.

It is intriguing to compare how energetic H" particles interact with the TiO,
surface versus thermal H species like H, and H in hydrogenation processes. Impinging
thermal H, or H cannot directly penetrate; instead, hydrogen uptake in the subsurface
region involves chemisorption and subsurface diffusion. Atomic H is more efficient
than molecular H, for subsurface diffusion due to its ability to adsorb at higher energy
surface sites, resulting in a lower energy barrier. However, efficient hydrogenation
only occurs at high substrate temperatures. In our previous studies, we found that the
lowest energy barrier for the movement of a chemisorbed H atom into the subsurface
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areais 0.87 eV and occurs near an Os, site. In the H" case, as the initial kinetic energy
increases, additional penetration pathways with higher energy barriers surrounding
Oj3c = Ogyp, are available. This phenomenon results in a rapid increase in the penetra-
tion probability with increasing initial kinetic energy, ultimately contributing to the
high efficiency of room-temperature H" hydrogenation.
In summary, our study has experimentally and theoretically validated the superi-
ority of our room-temperature H* hydrogenation over the thermal hydrogen hydro-
genation approaches, as evidenced by the attainment of the highest photocurrent
density and exceptional efficiency in hydrogenation processes.

4. Comparison of low-temperature H and room-temperature H* methods
with state-of-the-art hydrogenations

Through a comparative analysis of the synthesis of black TiO, using the traditional
hydrogenation techniques and the subsequent evaluation of photocurrent density, our
two advanced hydrogenation methods, low-temperature H and room-temperature
H*, exhibit the highest reported photocurrent density (Table 2), while simultane-
ously effectively addressing the challenges associated with traditional H, hydrogena-
tion, such as high temperature, high pressure, and prolonged treatment, as well as
chemical residues from chemical reductions.

Table 3 shows that the hydrogenation conditions of the hydrogenation technolo-
gies recently applied to hydrogen fuel cells and hydrogen storage are not suitable for

Hydrogenation Temperature RF Treatment Photocurrent Features and
method power time, density of H-TiO, references
pressure at1.23 Viue
High-pressure H, 200°C N/A 5 days, 20 bar N/A x High pressure;
prolonged
treatment [5]
High-temperature 400°C N/A 1h,1bar 24mAcm™ x High
H, temperature;
prolonged
treatment [6]
Low-temperature 265°C N/A 20 mins, 1 Pa 2.5mA cm™ v Low
H temperature; short
treatment [10]
Noble metal- 250°C N/A 10 mins, 1 bar 1.5mA cm™ x High cost: noble
catalyzed H metals; chemical
residues [7]
High-temperature 425°C 200 W 1h 0.9mA cm™ x High temperature
H* and power;
prolonged
treatment [13]
Room 25°C 20W 5 mins, 1.5 Pa 2.55mA cm™ v Room

temperature H*

temperature; short
treatment [11]

Table 2.

A comparison of the low-temperature H hydrogenation and room-temperature H* hydrogenation with state-of-
the-art hydrogenations for PEC applications.
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Hydrogenation Temperature Treatment Applications Features and references
method time, pressure
Noble metal- 250°C 10 mins Hydrogen fuel x High cost: noble metals;
catalyzed H cells chemical residues [8]
High-pressure H, 400°C 12h, 0.5MPa Hydrogen x High pressure;
storage prolonged treatment [9]
Table 3.

Reported hydrogenations for hydrogen fuel cells and storage applications.

practical applications, and it is evident that the two advanced hydrogenation tech-
nologies can compensate for their shortcomings.

5. Conclusions

In summary, we highlighted the advancements in surface engineering-
hydrogenation technology for use in PEC hydrogen production, hydrogen fuel cells,
and hydrogen storage. We presented the operational principles and experimental
set-up of our invented hydrogenation technologies, and subsequently investigated the
correlation between hydrogenation parameters and the structural, optical, electrical,
and PEC properties of materials through combined experimental and theoretical
studies. Finally, we conducted a comparative analysis of the benefits and drawbacks
of the two hydrogenation technologies in relation to reported hydrogenation tech-
nologies. Our findings suggest that these two advanced technologies hold significant
potential for widespread applications in various hydrogen-related technologies, such
as PEC hydrogen production, hydrogen fuel cells, and hydrogen storage.
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Chapter 3

Hydrogen Storage Vessels of Type 4
and Type 5

Kheireddin Kadri, Abir Ben Abdallah and Sébastien Ballut

Abstract

This chapter explores the optimization of type 4 pressure vessels used for hydrogen
storage, focusing on carbon fiber-reinforced composites produced through filament
winding. Many studies delve into the intricacies of the winding process to enhance the
structural integrity of the vessels. Progressive failure analysis is employed to identify
potential weak points and failure modes, guiding the development of optimal designs
for improved safety and performance. Additionally, the chapter highlights the impor-
tance of considering recycling strategies in the design phase to address environmental
concerns associated with composite materials. The findings contribute to advancing
sustainable practices in the production and life cycle management of hydrogen pres-
sure vessels.

Keywords: composite storage vessels, filament winding, progressive failure, filament
winding, recycling

1. Introduction

Composite materials including high-performance fibers (glass, carbon, aramide,
or organic) have emerged as alternative materials. Those composites with a polymer
matrix, and fibers such as carbon fiber are viable candidates known as composite
fiber-reinforced polymers (CFRP). They are being used in making hydrogen
storage vessels due to their lightweight, high-strength, and corrosion-resistant
properties.

In this chapter, we will expose the main storage vessel’s features, which are the
key stones of a high-performance hydrogen storage vessel. We will build this chapter
similarly to the industrial process in which a type 4-5 storage vessel is built. In the
first section, we will expose why a storage vessel made of composite is predominant.
Then, in the second section, we will explain the choice of epoxy resin as a major
material for designing the tank. The third section will deal with the process of fila-
ment winding. Here, the process of continuous fiber reinforcement will be exposed.
The winding filament methodology will be highlighted. The choice of carbon fiber
for winding over all other types of fibers will be justified with regard to the mechani-
cal performance, among many other factors. The last section will treat the unavoid-
able question of recycling. The end-of-life of each component of the tank will be
reviewed.
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2. Why the composite storage vessel: a game changer

The composite storage vessels (CSV) have gained importance since the moment
that an important part of energy transition will be built around hydrogen storage [1].
In fact, it is highly appealing for autonomy in the car industry to store a large amount
of gas by just applying high compression. The most attractive feature of hydrogen
tanks is their lightweight.

2.1 Description and orders of magnitudes

The CSVs of type (4) see 1 are refer to references [1, 2] used to store gaseous
hydrogen under pressure of 700 bar. Physical consideration concerning the Thermos-
chemical properties like phase diagram and energy densities can be found in this
paper [3]. Those CSVs are made of the following components:

1. Cylindrical composite shell: tasked with facilitating the mechanical structuring
of the reservoir, the external wall consists of a shell measuring several centi-
meters in thickness, composed of a carbon fiber-based composite material (see
Figure 1) and a polymer resin.

2.Liner: inner wall, with a thickness of a few millimeters, serves the purpose of
containing hydrogen at 700 bar and 23 K and providing sealing; it bears multi-
ple tens of thousands of refills without developing cracks. Thermoplastic liners
are commonly employed to ensure gas tightness and chemical compatibility.
Commonly utilized thermoplastic liners include polyethylene (PE), polypro-
pylene (PP), high-density polyethylene (HDPE), and polytetrafluoroethylene
(PTFE).

3.Boss: At each end of the liner are two metal fittings called boss, which serve to
connect the tank to the fuel cell and filling system. Functioning to provide me-
chanical structuring of the tank.

4. Carbon filament: this part is the most crucial because it will decide for the future
behavior of the entire CSV [4] (see next paragraph §5). The carbon fiber takes
the form of thin filaments with diameters ranging from 5 to 10 pm made of over
90% carbon. It is derived through the carbonization process of fibers from a

(a) (b)

Bose

Liner

«— Shell

Figure 1.

(a) Perspective representation. (b) Vertical section representation of a type IV tank composed of metallic bases in
gray to connect the tank to the fuel cell and filling system, in yellow a polymer material liner for hydrogen sealing,
and in black of a composite shell with carbon fiber for mechanical structuring (adapted from Ref. [2]).
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Figure 2.
Fabrication steps of carbon fibers from polyacrylonitrile, oxidation, and cross-linking of the PAN fibers, pyrolysis
occurring at the higher temperatuves under inert atmosphere or vacuum conditions (adapted from Ref. [5]).

CSVs Pressure (bar) Volume (L) Weight (kg) Volume Cost ($/kg)
density(M]J/L)
TypelV 700 62 55 6 600
TypeV 700 62 50 8 800
Table 1.

Projected performance and cost of CSVs of both type IV and type V.

polymer known as a precursor, with polyacrylonitrile (PAN) being the most
commonly utilized as a precursor (see next Figure 2).

Typically, for a hydrogen tank containing 62 L and 2.5 kg of hydrogen, the outer
diameter measures approximately 40 cm, with a length of 90 cm; carbon fiber
constitutes 60% of the total mass of the tank. Its total mass is approximately 55 kg,
of which 33 kg are carbon fibers. One kilogram of hydrogen provides a range of 100
kilometers; therefore, each vehicle requires at least 5 kilograms of hydrogen to achieve
arange of at least 500 kilometers. Knowing that at 700 bar and 15°C, a volume of 25
liters is required to store 1 kg of gaseous hydrogen, an internal storage volume of 125 L
is needed. In the industry of automobile, it will be implemented in the form of two
CSVs.

Table 1 summarizes the main features of hydrogen CSTv of type IV.

2.2 Physical justification: permeability

The physical basement of choosing composite is permeability effect. Two mecha-
nisms contribute to gas leakage in composite materials: diffusion and microcracking,
according to Humpenéoder et al. [6].

2.2.1 Diffusion

This effect is permanently present as long as both fiber and material have a
certain rate of porosity. Many studies have been conducted to shed light on it. In the
early 2000, experimental works [7] on polymer diffusion were done on three semi-
crystalline polymers: polyethylene (PE), polyamide 11 (PA11), and poly(vinylidene
fluoride) (PVF2). They were studied in the presence of helium (He), argon (Ar),
nitrogen (N2), methane (CH4), and carbon dioxide (CO2) for temperatures rang-
ing from 40° to 80°C in the case of PE, and from 70° to 130°C for both other. The
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applied pressures were, in the majority of tests, 10 MPa for He, Ar, N, which is far
from the 70 MPa standard pressure of the present hydrogen CSVs. In the last years,
many interesting experimental works have been oriented toward realistic condition
of pressure [8, 9]. It has been found by Fujiwara et al. that the polymers used as liners
(LDPE, LLDPE, HDPE, and MDPE) suffered fracture during the decompression
process after hydrogen exposure was found. The permeability coefficient decreased
with the decrease of diffusion coefficient under higher pressure condition. The
second main result pointed out was that the shrinkage in free volume caused by
hydrostatic effects of the applied hydrogen gas pressure decreases diffusion coef-
ficient, resulting in the decrease of permeability coefficient with the pressure rise.
In the following Figure 3 is summed-up the main experimental result obtained by
Fujiwara etal. [8].

They are bringing proofs that at steady-state high-pressure hydrogen gas perme-
ation test (HPHP) under 90 MPa, the polypropylene (PP) suffers more destruction
at higher exposure pressures, and the destruction in materials with smaller crystal-
linity was more severe. Another main fact is that hydrogen gas permeability increases
with hydrogen pressure, but the increase ratio slows down with increasing pressure.
Besides, the compressive effect of free volume after the application of hydrogen
lowered the gas diffusion, and the permeation coefficient was also reduced in high-
pressure environments.

In the last years, a noticeable study run by Conde-Wolter and co-workers [9] was
achieved concerning permeability. Figure 4 schematizes the experimental set-up that
was used to measure permeability.

High-pressure hydrogen permeation tests were carried out on various thermoplas-
tic matrix materials and on continuous fiber-reinforced thermoplastic composites
(PA6, PA12, PA410, PPA, and PPS). Thin layers of liner made of ethylene vinyl alcohol
(EVOH) thermoplastic films were added to PA6 composites. They studied how they
affected the permeation rate. They also conducted pressure tests and examined
micrographs to check for any manufacturing issues, pore size, and other defects
like microcracks. Their experiments found that these thermoplastic composites can
achieve low permeation rates as long as the microstructure remains intact.

The numerical approach is also very promising. According to this article [10],
it is possible to determine effective diffusion coefficients numerically for CSVs. In
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(a) Matrix representation of n of the transmitted light image of six different polymers. Evaluation of destruction
revealed when exposed to 10-90 MPa hydrogen for 24 h at 30°C. (b) Hydrogen gas permeation characteristics
Relationship with specific volume in atmospheric pressure environment and in high-pressure environment

(adapted from Ref. [8]).
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a) Individual sample parts

= -

CFRTP Preform or cutted laminate Matrix compatibl Thermoplastic Liner Films Specimen assembly
Thermoplastic Sealing Multi-layer of PA6 and EVOH of Type C
b) Manufacturing process
One-sided tooling Insert assembled specimen Pressure plate closes tool
¢) Geometry and Sample types Type A Type B Type C
(upside down view)
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w D
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Figure 4.

(a) Material composition — thermoplastic liner films only necessary for type C specimens. (b) Manufacturing
process. (c) Sample dimensions and different type of samples — type A — unreinforced samples of matrix polymer;
type B — CFRTP sample with sealing, type C — CFRTP sample like type B with applied multilayer liner (adapted

from Ref. [9]).

a framework of inhomogeneous composite laminate, three different homogeniza-
tion methods were used. In order to assess the effective permeation coefficients

for hydrogen permeation through composite laminates, the Wiener bounds, the
Hashin-Shtrikman bounds, and a numerical finite element calculation of a repre-
sentative volume element (RVE) were compared. It was possible to estimate the
influence of the crack volume on the effective permeability. The results show that
microcracking in a composite pressure vessel significantly affects the leak tightness,
even if the crack volume is very small. The pressure vessel should therefore be free
of matrix cracks if a liner-less design is aimed at. The crack volume fraction and
the assumed permeability coefficient of the crack have no significant influence on
the real permeability coefficient as long as they are within a plausible range. The
main influencing factors are the fiber volume fraction and the crack configuration,
respectively (Figure 5).
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Figures.

(a) Influence of the crack configuration on the effective permeability. (b) Influence of the crack configuration on the
effective permeability. Approximation of the numerical calculation is done using the geometric mean. In gray the
bounds by use of parallel series and the numerically calculated vesult of the RVE in (a) (adapted from Ref. [10]).
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Leakage due to microcracking

Figure 6.
Schematizing of the leakage mechanism due to intersecting matrix microcracks (adapted from Ref. [11]).

2.2.2 Microcracking

Figure 6 represents the enhancing effect of microcracking on hydrogen particle
diffusion.

Basically, matrix microcracking occurs when mechanical and thermal stresses are
applied to the composite laminate. These cracks form within each layer and run paral-
lel to the fibers. Over time, these cracks can create pathways through the vessel’s walls,
allowing gas to escape. This is the initial sign of failure in a composite tank. While these
cracks may not immediately cause the tank to fail completely, they weaken the material
and can eventually lead to catastrophic failure. Therefore, it is crucial for designers to
comprehend how these cracks form and their impact on the tank’s performance.

This phenomenon has been found to result in significantly higher leakage
compared to diffusion [12, 13]. Various factors, such as temperature, pressure,
matrix properties, fiber distribution, fiber type, and ply stacking sequence, affect
permeability. However, material-based properties only cause a minor change in per-
meability. Understanding permeation in polymers at high pressures, like 700 bar,
remains limited. Testing at such pressures is challenging due to equipment limita-
tions, and most measurements are conducted at lower pressures. Fujiwara et al. [8]
addressed this by creating a 900 bar permeability cell, but it focused on polymers,
not composites. Additionally, typical permeation tests are performed with the
sample unloaded, which is not representative of the actual operating conditions of a
pressurized vessel.

3. Matrix materials: epoxy resin

The majority of existing hydrogen pressure vessel (HPV) designs are manufac-
tured using a thermoset matrix. Those classes of material are easier and more reliable
to produce [14]. Due to their lightweight characteristics, resistance to corrosion, and
gas permeability, resin epoxy is considered as the market standard thermoset. In this
article [15], the authors focused on the specific application of epoxy resin in cryocom-
pressed hydrogen storage vessels. The incorporation of polyethylene glycol-modified
epoxy resin is highlighted for its role in enhancing the properties of the composite
layer. This modification showcases the adaptability of epoxy resin to address the
unique challenges associated with cryogenic conditions, underscoring its importance
in ensuring the integrity and durability of hydrogen storage vessels. The study dem-
onstrates how tailored modifications to epoxy resin contribute to the improvement of
crucial properties, such as thermal stability and mechanical strength.
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4. Carbon fiber synthesis

Carbon fiber is a material composed of thin filaments with diameters ranging
from 5 to 10 ym, consisting primarily of carbon (over 90%). Carbon fiber is produced
through the carbonization of precursor fibers, typically polyacrylonitrile (PAN),
which accounts for over 90% of global production. In the next Figure 2 a PAN is
synthesized via radical polymerization of acrylonitrile and then spun through a spin-
neret with thousands to hundreds of thousands of holes. The resulting fibers undergo
a series of thermal treatments to convert them into carbon fibers. Oxidation heating
renders the fibers infusible, followed by an initial carbonization treatment under an
inert atmosphere to obtain carbon fibers. For higher modulus fibers, a third thermal
treatment called graphitization is performed at temperatures around 2000-2500 °C.
Additionally, a thin polymer layer, known as sizing, is applied to the fiber surface to
protect it during storage and transportation and to enhance the interface with the
matrix during composite material fabrication.

Carbon fibers possess superior mechanical properties, including tensile strength
and Young’s modulus, compared to most materials, making them highly desirable for
various applications. They are primarily used to manufacture composites with high
mechanical properties by integrating them into a polymer matrix to bind and main-
tain the fibers. The quality and properties of these composites depend not only on the
fiber and matrix quality and nature but also on the architecture used. Architecture
refers to controlling the fiber orientation within the material to achieve desired
mechanical properties in multiple directions. Since fibers act as one-dimensional
elements, they only contribute their properties along their length, resulting in anisot-
ropy in the composite. To obtain composites with desirable mechanical properties in
multiple directions, it is essential to control fiber orientation within the material. This
architecture is typically achieved through braiding, weaving, or winding techniques.

One crucial factor in fiber selection is the size effect, as investigated by Hwang
etal. [16]. They found that as the component size increases, there is a reduction in the
strength of the fiber, affecting vessel performance. They also developed the ring burst
test, which accurately predicts failure strain results similar to full-scale vessels. Cohen
etal. [17] demonstrated the impact of fiber volume fraction (FVF) on vessel strength,
noting that increasing FVF in hoop plies improves ultimate strain-to-failure and
failure pressure. According to this extensive review [18], there is a classification of the
different mechanical properties of carbon fibers based on their chemical synthesis
methods. Table 2 summarizes the most important carbon fiber used for hydrogen
storage vessels.

Carbon Tensile Young’s Elongation at Ref
fiber strength(MPa) modulus(GPa) break(%)

T700 4900 230 1.8 [19]
M40 3650 230 14 [20]
M7 4500 275 15 [21]
T800 4600 240 16 [22]
T800S 4950 230 2.0 [23]

Table 2.

Mechanical properties of carbon fibers used in high-pressure storage vessels.
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5. Filament winding for carbon fiber

This aspect of industrial processing was a major ax of development during the last
decades [24]. It involves wrapping around a composite cylinder (named mandrel)
in addition to the two hemispherical domes at each side (see Figure 7). This process,
known since the 1940s, can be described in three major steps

1. Filament winding holds the fiber under tension during placement. It will only
wrap around convex surfaces.

2.The fiber band is kept continuous throughout the winding process, which causes
excess thickness build-up around the polar boss.

3. Placed under tension, the fibers self-align to geodesic paths (see next section). To
achieve non-geodesic paths, friction is required to prevent fibers from slipping [24].

This continuous process of depositing tapes of carbon fibers will end up format-
ting multiple ply. Each of those stratified ply is different from the previous one by an
angle value that will make a sequence.

Figure 8 illustrates a sequence of ply that make up the external reinforcement
of CSV. Many approaches [11, 26] were utilized to investigate the effects of winding
angle on filament-wound pressure vessels.

Figure7.
Illustration of step of automated deposition of one ply of filament.

Figure 8.
The stacking sequences for 55° winding angle (adapted from Ref. [25]).
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5.1 Winding patterns: laminated ply

A geometric approach for filament winding pattern generation on surface of
revolution has been developed [27]. When winding fibers are applied on a cylindri-
cal surface, there are three common types of paths: geodesic, non-geodesic, and
semi-geodesic.

* Geodesic: These paths are the shortest routes between two points on the surface
and are stable, requiring no external force to stay in place.

* Non-geodesic: Paths offer more design flexibility but are unstable and need
frictional forces to prevent slipping. The choice between them depends on the
shape of the CSV.

* Semi-geodesic: The way of winding involves a slight deviation from the geo-
desic path, which depends on the necessary friction to maintain the fiber in its
intended position. This technique, also known as stable non-geodesic winding,
offers flexibility in optimizing fiber paths.

Geodesic winding is preferred for most designs. Geodesic winding has zero lateral
force on the fiber, while non-geodesic winding has some lateral force. Semi-geodesic
winding is a stable variation of non-geodesic winding, offering flexibility while still
maintaining stability.

Wet and dry winding are two methods used for winding fibers. In wet winding,
fibers are soaked in resin and wrapped around a rotating mandrel, while in dry
or prepreg winding, pre-impregnated fiber tows are used. Wet winding is com-
monly preferred, especially for making filament-wound composite cylinders, due
to its advantages such as lower material costs, shorter winding periods, and easily
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(a) Winding pattern architecture on composite tubes. (b) Laminate structure — pattern 2/1 with 18 bands
(adapted from Ref. [24]).
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modifiable resin formulations to meet specific requirements. Recent enhancements
in 700 bar type 4 containers have shown promising results, including increased
cycling resistance, burst pressure, hydrogen tightness, and improved storage
capabilities (Figure 9) [28].

5.2 Mozaic pattern

The last decades have seen a more sophisticated process of deposition of the fila-
ment settled. Thanks to robotizing, filament winding combines accurate fiber lay-up
with a high degree of automation. When filament-wound parts are manufactured,
obtaining a pattern geometry is unavoidable [27]. The cyclic positioning of the fiber
band on the rotating mandrel creates the so-called mosaic pattern. An integer number
defines this pattern, indicating how many diamonds are on the circumference of the
part. The diamond regions can then be divided into different areas for analysis. First,
two triangular laminate areas with laminate sequences -a/ +a and +a / -a can be
observed 9. A concentration of interweaving can be seen in this area. It is then con-
cluded that the pattern number directly influences the number of interweaving and
undulation areas [29]. A schematic presentation is provided to better understand the
creation of interlaces. Finally, the winding pattern architecture on composite tubes is
presented. Literature [29-31] suggests that filament winding parameters have been
studied in various configurations. The mechanical response of the composite of a
ring shape was evaluated to assess the effects of winding angle, diameter-to-thickness
ratio, and stacking sequence. A novel hoop ring test facility was used to find fiber
and burst properties [12]. Another study investigated impact damage development
in composite pipes stacked at different angles. It was found [32] that internal pres-
sure was effective in damaged pipes, and pressure increase reduced impact damage.
Additionally, the influence of winding angle on fatigue damage development was
studied in glass-fiber-reinforced polymer (GFRP) pipes. The most common failure
mode was delamination with small off-axis cracks and fiber/matrix debonding [31].
In this research [32], a genetic algorithm was used to find the best stacking sequence
for internally pressurized filament-wound tubes. A novel damage model was devel-
oped to predict the response of filament-wound pipes under radial compression and
external pressure [33].

An ongoing researcher is still interested in the impact of mosaic patterns on pro-
gressive failure. Studies examined pressure tests on glass/epoxy pipe specimens with
a + 55° and + 75° winding angle [34, 35]. It was concluded that higher pattern num-
bers, indicating higher degrees of interweaving, influence damage growth. However,
this only impacts closed-ended internal pressure loading and weeping tests, with
no significant variations found in tensile or pure internal pressure tests. Subsequent
significant work was done on pattern issues. Experiments were accompanied by
numerical evaluations [36, 37]. Finally [38], an attempt was made to incorporate the
mosaic pattern into the cylindrical part and dome area of the numerical investigation.

5.3 Fiber under tension

The preload from pre-tensioning is crucial for enhancing pressure capacity and
reducing tank weight and volume [39]. Maintaining this preload at a specific level
is important due to varying friction forces between fibers and the mandrel. Higher
fiber tension improves rigidity and resilience, while lower tension allows for greater
flexibility. Filament-wound composite pressure vessels are designed to stack fibers
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Figure 10.
Schematic diagram of filament winding technique (adapted from Ref. [41]).

with high tension for high-performance applications, typically reaching 60-70% of
the fiber’s ultimate strength. However, excessive fiber tension can lead to significant
elongations of the composite and severe resin matrix splitting between fibers. Resin
crazing, occurring between 10% and 40% of final fiber strength, is critical to com-
posite stress, yet it remains lower than operating stress in high-performance CSV.
Experimental studies [40] have shown that tubular part strength depends on fiber
stress levels, with higher winding tension providing better resistance against failure
under fiber-dominated loading conditions. Conversely, reduced fiber tension delays
failure under matrix-dominated loading. Additionally, the filament winding process
is highly customizable and ideal for automation, particularly in controlling fiber
tension and stress.

5.4 Fiber pre-impregnation

In recent years, the use of pre-impregnated fibers (thermoset or thermoplastic)
has been introduced to enhance quality control and increase adhesion between
laminated ply. Before wrapping around the mandrel, the fibers are soaked in resin
(see Ilustration 10) and then solidify together with the fiber. Once the fiber wrapping
process is complete, the entire assembly, consisting of the mandrel and the layers of
composite overwrap, is placed in an oven and heated to the necessary temperatures
for curing (Figure 10).

Filament-wound composite cylinders exhibit notable advantages with wet wind-
ing compared to dry winding. These advantages include reduced material costs, short-
ened winding duration, and a resin formulation adaptable to specific requirements
[42]. Additionally, wet winding offers superior fiber volume control.

6. End-of-life: recycling

The recycling of composite hydrogen storage vessels is crucial because they could
offer a more eco-friendly option compared to traditional fuel storage methods. Yet,
recycling these vessels can be tricky due to their complex composition and the pres-
ence of hydrogen. Recent research [43] has explored various recycling techniques, for
instance [44, 45], a mechanical method like grinding and shredding to break down
the composite material into smaller pieces, which can then be processed to recover the
fibers and resin. Other studies have focused on thermal treatments, such as pyrolysis,
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to break down the composite material into its basic components. Besides physical
recycling methods, there have been investigations into reusing composite hydrogen
storage vessels by repurposing them for different applications or refurbishing and
refilling them with hydrogen. However, ensuring the integrity and safety of these
vessels remains a key consideration for these methods.

In addition to traditional fibers, sustainable and natural fibers have been explored
for composite pressure vessels. Bouvier et al. [46] investigated alternative fiber
choices for type IV CSVs, considering factors such as mechanical performance, cost,
and recyclability. They found that hybrid combinations like E-glass/T700S carbon
offer cost advantages, while basalt/recycled T700S and flax/recycled T700S hybrids
show potential for reducing greenhouse gas emissions in different pressure ves-
sel applications. However, vessels entirely made of T700S carbon fiber remain the
preferred option for maximum mechanical performance.

7. Conclusion

In conclusion, the development and implementation of composite materials,
particularly composite fiber-reinforced polymers (CFRP), have revolutionized the
field of hydrogen storage vessel manufacturing. These materials, often incorporat-
ing high-performance fibers such as carbon fiber, offer a lightweight, high-strength,
and corrosion-resistant alternative to conventional storage methods. This review has
outlined the critical features of high-performance hydrogen storage vessels, with a
focus on the type 4-5 vessels commonly used in various applications.

The primary advantages of composite storage vessels, including their lightweight
nature and high strength-to-weight ratio, have been elucidated. These vessels,
constructed with a composite shell, inner liner, boss fittings, and carbon filaments,
exhibit superior performance in terms of both mechanical strength and gas contain-
ment capabilities. Understanding the physical properties and performance metrics of
these vessels, such as pressure and volume specifications, is crucial for their successful
implementation in hydrogen storage applications.

Furthermore, the choice of epoxy resin as a matrix material for these vessels has
been discussed, emphasizing its importance in ensuring the structural integrity and
durability of the composite structure. The synthesis and application of carbon fibers
in filament winding processes have also been explored, highlighting their role in
enhancing mechanical properties and structural performance.

Lastly, the review has addressed the critical issue of end-of-life management
for composite storage vessels. Recycling techniques, including mechanical grind-
ing, shredding, and thermal treatments, have been investigated to recover valuable
materials such as fibers and resin. Additionally, alternative fiber choices, including
sustainable and natural fibers, have been explored for their potential environmental
benefits.

Composite hydrogen storage vessels represent a promising solution for the storage
and transportation of hydrogen fuel, offering significant advantages in terms of per-
formance, durability, and environmental impact. Continued research and develop-
ment efforts in this field are essential to further optimize the design, manufacturing,
and recycling processes of these vessels, ensuring their continued contribution to the
advancement of hydrogen energy technologies.
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Hydrogen Storage Employing
Select, Main-Group-Based
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Abstract

The use of hydrogen as a fuel is considered a serious option to reduce the long-term
environmental impact of global warming. A key challenge of using hydrogen as a fuel
is that of employing safe and effective methods by which to store it. One general
approach to addressing this challenge is to utilize chemical compounds that release
hydrogen gas under highly specified and controlled chemical conditions. This review
will discuss said compounds which contain selected main-group inorganic elements,
including certain (1) Alkaline-based metals (Li, Na, K, Mg, Ca), (2) Boron and
Aluminum, and (3) Silicon. The majority of these compounds release hydrogen gas
under mild conditions, typically by hydrolysis. The performance criteria of these
compounds will be compared along with commentary on the topics of (1) Synthesis of
these materials, (2) Energy requirements, (3) Hydrogen release chemistry, (4) Han-
dling safety, and (5) The challenges of recycling/ reloading these materials.

Keywords: storage, chemical release, main group elements, hydride, protonic,
hydrolysis, terrestrial, handling safety

1. Introduction

The concept of global warming due to the atmospheric build-up of carbon
dioxide via the combustion of fossil fuels is firmly established in the scientific
community and other spheres that strongly influence energy policy-making [1].

One of the most intensely investigated alternatives to fossil fuels is that of molecular
hydrogen, H, [1-6].

Concerned stakeholders generally agree that a major drawback in the use of
hydrogen as an energy source is the lack of methods available to effectively store it
[7-15]. Regarding storage, although hydrogen gas has a favorably high weight energy
density (120 MJ/kg at 25°C and atmospheric pressure) [16], that advantage is
compromised by its unfavorably low volumetric energy density (10.05 kJ/L at 25°C
and atmospheric pressure) [16]. Therefore, the current mature storage technology is
H, gas compression at 70 MPa. (resulting in a volumetric energy density of approxi-
mately 3000 kJ/L) or else cryo-compression of the gas to a liquid, at the exceptionally
low temperature of 20 deg. K. Unfortunately, these storage methods are hampered by
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the considerations that, under these conditions; (1) Many metals used in storage tanks
become embrittled, (2) Handling either a high-pressure gas or else an exceptionally
cold, cryogenic liquid' may not compatible with mass-market applications where
untrained individuals are involved (such as hydrogen fuel cell-powered vehicles), and
(3) Hydrogen is explosively flammable in air under relatively easy-to-achieve condi-
tions in a closed environment (see Footnote #1). These afore-mentioned challenges
spurred an intense effort to develop alternative methods of storing H,.

Generally, when one considers “alternative” storage systems for H,, the working
concept is that of substituting “pure” H, within the storage container with a material
that releases H; at a controlled rate under specific operational conditions. For exam-
ple, one can consider sodium metal to be a material that fits these criteria. Under
typical storage conditions (near room temperature and atmospheric pressure), when
protected from moisture, sodium metal is sufficiently stable to be utilized in storage
applications. Furthermore, when one seeks to “release” H, from sodium, this can be
accomplished by exposing the metal to a chemical that contains what is commonly
referred to as an “active” (acidic) proton. Common chemicals that contain “active”
protons include water, alcohols, silanols, carboxylic acids, ammonia and certain
amines, etc. The chemical reaction between sodium and, for example, water, is rela-
tively rapid, highly exothermic and yields hydrogen gas and sodium hydroxide as
products.

Na (s) + H,O = NaOH (s) + %2 H, (g) (1)

The formation of a by-product, NaOH, hints at another common feature of many
(but not all) of these types of H, storage systems, that being the need to remove a
chemical by-product from the storage system and replace it with more storage mate-
rial, in this case, sodium metal.

Now that we have established that “alternative” H, storage methodologies involve
the “release” or “generation” of H, from a defined, stored material, it is convenient to
categorize the commonly referred to types of storage processes:

' When hydrogen is stored as liquid at 1 atm, it must be maintained below its very low boiling point.
Despite displaying an improved volumetric energy density versus compressed gas storage, liquid hydrogen
(LH,) storage is not frequently used for several reasons. One reason is that, with its exceptionally low
boiling point, even stored within a highly insulated tank, the LH, can evaporate, which causes pressure
build-up leading to the necessity, to prevent rupture, to have tank venting to the atmosphere. This results in
hydrogen loss. Apart from the cost and energy efficiency penalties suffered, the “boil-off” presents safety
concerns, particularly when the gas release occurs in confined spaces such as in parking garages (for H, gas,
at room temperature and atmospheric pressure, while exposed to an appropriately strong electric spark, the
flammability range is 4-75% and the detonation range is 18.3-59%) [17]. Secondly, 30-35% of energy value
of hydrogen is required to liquefy it, which is three times larger than the energy required to compress
gaseous hydrogen for storage. For these reasons, even though there is room for further improvements, it is
unlikely for cryogenic storage to meet US Department of Energy (DOE) requirements. For an overview of
safety concerns handling liquid hydrogen see [18, 19].

* The presence of by-products is a defining feature of chemical forms of energy. Even fossil fuels have by-
products of chemical combustion, specifically water vapor and carbon dioxide, which, unlike the example
of sodium and water yielding NaOH as a by-product, conveniently remove themselves as gaseous exhausts
from the engine.
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1. Physisorption, Storage, and Desorption (“Release”) of H,- Reversible adsorption of
H, on a solid or liquid where the H-H bond in H; is preserved throughout the
entire process. The “adsorbing” material is usually not altered due to the process
and can typically be reused.

2. Chemisorption, Storage, and Desorption of H,- Reversible adsorption of H, on a
solid or liquid where the H-H bond in Hj is broken during the adsorption
process, the “breakage” is maintained through the “storage” process, and then is
reformed during the desorption (“release”) process. The “adsorbing” material
may or may not altered due to the process and can, in favorable cases, be reused.

3. The storage of a material which may, or may not, contain hydrogen atoms, followed by a
specifically-defined, chemical process which vesults in the controlled formation of H, gas.
In the case where the stored material does not contain hydrogen atoms, then the stoved
material is exposed to a 2nd material which does contain the hydrogen atoms which
ultimately form H,- During this process there is typically a substantial degree of
breakage and reformation of chemical bonds, highlighted by the breakage of X-H
bonds (where X can be virtually any element in the periodic table) and the
subsequent formation of H-H bonds. Along with the generation of H, gas, chemical
by-products are formed that need to be ultimately removed from the storage
container. An example of this process is shown in Eq. (1).

This chapter will focus on examples of Process #3 listed above. The primary reason
for this focus is that materials undergoing Process # 3 potentially produce more H, per
storage/release cycle than do the materials that undergo Processes #1 and #2 [13, 20].
Within the broad range of materials and processes that meet the definition of Process
#3, this chapter will focus on storage materials where the central element X of the
material is referred to as a “main group” element of the Periodic Table of the Elements
(Groups # 1, 2, 13-18)3 [21]. Furthermore, within the “main group” elements, we will
narrow our scope of review to those groups where, for the element X, the X-H bond is
hydridic in nature. A “hydridic” X-H bond is one where the electron distribution in the
bond is unbalanced with the majority of it located near the hydrogen atom. Main-
group compounds with hydridic character constitute the majority of examples associ-
ated with the H, storage application.* Therefore, this chapter will cover materials
which contain chemical elements from Groups # 1, 2, 13 & 14 of the Periodic
Table which also meet certain criteria.” The result of subjecting the Periodic Table to

’ A substantial literature exists regarding the utilization of compounds in the H, storage application
containing X-H bonds where X is either a transition metal or else a rare-earth element. However, there
appears to be much more literature covering the main group elements; therefore, the authors have chosen to
focus on them.

" A key exception to this generalization is the case of ammonia, NH3, which has a protonic N-H bond,
where the electron density is localized at the nitrogen atom. A significant literature exists discussing the
utility of ammonia in the H, storage application, for example [22].

* For two reasons, certain elements within these groups will not be covered in this chapter. These reasons
are (1) The element must have a sufficiently high terrestrial concentration where it can be economically
harvested and refined, and (2) It cannot be either radioactive or exceptionally toxic. These criteria eliminate
the following elements from further consideration [Group 1- Rb, Cs, Fr; Group 2-Be, Sr., Ba, Ra; Group 13-
Ga, In, TI; Group 14-Ge, Pb.
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these limitations leaves us with seven elements: Lithium (Li), Sodium (Na), Potassium
(K), Magnesium (Mg), Boron (B), Aluminum (Al), and Silicon (Si).

2. Main group element-based hydrogen storage materials
(MGE-HSMs)

2.1 General trends relevant to the H, storage application
2.1.1 Hydridic X-H bonds react with protonic X-H bonds to form hydrogen

Regarding the seven elements selected to be further reviewed, for the great major-
ity of them, the materials which find applicability for H, storage contain one or more
hydridic X-H bonds; in fact, the hydridic bond is usually the source of generation of
H, gas. The polarity of X-H bonds within the materials covered in this chapter range
from X*H™ (where the electron charge distribution is so localized at the H atom that
the bond is “ionic”), through a range of X-H bond polarities where the bond has
substantial covalent character.

Regarding the H, storage application, the key working chemistry principle is that:
“Hydridic X-H bonds react with Protonic X-H bonds to form H,”. A “protonic” X-H
bond is the case where the hydrogen atom in the bond has a degree of positive charge.
A relevant and highly common example is given in Eq. (2). In this case, the hydridic
X-H bond exists in NaH® and the protonic X-H bond exists in H,O.

NaH (s) + H,O = NaOH (s) + H; (g) @)

To extend this unifying concept even further, the polarity of X-H bonds, all else
being equal, correlates to the position of an element within the Periodic Table of the
Elements [23]. Regarding this correlation, one can apply the following “rules of
thumb”: (1) As one descends down a Group (or alternatively a “column”) in the
Table the X-H bond becomes more hydridic (therefore, the K-H bond in potassium
hydride is more hydridic than the Na-H bond in sodium hydride), and (2) As one
moves from right-to-left along a row in the Table, the X-H bond becomes more
hydridic (therefore, the Mg-H bond in magnesium hydride is more hydridic than the
B-H bond in boron hydrides).

Regarding the H, storage application, one can apply the “rules” above in order to
make qualitative predictions about the chemistries required to yield H, gas under
various conditions. To wit, regarding the uppermost row in The Periodic Table (Na,
Mg, B, C, N, O, F), one might expect the following outcomes: (1) In order to harvest
H, from either NaH or MgH,, both highly hydridic, one would use a reagent with a
protonic X-H bond, and a weakly protonic agent such as ammonia, NH3, (2) The
boron hydrides are less hydridic than either NaH or MgH,; therefore, a reagent that is
moderately protonic (such as water or, if necessary, acetic acid, CH;COOH)’ might be
needed to efficiently release H,, (3) The C-H bond, particularly in molecules not
containing many electronegative atoms (typically nitrogen or oxygen), is close to
being non-polar and, therefore, is quite resistant to the reaction with either hydridic

° The hydridic nature of the Na-H bond is the reason that the compound is called “sodium hydride”.
" As might be expected, there is a significant correlation between the rate of H, generation from hydridic
bonds and the strength of the acidity (pKa) of the protonic reactant.
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or protonic X-H bonds to form H,,% and (4) Finally, the N-H, O-H and F-H bonds are
progressively more protonic, and therefore require hydridic X-H reagents, such as
NaH, to release H; gas.

The concepts developed above can be generalized to expand the “chemistry set”
available to produce H; gas. For example, returning to Eq. (2) above, one can also
categorize this reaction as a reduction/oxidation (“redox”) process. Specifically, water
can be the “oxidizing” agent, formally removing an electron from the hydride (H™) ion,
yielding the hydrogen atom, which rapidly dimerizes to form H,. Alternatively, one can
describe this process as the reduction of water (by the hydride “reducing agent”), yield-
ing the hydroxide (OH™) ion (as NaOH). The utility of carrying out this categorization is
that one can conceive of a much wider range of redox chemistry which can potentially
yield H, gas “on demand”. For example, in Eq. (3), it is problematic to consider the
chemical reaction as one between a “hydridic” compound and a “protonic” compound to
yield Hy; specifically there is no “hydridic” compound present as a reagent.

Na (s) + H,O = NaOH (s) + ¥2 H, (g) 3)

Equation 3 is more accurately described as a “redox” reaction. Sodium metal has an
extensive chemical portfolio as a strong reducing agent [21]. Within Eq. (3), sodium
reduces water,’ yielding the reaction products including H, gas.

2.1.2 The terrestrial forms of MGE-HSMs

It is well-known that carbon-centered “fossil fuels” were created geochemically,
over the millennia, due to the decomposition of animal and plant residues in anaerobic
conditions [25]. The anaerobic conditions were necessary for the formation of their
signature C-C and C-H bonds. Under aerobic conditions, in the presence of an ignition
source, these bonds will rapidly react with oxygen, forming C-O and O-H bonds.
These are the essential steps in the conventional energy-creating, fossil fuel-based,
combustion process. In the absence of an ignition source, under conditions commonly
found on the surface of the earth, fossil fuels have significant chemical stability."
Furthermore, physical forms of the element carbon existing under terrestrial
conditions,'! such as graphite, are quite stable to chemical change.

* The major ingredients of fossil fuels are the straight chain and branched chain hydrocarbons such as octane,
which contain only non-polar C-C bonds and minimally polar C-H bonds. Therefore, one would hypothesize
that these compounds would be highly resistant to reacting with either hydridic, or else protonic, compounds to
yield H, gas. This turns out to be the case. In one reported example, in order to harvest H, from hydrocarbons,
one must use extremely strong acids (“superacids”) under fairly aggressive conditions (140 deg. C) [24].

’ An alternative, and possibly more descriptive interpretation of this chemistry is that “Sodium metal
reduces (donates an electron to) the protonic hydrogen on water, yielding the hydrogen atom, which
rapidly dimerizes to form H,”.

" One of the primary reasons that they are universally utilized as an energy source.

" Strictly for the purpose of this article, the term “terrestrial conditions” will refer to the conditions (often within
the context of “chemistry”) present in the atmosphere, surface and subterranean aspect (where mining
operations can be carried out) of the Earth. Therefore, the tervestrial “state” or “form” of an element is its material
composition and structure under terrestrial conditions. Separately, the term “native state” of the element is used in
this document. This term specifically refers to the molecular structure of the element in the absence of any other
elements; for example, “pure” silicon metal. With a number of significant exceptions, including graphitic
carbon, typically, the “terrestrial” and “native” states of an element are not the same.
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Unlike the example of carbon discussed above, many of the main group
elements'” considered in this chapter, in forms relevant to the H, storage
application (MGE-HSM), whether in compounds containing X-H bonds or else the
element in its native state,"® are not chemically stable under terrestrial conditions.
These elements are usually harvested as highly-oxygenated compounds such as the
oxides, hydroxides and silicates. This is consistent with an earth atmosphere whose
most reactive gases are oxygen and water. The chloride ion is also quite abundant in
the earth’s crust, resulting in the presence of the chloride forms of many of these
elements.

2.1.3 Storage and reaction

When one considers the MGE-HSMs within this chapter, in contrast to the case of
fossil fuels where the stored fuel (for example, that in one’s gas tank) is directly
combusted to yield the energy content, it is necessary to carry out a chemical process
on the stored material in order to yield the combustible H,. This is the necessary
“trade-off” for utilizing a storage material that is, by choice, easier to handle than
either gaseous or liquid H,.

Therefore, when one considers utilizing these MGE-HSMs, they have two “high-
level” choices: (1) Transport the MGE-HSM from the storage container to a separate
reactor compartment to carry out the H; release chemistry, or (2) Carry out the said
chemical process within the “storage” container.

2.2 Chemical reactivity patterns
2.2.1 Homogeneous (single phase) reactions

Assuming that (1) The H, generation process occurs within a single phase, and (2)
The rate of the reaction is not reagent-diffusion-rate-controlled; then the rate of
reaction between an MGE-HSM and its “activator” (reagent used to generate H, gas)
will often be a second-order rate process with rate dependencies on the concentration
of both the MGE-HSM and its activator. One result of this set of initial conditions is, if
the MGE-HSM and its activator are mixed together with a mutual solvent, and none of
either reagent is added to the mixture afterwards, then the rate of evolution of H, gas
will exponentially decrease with time. Assuming that under operational conditions
(such as supplying H, gas to a working fuel cell) one desires a constant rate of evolution
of H, gas, one would need to implement either mechanical and/or chemical modifica-
tions to the storage/reactor/gas transfer assembly. For example, in terms of a chemical
modification, one could potentially control the rate of introduction of activator into
the storage/reactor in such a method that the product of the two reagent concentra-
tions remain constant throughout the course of the reaction.

" Regarding the seven elements that we have chosen to review, the (partial) exceptions to this
generalization are boron (B) and silicon (Si). Certain compounds containing B-H and Si-H bonds are quite
stable under terrestrial conditions as are native silicon and boron in the cast form (for example, silicon
“metal”). Furthermore, casted silicon has many large-scale “terrestrial” applications such as photovoltaic
solar cells [26-28]. On the other hand silane (SiH,4), the structural analog to carbon-based methane, and
diborane (B,Hg), are both spontaneously inflammable in air.

* See Footnote # 11.
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2.2.2 Heterogeneous (multiple phase) reactions

Assuming that (1) The H, generation process occurs in a multiple phase system,
and (2) The rate of the reaction is not reagent-diffusion-rate-controlled, the rate
of reaction between an MSG-HMS and it’s “activator” will, along with potential
rate dependencies on the concentration of both reagents, will potentially have rate
dependencies on the total interfacial area where reaction occurs. In the context of
MSG-HMS chemistry, a common example of this situation is one where the
MSG-HMS is being stored as a solid and the activator is introduced into the storage
compartment as a liquid or a vapor. The H,-generating reaction occurs at the
surface of the solid MSG-HMS. While the rate of the reaction may depend upon
the amounts of MGE-HMS and activator, it will also depend on the total surface area
of the solid MGE-HMS. Furthermore, for a given amount of solid, the total surface
area will be inversely proportional to the particle size (overall, smaller particles =
larger surface area = faster reaction). Overall, this is a complex kinetic situation,
and establishing a constant rate of H, evolution would be a non-trivial technical
challenge.

2.2.3 Heat release and exchange

Another common challenge in generating H, gas from the “activation” of an MGE-
HSM is that often the activation reaction is both rapid and highly exothermic.
Although the rate of reaction can be controlled by a plethora of technical options,
efficient heat removal from the storage/reaction container is necessary (if nothing
else, to safely operate the engine consuming the H, gas) and practical utilization of the
heat generated would be a highly-desired outcome.

2.2.4 Removal of non-H,, non-volatile, reaction products

Typically, the generation of H, from MGE-HSM materials will yield non-volatile
reaction products that will need to be removed from the storage/reaction container at
the end of a fueling/combustion cycle.

3. The transformation of terrestrial forms of MGE-HSMs
to useful hydrogen storage materials and their subsequent
performance

A summary of the relevant MGE-HSMs is displayed in Table 1 including (1)
Their terrestrial forms, (2) The chemical transformations necessary to convert
them to storable materials, (3) The chemistry necessary to release H, gas from the
stored material and, (4) Their relative abundances of their central element in the
earth’s crust [42].

As displayed in Table 1, one general result arising from the harvesting of the
terrestrial forms of these specific elements is that often a multiple series of chemical
transformations is necessary to yield a useful HSM. Furthermore, as a trend, the
chemical reactions necessary to yield the HSM tend to be substantially endothermic
with high activation energies [21, 23].
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Element A common Element transformation A common example of H, RAEC*
terrestrial form of to H, storage material release chemistry
the element
Li LiAlSi,O¢ LiAlSL,Og = LiCl = Li(s) LiH+H,0 = LiOH+H, 7.09(107)
(Spodumene) - LiH
Na NaCl (Rock Salt) NaCl = Na(s) = NaH NaH + H,O = NaOH + H, 0.08
K KCl/ MgCl,/ 6 H,O Carnalite = KCl = K = KH + H,0O = KOH + H, 0.07
(Carnalite) KH
Mg, Ca CaCO;/ MgCO;3 Dolomite = MgO/CaO CaH, + H,O = Ca 0.08 (Mg)
(Dolomite) - Mg, Ca=> MgH,, CaH, (OH), + H, 0.15 (Ca)
B B,0; (Boric oxide), Boric oxide/ Boric acid = NaBH, + 2 +x) H,O = 4  3.55(107)
B(OH); (Boric acid) B(OMe); = NaBH,; H, + NaBO,-x H,O0.
and their various Borate/Boric acid = BFs; B,H¢ + 3H,0 = 2B
polymeric forms NaBH, + BF; = B,Hg (OH); + 3H,
Al AI(OH); (Gibbsite- ~ AI(OH); = ALO; = Al Li[AlH,] +4H,0 - LiOH+ 029
one component of - NaAlH, = LiAlH, AI(OH); + 4 H,
Bauxite)
Si Si0O, (Silica) Si0, = Si=» Si;Hy; SiO, SiH4 + O, = SiO, + 2 H, 1

= SiH,

“RAEC is an acronym for “Relative Abundance in the Earth’s Crust”.
Ref. Groups I and II elements—(29, 30].

Ref. Boron—(31-33].

Ref. Aluminum—/[34-37].

Ref. Silicon—[26-28, 38-41].

Table 1.
Description of the processes necessary to convert MGE-HSMs into their stovage forms and the associated H,
generation chemical reactions.

3.1 Group I and II elements (Li, Na, K, Mg, Ca)

The MSG-HSMs of Groups I and II of the Periodic Table of the Elements share the
characteristic of containing a “hydridic” ionic bond, M"H™. Therefore, based on the
concepts discussed in Section IIla, the following “protonic source reactivity” scale can
be asserted:

MgH, < CaH,, LiH < NaH < KH

For the three Group I elements, the associated hydride is produced from the
native state of the element which, itself, is produced from the chloride salt. For Na and
K, the chloride salt is the terrestrial form of the element. For Li, the chloride salt is
synthesized from the terrestrial mineral Spodumene (LiAlSi;Og). The hydride salts of
all of the Group I elements are crystalline solids at room temperature and are highly
reactive, yielding substantial exothermicity, with water. Therefore, with regards to
safety, for the H, storage application, they need to reside in an H,O-free, ventable,
storage device.

When assessing the effectiveness of an MGE-HSM, it is also useful to consider the
terrestrial abundance of that specific element and the on-going efforts being made to
harvest it. The relative abundances of these three Group I elements are displayed in
Table 1. Both Na and K have substantial terrestrial abundances while Li is signifi-
cantly less. All three of these elements are part of materials that are utilized in large
and commercially important applications not directly related to the use of hydrogen as
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a fuel; therefore, substantial infrastructure exists to harvest these elements in some
form. In particular, despite its low natural abundance, during the last few decades
there have been expansive worldwide efforts to harvest terrestrial lithium. This effort
is being driven by large commercial applications, in particular, the fabrication of
lithium-ion batteries.

The situations for magnesium and calcium mirror those in place for the Group I
MGE-HSMs.

Overall, the main advantages of utilizing Group I and II MSG-HSMs includes: (1)
With the exception of lithium, the terrestrial forms of the elements are in relatively
high abundance and, including for lithium, substantial infrastructure is currently in
place to harvest them, (2) The hydride compounds of these elements are very reactive
to protonic reagents; therefore, many options exist to control the H, generation
processes, and (3) The by-products of the H, generation process, the various hydrox-
ide salts, are all chemicals that have an extensive industrial processing history. The
disadvantages of using these MGE-HSMs are (1) Their production requires multi-step,
highly endothermic processes regarding substantial energy input and often releasing
unwanted CO, into the environment, (2) In the presence of water they are unstable,
even explosive, which is very problematic, particularly when in the presence of
untrained personnel.

3.2 Group XIII and XIV elements (B, Al, Si)

For all three of the above elements, substantial infrastructure exists to harvest their
terrestrial compound forms. In common with the Group I and II MGE-HSMs, the M-H
bonds in boron (B), aluminum (Al) and silicon (Si) MGE-HSMs are hydridic. There-
fore, these M-H bonds exhibit substantial reactivity with protonic materials, yielding
H, gas. However, as expected from an analysis of the Periodic Table, these M-H bonds
are not as polar as those of the Groups I/II, and therefore are not as reactive with
protonic reagents.

3.2.1 Boron

As displayed in Table 1, the terrestrial forms of boron include boric oxide (B,0s),
boric acid [B(OH)3] and various polymeric forms of these compounds. With regards
to the H, storage application, it is the hydrides of boron which are the materials of
interest. Unlike the Group I and II hydrides, which are essentially encompassed by the
ionic hydrides M-H, the boron hydrides (boranes) and their relevant derivatives have
a rich structural complexity [43, 44]. For the boranes, electron-deficient bonding
leads to exceptional reactivity for the lower boranes (di-, tetra- and pentaborane),
including their spontaneous inflammability in air. This reactivity is diminished as
either (1) The MW of the borane increases (along with degree of delocalized bond-
ing), or else (2) Base adducts are formed, relieving the degree of electron-deficient
bonding (ammonia-boranes, borohydrides, etc.).

Of all the elements discussed in this chapter, MGE-HSMs based on boron have
received the most R&D attention. For example, in the 2010-2015-time frame, the US
Department of Energy (US-DOE) funded a substantial program to identify the best
candidate HSMs, with an emphases on (a) Fuel cell/vehicle transport applications, and
(b) The performance metric of direct hydrogenation of the “spent” fuel. The materials
screened numbered well into the hundreds [9]. One result of this program was the
selection of a boron-containing MGE-HMS, ammonia-borane (H;B-NH3) as the top
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candidate for the H, storage application. This selection was the first step in a detailed
and comprehensive investigation of this material as an MGE-HSM, with over 300
publications created. Demirci recently published an overview and critique of this large
body of work [45].

Ammonia-borane can be classified as a base adduct of “borane” (BH3), where the
“base” is ammonia, NH3, and the chemical bond between nitrogen and boron is the result
of the donation of the lone pair of electrons on the nitrogen atom of ammonia to boron.
Base adducts of the boranes are very common and, in the case where the “base” is the
hydride ion, H-, the resultant adduct is termed a “borohydride”, BH, . Borohydride salts,
particularly lithium, sodium and potassium, have been intensively investigated in the H,
storage application, in part due to, in analogy with the case for H3B-NHj, their (1)
Relatively high hydrogen densities, and (2) Stability in air [20, 33].

With regard to the potential reversible hydrogenation/dehydrogenation of
boron-containing materials, Severa and co-workers demonstrated the direct
hydrogenation of magnesium boride (MgB,), to magnesium borohydride [Mg
(BH4),], under 950 bar H; at 400 deg. C. [46].

To date, to the authors’ knowledge, despite all of this R&D work, no boron-
centered MSG-HMS have yet been commercialized for the H, storage application. The
authors conclude that there are two reasons for that: (1) In agreement with Demirci
[45], not enough work has been carried out investigating the processes needed to
scale-up the most promising materials to the production environment, and (2) The
threat of the unintended creation and release of explosive, low molecular weight
boranes into the air.

3.2.2 Aluminum

With aluminum (Al) positioned just below boron in the Periodic Table, one would
expect, all else equal, the Al-H bond to be more ionic, and therefore, more hydridic,
than the B-H bond. This should, and does, translate into a higher reactivity with
protonic sources, such as water [47].

A number of aluminum hydrides have been investigated as HSMs [20, 37, 48]. The
most popular ones for study, in part because they are so common, are NaAlH, and
LiAlH,4. As can be seen in Table 1, as HSMs, they can release H, via hydrolysis.

Varying degrees of success were achieved in efforts to demonstrate reversible ther-
mal hydrogenation of NaAlH, and LiAlH,, particularly when the materials were either
nanoparticulates, or under the condition of nanoconfinement. First, it was demon-
strated that the H, storage properties of these aluminum hydrides could be altered by
microstructural refinement (particle and grain size) via the process of ball milling
[49]. Furthermore, reversible hydrogenation of either NaAlH, or LiAlH, was demon-
strated when: (1) Fullerene-Cgo was used as a catalyst [50], (2) NaAlH, was confined
within the nanoporous structure of titanium-loaded, highly-ordered, mesoporous car-
bon [51]. (3) Carbon nanotubes and graphitic nanofibers were used as catalysts [52].
(4) When a nanoparticulate-complex hydride mixture, stemming from the ad-mixing
of LiAlH, and nano-MgH,, was used as an MGE-HSM [53].

Outside of the methodology of using aluminum-containing compounds as MGE-
HSMs, Omran and co-workers demonstrated the release of H, when aluminum chips™*
were exposed to aqueous base solutions [54].

" The advantage of this method is economic. One less processing step of terrestrial aluminum is required
(see Table 1).

72



Hydrogen Storage Employing Select, Main-Group-Based Inorganic Materials
DOI: http://dx.doi.org/10.5772 /intechopen.1005038

3.2.3 Silicon (cast form)

Terrestrial silicon consists of its oxide forms including silica (SiO,) and the
silicates. Silica is chemically transformed, on a production scale, into its native
state, silicon metal, by its carbothermic reaction with charcoal at around
2500 deg. C [26-28]. This reaction is displayed in Eq. (4).

Si0; +2C=Si+ CO + % CO, (4)

Regarding the H, storage application, the chemical processes necessary to form
Si-H bonds also need to be considered. In analogy to Eq. (4), silica will react with H,
at high temperature (1400-1600 deg. C), and the silicon atom will go through a
sequential reductive process, first yielding SiO, then Si, then compounds containing
Si-H bonds. The by-product of these reactions is water, H,O [40, 41].

3.2.4 Silicon (nanoparticulate)

Nanosilicon, due to its much larger surface area, is substantially more reactive than
the cast form. If prepared correctly (yielding small enough particles and a surface free
of oxidation), hydrogen is generated by the direct, heterogeneous reaction with water
[55] as displayed in Eq. (5).

Si(nano) + 2 H,0 = SiO; + 2 H, (5)

Erogbogdo and co-workers [56] reported that the rate of H, generation from the
hydrolysis of 10 nm silicon particles was 1000 times the rate when one used bulk
(cast) silicon. A Si-containing material, specifically that of the “alkali metals plus silica
gel” composites™ developed by Dye and co-workers [57] releases H, gas when
exposed to water under mild conditions. These composites have been commercialized
as a H, fuel source and are marketed under the trade name “Active Fuel”.

Methods demonstrated to produce water-reactive, H,-generating, silicon-
containing materials include: (1) The ball milling of mixtures; (a) The combination of
silicon-containing precursors (such as SiCly) and various reducing agents (such as
lithium metal) [58], (b) The combination of carbon (graphite) and SiO, [59] and
(c) The combination of SiO, with aluminum [60], (2) The elevated temperature
treatment of rice husk with aqueous sodium hydroxide such as the work of Bose et al.
[61], and Liu et al. [62], and (3) The laser ablation of silicon wafers [63].

Finally, a process to produce commercial quantities of nanosilicon has been
recently report by the firm PyroGenesis of Montreal, Canada [64]. PyroGenesis
developed the process for their PUREVAP™ Nano Silicon reactor.

3.2.5 Silanes and polymers featuring a “backbone” containing silicon atoms

Si-H bond containing compounds including (1) Silanes, with the generic molecular
structure SiX,Y}, and, specifically, the examples where the X group is a hydrogen
atom, and (2) Polymers containing Si-H bonds, can be classified as MGE-HSMs.

The polar, covalent, Si-H bond is hydridic and, when exposed to protonic “activators”

15 . . . . . . .1
Dye and his co-workers considered this material to be similar to nanosilicon.
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under defined conditions, will generate H, gas. Generally, the rate of generation scales
with the density of Si-H bonds in the material.

Monosilane, SiH,, with the highest Si-H bond density of any of these types of
materials, has long been considered a candidate MGE-HSM. Jackson and co-workers
reported the synthesis of silane, SiH,, from the reaction outlined in Eq. (6) [39].

3Si0, + 4 Al +2 AICl; + 6 H, = 6/n [AIOCI], + 3 SiH,4 (6)

A serious problem with utilizing SiH, as an MGE-HSM is that, like diborane
(B,Hg), silane is spontaneously explosive in air. Therefore, one method to use Si-H
bond-containing materials as H,-generating agents, while avoiding explosions, is to
work with polysilanes, whose linear structure, analogous with linear hydrocarbons,
has the general formula Si,H,y,,.1® For example, as displayed in Eq. (7), Simone
and co-workers demonstrated the thermal generation of H, from low MW
polysilanes [65]:

SixHoxi» = Si (metal) + (x + 1) Hy @)

In related work, as displayed in Eq. (8), Brunel demonstrated the hydrolytic
generation of H, from polysilanes [38]:

SisHyo + 12 H,0/NaOH = “SiO,” + 12 H, (8)

Linear polymers containing -SiH,X- (X = CH,, NH, O) monomeric groups could
potentially function as MGE-HSMs. Polymers where X = O (“polysiloxanes” or “sili-
cones”) were first reported by Rochow [66], Seyferth and co-workers [67, 68], Nishii
and Narisawa [69], Harimoto and co-workers [70] and recently by Lin and co-
workers [71]. As depicted in Eq. 10, conversion of -(O-SiH,),- materials to silica
(films), presumably with the release of hydrogen gas, occurred under a variety of
conditions [70]:

—(0 = SiHy), — +2x H,0 = — [0 — Si(OH),|, — +2H, 9)

In a related study, Yap and co-workers reported the hydrolytic generation of H,
from silicones (commercial products) containing the —(SiMeHO)- monomer [72].

Linear polymers containing -SiH,X- where X = NH (“polysilazanes”) have been pre-
pared and commercialized. The decomposition of select polysilazanes yield high quality"
silica thin films, with presumably the generation of H, under mild conditions [73-76].

Linear polymers containing -SiH,X- where X = CH, (“polycarbosilanes”) have
been prepared [77]. Linear —(H,C-SiH,),- remains a liquid up to a substantial molec-
ular weight. The heating of this liquid to approximately 300 deg. C results in the
liberation of H, and the formation of a glassy solid. In a related study, when a
stoichiometric amount of methanol was added to a mixture of cyclic organosilane,
(CH,SiH,)3 or (CH,SiH,CHSiH3),, and 5 mol% NaOMe, rapid hydrogen release was
observed at room temperature within 10-15 s. The original cyclic carbosilane could be
regenerated via reaction with LiAlH,4 [78].

" To “be on the safe side”, one should work with polysilanes where X > 20 (authors’ opinion).
" The term “high quality” in this context refers to silica films that are both “dense” and “stable”.
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4. Conclusions

A major challenge with using hydrogen, H,, as an energy source, is finding methods
by which to store it effectively and safely. In some applications, storing “pure” H,, either
as a compressed gas or a cryogenic liquid, is not feasible. This concern leads to the concept
of employing storage materials which, via chemical reactions, release H, gas under mild,
predictable and controlled conditions. Specifically, this review is concerned with main-
group element-based hydrogen storage materials, MGE-HSMs, in either the native state
of the element or else compounds featuring hydridic X-H bonds, where the central
element (X) is one of the following seven; Lithium (Li), Sodium (Na), Potassium (K),
Magnesium (Mg), Calcium (Ca), Boron (B), Aluminum (Al) and Silicon (Si).

High energy, often CO, generating, chemical processes are necessary to produce
these MGE-HSMs from their terrestrial precursors, which are usually oxide, chloride,
or silicate-based minerals. Once formed, the reactivity of the hydridic X-H bond to
protonic reagents, usually water, a process that efficiently generates H, gas, scales
with the degree of X*H™ polarity of the bond. Regarding the Periodic Table of the
Elements, this polarity increases either as one: (1) Descends a column of the table, or
(2) Traverses from right-to-left across a row.

The Group I'and I MGE-HSMs exist as the binary, ionic, hydride salts. The generation
of H, from hydrolysis of these salts yields their common hydroxide compounds. The
MGE-HSMs encompassing the hydrides of boron, aluminum and silicon are structurally
complex and, in many cases, feature X-H bonds of significant covalent character which
demonstrate reduced reactivity to protonic reagents. Furthermore, within the context of
H, storage and generation; (1) Nanoscopic silicon metal, and a number of related com-
posite materials, generate H, gas upon exposure to water at ambient temperatures, (2)
Certain nanoscopic forms of MAIH, (M = Li, Na) demonstrate reversible, thermal
hydrogenation/ dehydrogenation chemistries, and (3) Silicon-based polymers containing
Si-H bonds release H, gas under specific hydrolytic/ thermolytic conditions.
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Chapter 5

Transportation of Hydrogen:
Hydrogen Usage

Akbar Dauletbay

Abstract

For large-scale hydrogen use for alternative fuel problems, hydrogen transpor-
tation must be solved. Hydrogen can be transported as compressed gas, liquid,
or bound in carriers. The chapter describes current transportation technolo-
gies—gaseous hydrogen via pipelines or special trucks, and liquid hydrogen in
cryogenic tanks. The potential of using existing natural gas pipelines is ana-
lyzed; the need for modern pipeline material complex research is emphasized.
Transportation in solid or liquid carriers, disadvantages and advantages of trans-
portation methods, and problems and ways to solve them are analyzed. Hydrogen
facilitates the conversion of low-grade crude oils into high-energy transport
fuels by catalytic cracking and desulfurization. Ammonia production, essential
for fertilizers and explosives, relies heavily on hydrogen synthesis from nitrogen
and hydrogen. Methanol and dimethyl ether fuels offer alternatives to hydro-
gen storage and transportation, while liquid hydrocarbon fuels from coal and
biomass utilize hydrogen in conversion processes like Fischer-Tropsch. Proton
exchange membrane and alkaline fuel cells depend on hydrogen for electricity
generation in transportation. Additionally, hydrogen serves as a reductant in
metallurgy, with advancements in direct iron reduction and green steel initiatives
driving sustainable practices in the steel industry. These applications underscore
in modern processes and its potential for addressing energy and environmental
challenges.

Keywords: transportation technologies, pipeline network, carriers, liquid hydrogen,
usage of hydrogen, fuel cells

1. Introduction

The environment has suffered from the greenhouse gas emissions (CO,, NO,,
CH,, and O;) that result from burning natural resources (natural gas, coal, and
oil), which cause global warming. Moreover, these natural resources will soon
run out due to their finite availability in nature. Hence, a new way of producing
energy that is clean and sustainable is needed to ensure future energy security,
which requires a gradual shift away from natural resources. To address these
challenges, various renewable energy sources such as wind, solar, and nuclear have
been investigated recently. However, these sources cannot meet the global energy
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demand due to weather and location limitations. In addition, this energy is not
always accessible and requires transportation. Therefore, hydrogen has been the
focus of extensive research as an energy carrier. Also, this energy is not always
available and needs to be solved in terms of transportation as well as production
and storage issues.

Hydrogen is the most plentiful element in the universe; it has high energy
efficiency and is eco-friendly [1, 2]. Hydrogen is the energy carrier [2-4], which
means it can store and deliver electrical energy through chemical reactions instead
of combustion [5]. It can also be easily implemented in transportation to fuel cars,
heat homes, and many other applications [6]. Its byproduct is only water and heat.
Hydrogen has a higher energy content per mass (120 MJ/kg) than 44 M]/kg for gaso-
line [7, 8]. However, hydrogen needs to be produced in a cost-effective way before it
can be used in a practical form for application. Hydrogen is not naturally available
in nature. Therefore, it needs to use a primary energy source, such as non-renewable
energy sources like fossil fuel and renewable energy sources like solar energy, wind
energy, and biomass. Also, hydrogen can be used instead of secondary energy
sources like electricity or heat. In addition to the production and storage issues, the
hydrogen that is produced must be transported safely for future use. Therefore,
various features need to be considered, such as its high flammability limit in the
air (4-74%) [9] compared to gasoline vapor (1.4-7.6%) and natural gas (5.3-15%).
Also, its high explosion limit in the air (H; = 18.3-59%) compared to gasoline vapor
(1.1-3.3%) and natural gas (5.7-14%). In addition, its low ignition energy (0.02 MJ)
[9] compared to gasoline vapor (0.20 MJ) and natural gas (0.29 MJ) has to be con-
trolled. Finally, its lower boiling point (-253°C) and low density in the liquid state
(70.8 g/L) [10] compared to gasoline vapor (37¢205°C) with a density of 700 g/L and
natural gas —162°C) with a density of 423 g/L, require additional safety measures for
hydrogen fuel.

Hydrogen is a versatile and clean energy carrier that can be used for various
applications. It is the simplest and most abundant element in the universe, but
it is not naturally available in a pure form on Earth. Hydrogen can be stored and
transported in different ways, such as in pressurized or cryogenic tanks, pipelines,
or blended with natural gas. Hydrogen can also be converted into electricity or
heat through fuel cells or combustion or used as a chemical feedstock for many
industries. Some of the benefits of hydrogen are that it has a high energy den-
sity, it produces no harmful emissions when used, and it can be integrated with
renewable energy sources. However, some of the challenges of hydrogen are that
it requires high capital costs, it has safety issues due to its flammability and low
density, and it has a low efficiency of conversion and storage [11-14]. Therefore,
hydrogen is a promising energy carrier that needs further research and develop-
ment to overcome its technical and economic barriers. According to the safety
guideline, hydrogen can be transported traditionally in gaseous or liquid form
in the pressurized or cryogenic tank. Also, finding a suitable means to transport
hydrogen is a crucial part of the hydrogen economy. There are various means of
hydrogen transport such as pipeline, blending natural gas, and cryogenic liquid
tankers. Therefore, this chapter will try to summarize the state of the art of
primary hydrogen transportation methods and uses of hydrogen. Also, identify
the most promising techniques to improve hydrogen usage and transportation
developments.
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2. Transportation of hydrogen

Determining an effective mode of hydrogen transportation is a crucial step for
implementing hydrogen fuel across diverse industrial applications. The transporta-
tion of hydrogen requires a thorough understanding of its properties to prevent
potential explosion and leakage incidents. Given that hydrogen can exist in different
states based on temperature and pressure, the transportation methods vary.

At low temperatures, hydrogen assumes a solid state with a density of 70.6 kg/
m® at —262°C, while at higher temperatures, it transforms into a gas with a density
of 0.089 kg/m?> at 0°C and 1 bar. In the region highlighted in blue in Figure 1,
between the triple point (13.8 K) and the critical point (33 K), hydrogen exists
in a liquid state with a density of 70.8 kg/m® [15]. At standard temperature
(25°C) and 1-atm pressure, hydrogen is a gas, and its low critical temperature
(T, = 33 K) is attributed to the strong repulsion interaction between H, molecules.
Consequently, storing and transporting H, necessitate addressing the challenge of
the large volume occupied by hydrogen gas. For instance, 1 kg of H, at standard
temperature and atmospheric pressure fills a volume of 11 m’. While the Joule-
Thompson effect causes a pressure reduction in natural gas leading to a tempera-
ture drop of 0.5°C, hydrogen experiences an increase in temperature of 0.35°C for
each rise in bar pressure. Therefore, the development of a hydrogen transportation
system requires careful consideration of various conditions to ensure safety during
transportation. Various methods for hydrogen transportation have been proposed,
with the most common ones being compressed gas cylinders, cryogenic liquid
tankers, pipelines, and blending with natural gas.

Transporting hydrogen to its intended destination poses challenges due to its
status as the least dense gas and its flammability when combined with even small
amounts of air. The low volumetric energy density of hydrogen makes its transpor-
tation, storage, and eventual delivery to the point of use potentially costly. Safety
concerns also arise in this process. Currently, hydrogen is predominantly conveyed
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Figure 1.
Various states of hydrogen under different temperature and pressure conditions [15].
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from its production site to the utilization site either through pipelines or over the
road, utilizing liquid tanker trucks or gaseous tube trailers and special carriers.

2.1Pipelines

It is worth noting that throughout the operational history of hydrogen pipeline
systems in North America and Europe, no issues related to hydrogen embrittlement
or safety have been reported [16]. However, the considerable capital investments
required for pipeline construction make this method the most costly and feasible only
for consistent and significant hydrogen consumption scenarios, where the pipeline
construction expenses can be recouped within an acceptable timeframe.

The recommended pressure for the primary transportation of hydrogen,
considering its physicochemical properties, is in the range of 7-14 MPa [17]. For
instance, in the USA, hydrogen pipelines operate within the range of 3.5-10 MPa [18].
Distribution networks, with smaller pipe diameters, operate under lower pressure
conditions (in the USA, p = 0.03 to 1.4 MPa [18]). However, gas stations and power
plants require higher inlet pressures, suggesting that the pressure in distribution
networks should be higher than in natural gas distribution lines, falling within the
range of 1.4-2.8 MPa [18].

In low-pressure pipelines (0.1 MPa and below), the gas speed is 10 m/s, while in
main pipelines (6 to 8 MPa), it is twice as high [17, 19]. With identical pipe diameters
and pressure drop, the flow rate of hydrogen is nearly three times higher than that
of methane. The specific cost of hydrogen transportation decreases with an increase
in distance. For example, when the distance increases from 8 to 100 km, the cost
decreases by an order of magnitude.

The construction costs for new hydrogen gas pipelines are relatively high, with
labor and material expenses constituting around 70% of the total construction costs.
Consequently, current priorities include developing new metallic, non-metallic, and
composite materials, along with advancing technologies for applying thin barrier
coatings to pipe surfaces.

The internal coating is designed to diminish the surface concentration of hydrogen
on steel. Research on hydrogen diffusion in a multilayer pipe, featuring an internal
coating based on reinforced polyamide, and external coatings made of polyurethane,
has indicated that existing polymer and fiberglass materials may not extend the
service life of pipelines by more than 10 years.

Reinforced plastic pipelines present a promising alternative to steel pipelines in
terms of technical characteristics and cost. Typically, they consist of (1) an internal
impermeable barrier pipe or liner, (2) a protective coating, (3) an intermediate
coating, (4) composite layers made of glass or carbon fibers, (5) an external barrier
layer, and (6) a protective coating (Figure 2). These pipes exhibit high compressive
strength, can endure longitudinal deformations, facilitating their transport, and can
be wound on large diameter reels (Figure 3). The multilayer design can incorporate
sensors for real-time condition monitoring.

Polymer materials like polyethylene, polyamide, and polyvinylidene difluoride can
be used for liners, and the hydrogen permeability of these materials determines the
potential hydrogen leakage from the pipeline. Although most tests are conducted on
films, the results may not universally apply to actual liners. Comparisons of perme-
ability measurements for high-density polyethylene samples used in pipes and liners
with published data for films indicate that the hydrogen losses from such pipelines
are expected to be minimal—less than 0.1% of the transmitted volume [20]. The total
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Figure 2.
Diagram of a multilayer plastic pipe (a) Fiberspar LinePipe, LLC and the fiber winding stage (b) [20].

Figure 3.
Fiberspar LinePipe [21].

capital investment for a polyethylene pipeline of this nature is approximately equiva-
lent to that of a pipeline made of 16-inch steel pipes [22].

The pipeline system serves as a transportation network for natural gas or oil, con-
nected by compressor stations, city gate stations, and storage facilities. Particularly
suitable for large power plants (around 1000 metric tons/day), pipelines offer a
cost-effective option [23]. Compressor stations utilize the heat from the transmission
system to maintain consistent gas flow rates and pressures, meeting the specified
requirements. The pipeline network encompasses both onshore and offshore com-
ponents, covering transmission, transportation, and distribution pipelines. Utilizing
pipelines for hydrogen transport is viewed as the most efficient means for extensive
delivery and utilization as an energy carrier, presenting various advantages.

Hydrogen transportation through pipelines proves to be the most cost-effective for
large-scale power plants, with a savings of $2.73 per kg of hydrogen transport [24].
Additionally, large-scale pipeline transport is considered the most environmentally
friendly method of hydrogen delivery [24]. The pipeline’s longevity, spanning sev-
eral decades, contributes to its reputation for safety and reliability, given that most
pipelines are buried underground. This minimizes the likelihood of accidents due to
leakage, explosions, or environmental interference, avoiding disruptions and traffic
on roads. Despite the significant initial capital investment for pipeline installation,
subsequent maintenance and operation costs are comparatively low. Moreover, exist-
ing pipelines can transport pure hydrogen, and new pipelines for hydrogen delivery
can be manufactured using low carbon steel.

However, challenges persist in establishing a hydrogen pipeline infrastructure.
Hydrogen gas in a pipeline may experience losses compared to other fuels, and the
need for compressing hydrogen to high pressures (around 10-20 bars) to enhance
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delivery speed poses a logistical hurdle due to its low density (1/8th of natural gas).
The porosity of polymer materials used in gas pipelines makes them unsuitable for
delivering pressurized hydrogen, as hydrogen’s efficient escape, given its small size,
poses safety risks. Furthermore, the embrittlement of pipeline steels and construction
materials, leading to degradation and cracking, poses a risk of pipeline failure, depen-
dent on material and operating conditions [25]. To address these issues, an alternative
approach involving blending hydrogen with natural gas is proposed to mitigate risks
and ensure a more secure distribution and delivery of hydrogen.

The first main hydrogen pipeline was put into operation in 1938 in Germany. This
pipeline has been in operation for more than half a century without any accidents
[19]. As of March 2023, Germany possessed the most extensive planned hydrogen
transmission pipeline network in Europe, spanning a total of 3827 km [26]. Based on
available information, the construction of hydrogen pipelines is gaining momentum,
propelled by the increase in green hydrogen initiatives in China. A collective 1000
km of hydrogen pipelines are currently in the construction phase. This includes the
development of two long-distance pipelines along with several shorter-distance
pipelines [27].

Like natural gas currently, gaseous hydrogen has the capability to be trans-
ported through pipelines. The SoutH2 Corridor is a project that aims to connect to
a “European Hydrogen Backbone” that will help Europe to achieve its green energy
goals. The Backbone plan expects Europe to have 11,600 km of hydrogen pipelines by
2030 and almost 40,000 km by 2040 (Figure 4) [28].

China is currently constructing all of Asia’s hydrogen pipelines, with three lines in
the pipeline—Ulanqab Beijing, Shandong Hydrogen, and Ningxia Hui Autonomous
Region Hydrogen. Additionally, there are plans for a hydrogen pipeline in the pro-
posed India-Middle East-Europe Economic Corridor, targeting exports to the EU.
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Map of Europe’s hydrogen pipeline plan until 2040 [28].
90



Transportation of Hydrogen: Hydrogen Usage
DOI: http://dx.doi.org/10.5772/intechopen.1005066

Over the past year, the Middle East has significantly increased its planned clean
hydrogen capacity, the region has 83 low carbon or renewable hydrogen/ammonia
projects with combined production of nine million metric tons hydrogen per year,
S&P Global Commodity Insights’ data show, and aims to become a key exporter to
other countries by 2030. Saudi Arabia aims to be the leading global hydrogen supplier,
while the UAE and Qatar are actively enhancing their capacities to meet the growing
global demand [28].

In North America, both the United States and Canada are considering the imple-
mentation of hydrogen pipelines. The U.S. currently possesses 2600 km of hydrogen
pipelines, and its HyBlend initiative is investigating methods to repurpose existing
natural gas pipelines for hydrogen transportation. These pipelines are in places where
there are a lot of hydrogen users, such as oil refineries and chemical factories, espe-
cially in the Gulf Coast area.

Canada’s hydrogen initiatives involve a project in Quebec, anticipated to contribute
to a 3% reduction in the province’s carbon emissions over the current decade.

Latin America’s significant potential for renewable energy positions it as a promi-
nent provider of cost-effective, environmentally friendly hydrogen, according to the
International Energy Agency (IEA). In the region, a total of 11 countries have devised
strategies for hydrogen.

Chile aims to achieve the production of the world’s most economical hydrogen by
2030 and strives to be among the top three hydrogen exporters by 2040. Similar to
the United States and numerous other nations, Chile is exploring the possibilities of
utilizing its natural gas pipelines for the safe transportation of hydrogen or for blend-
ing hydrogen with natural gas [28].

The World Economic Forum?’ Industrial Clusters initiative is establishing global
hubs for hydrogen-related activities, fostering collaboration among stakeholders
throughout the entire hydrogen value chain and uniting them around shared objec-
tives. This initiative facilitates cluster members in accessing hydrogen from various
producers, providing suppliers with a readily available pool of potential customers.

2.2 Compressed gas containers

Hydrogen gas is usually transported in cylindrical steel containers under pressure
up to 20 MPa [19]. Such containers are delivered to the place of hydrogen consump-
tion on automobile or railway platforms. Canadian company FIBA Canning Inc. offers
various trailers with cylinders that can transport approximately 100 to 700 kg of
hydrogen at pressures of 16-24 MPa (Figure 5) [29]. The cost of transporting com-
pressed hydrogen by truck is quite high—slightly less than by pipeline, due to the low
density of hydrogen.

Trailers for transporting hydrogen under pressure are effective in meeting the
needs of small consumers, and the high cost of delivery can be offset by the absence
of losses [30]. Currently, delivering hydrogen gas by trailer is the easiest way, espe-
cially in areas where there are no pipelines [30]. It is also convenient for delivery to
fueling stations, where hydrogen trailers remain on site, without the need for perma-
nent hydrogen gas storage infrastructure.

Recently, some researchers are also considering the option of delivering “cold gas”
by trucks (trailers). For example, it is proposed to transport hydrogen gas at 35 MPa
and 90 K in composite container pipes on trailers [31]. This will increase capacity and
at the same time reduce liquefaction costs. The method is promising for delivering
hydrogen to gas stations.
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Figures.
Transportation of compressed hydrogen gas [29].

Depending on the required quantity, truck transportation is a feasible method for
moving gaseous hydrogen in moderate amounts using compressed gas containers,
such as cylinders or tubes pressurized within the range of 200-500 bar. In assessing
the viability of hydrogen transportation by truck, factors such as transport capacity,
tank weight, greenhouse gas emissions, and non-renewable energy consumption need
careful consideration. For larger quantities, multiple pressurized gas cylinders or
tubes are typically mounted on specialized trailers known as compressed gas hydro-
gen tube trailers, securely enclosed within protective frames for safety. The maximum
transportable hydrogen load depends on the high weight of these cylinders or tubes.
For example, a tube trailer equipped with steel cylinders can store up to 25,000 liters
of hydrogen compressed to 200 bar, equivalent to 420 kg of H, [29].

To enhance the transported hydrogen quantity, lighter tank materials, such as
composite materials for gas cylinders or tubes, are designed to handle higher pres-
sures, allowing for the transportation of larger quantities of hydrogen per trailer. The
cost-effectiveness of transporting hydrogen with tube trailers without liquefaction is
evident, with a savings of $2.86 per kg delivered H, in small-scale power plants [30].
For instance, superlight cylinder materials made of carbon fiber composite with high-
density polyethylene liners can accommodate up to 39,600 liters of hydrogen. These
containers, pressurized to a maximum of 200 bar, can carry about 666 kg of H, [31].

In the case of transporting liquid organic hydrogen carriers (LOHC), trucks
wait during the unloading and loading process, requiring only one trailer per truck.
However, storage tanks are necessary at the hydrogenation and dehydrogenation sites
for the liquid organic hydrogen carriers. Additionally, the LOHC delivery chain is
reported to significantly enhance the economics of long-distance road transport [31].

2.3 Cryogenic liquid tankers

Various alternatives, including the transport of liquid hydrogen, have been
suggested to address the challenges associated with compressed gas containers.
Hydrogen, in liquid form, can be conveyed using trucks or other transportation
modes. In contrast to compressed gas container, a liquid hydrogen trailer has the
advantage of carrying more hydrogen due to the higher density of liquid hydrogen
compared to hydrogen in a gaseous state. However, before storage in large insulated
tanks at the liquefaction plant, gaseous hydrogen undergoes liquefaction by cooling
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it below —253°C through a process known as the liquefaction process [32]. The
truck responsible for transporting liquid hydrogen is referred to as a liquid tanker.
The effectiveness of thermal insulation significantly impacts the tank’s operational
parameters and operating costs [33].

Nevertheless, the road shipment of liquid hydrogen and its dispensing at a vehicle
filling site add costs ranging from $2.42 to $1.40 per kg of H, to the production costs.
Additionally, approximately 40% of energy is lost during the liquefaction process
[34]. Furthermore, there is a loss of stored hydrogen through evaporation or boil-off
of liquefied hydrogen, which is more pronounced when using a small tank with large
surface-to-volume ratios. Lowering the liquefaction cost for hydrogen can have a posi-
tive impact on its shipment cost via truck, ship, or rail, and can also be advantageous
for storage at plant sites to prevent plant shutdowns. This approach holds promise for
near-term investments, particularly as the shipment plan can be a potential invest-
ment in the early stages of fuel cell vehicle introduction. The hydrogen boil-off point
is a critical consideration during its delivery [35].

The creation of cryogenic complexes for hydrogen liquefaction, its long-term
storage and transportation by railways and highways began in the 1960s of the last
century in connection with the use of liquid hydrogen as fuel for rocket and space
systems [36].

Hydrogen liquefaction is a very energy-intensive process and, therefore, expen-
sive, but transportation costs for liquid hydrogen are minimal. The technology of
hydrogen transportation by road, including safety measures, has been sufficiently
developed. In the USSR, tank trucks TRZHV-20 (capacity 20 m®) and TRZHV-24
(24 m’) were created to transport liquid hydrogen over long distances [17]. Currently,
JSC “Cryogenmash” produces custom-made tank cars with a capacity of 25 and 45 m’
for the transportation of liquid hydrogen (Figure 6) [36, 37].

Figure 6.
Automobile tank of JSC “Cryogenmash” for liquid hydrogen transportation [37].
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The tank is equipped with sophisticated systems for refueling and dispensing liq-
uid hydrogen that meet Russian and European safety requirements and include a set
of safety valves, rupture membranes, purge lines with pure nitrogen gas or vacuum-
ing before refueling with hydrogen. In addition, the tank is equipped with effective
wave dampers.

When transporting liquid hydrogen in tank trucks, losses caused by continuous
evaporation of hydrogen and due to the performance of technological operations
are inevitable. During one-time cooling of a tanker truck, up to 15% of hydrogen is
lost from the volume of the tank, and cooling is carried out at least two times a year.
Losses due to imperfections in the vacuum thermal insulation of the tank are 0.5%/
day from its volume. Taking into account the fact that not all hydrogen is taken from
the tank (a certain amount of liquid hydrogen remains for cooling), then for a tank
with a capacity of 4.5 tons, the losses are about 8.2 tons/year.

At each refueling of the tanker, there are losses associated with the evaporation
of the first portion of hydrogen. According to estimates, this is ~4%, that is, with a
weight of 4.5 tons, they amount to ~180 kg. The losses for creating a pressure drop
between the liquefaction plant and the capacity are approximately 1.5% [17].

Tanks for liquid hydrogen are made either cylindrical or spherical. Large contain-
ers are usually made spherical to reduce evaporation losses.

Liquid hydrogen is transported by tankers to a distance of more than 1.6
thousand km.

BMW specialists have created several prototype models of cars powered by liquid
hydrogen fuel stored in special cylinders, in which the loss of hydrogen mass by
evaporation is reduced to 1.5%/day [38]. BMW considers liquefied petroleum gas to
be the most convenient type of fuel for promising cars.

Railway transport for the transportation of liquid hydrogen is used rather sparsely.
In refrigerated railway tanks, hydrogen losses are about the same as in tank trucks. At
present, JSC Cryogenmash offers customers high-speed hydrogen tanks with a capac-
ity of 100 m”>. The tanks are equipped with a reinforcement cabinet and devices that
ensure the safety of transportation [37].

Kawasaki Heavy Industries in Japan has developed a ship capable of holding
160,000 m’ of liquefied hydrogen, equal to 11,200 tons, making it similar in size to a
typical liquefied natural gas (LNG) carrier. This vessel would be 128 times larger than
the tank on Kawasaki’s Suiso Frontier, which transported the world’s first liquefied
hydrogen cargo from Australia to Japan in February.

Prior to this, only within the framework of the NASA space program, liquid
hydrogen for refueling launch vehicles was transported on a special barge at a distance
of about 100 km. However, the USA, Japan, South Korea and other countries have
extensive experience in transporting liquefied natural gas in tankers. This experience
will certainly be used in the creation of marine tankers for the transportation of liquid
hydrogen.

2.4 Blending with natural gas

The incorporation of hydrogen into a natural gas pipeline network is considered a
method for delivering pure hydrogen to the market. To extract hydrogen from natural
gas closer to the end-use point, various separation and purification technologies have
been employed. Three techniques—pressure swing adsorption (PSA), membrane
separation, and electrochemical hydrogen separation—can be utilized to extract
hydrogen from hydrogen-natural gas blends. It is noted that blends containing less
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than 5-15% hydrogen (volume) typically pose minor issues, dependent on site-
specific pipeline conditions and natural gas compositions. However, blending in the
range of 15-50% hydrogen requires more substantial modifications, such as convert-
ing large household appliances or enhancing compression capacity along the distribu-
tion path for industrial users [39].

When transporting natural gas, approximately 0.3% of the pumped natural gas
volume is consumed at compressor stations every 100-120 km to facilitate movement.
To estimate energy costs for transporting hydrogen and natural gas through the same
pipeline, accounting for the viscosities of hydrogen and methane at equal energy
flows, let us analyze the power required for pumping N (W).

N:VoAp:%Dszp:%Dzv%pv2§ (1)

where V, — volumetric flow, m*/s; Ap — pressure drop, Pa; D — pipeline
diameter, m; v — gas speed, m/s; p — gas density, kg/m3; & —resistance coefficient;
Re = p vD/p - Reynolds number; n = 0.25 - for turbulent gas flow in the pipe; p -
dynamic viscosity, Pass.

Energy flow through the pipeline (J/kg)

Q=V,pH, )

where Hy is the highest calorific value of the transported gas.
From Egs. (1), (2) we obtain the ratio of power (energy consumption) required for
pumping hydrogen and methane Eq. (3):

n 2 3-n
Ny, _ Ny PcH, H, ey, 3)
N CH, N CH, Pu, H vH,

Due to the low density of hydrogen, the flow rate needs to be increased by about
three times. While the increase in flow resistance is partially offset by viscosity differ-
ences, transmitting an equivalent amount of energy in the form of hydrogen through
a pipeline demands approximately 4.6 times more energy than natural gas (Figure 7)
[40]. During transportation, only 70-80% of the original hydrogen will be trans-
ferred over distances ranging from 2.5 to 4 thousand km.

Lietal. [41] conducted a numerical investigation on the Joule-Thompson (J-T)
coefficient of natural gas at different hydrogen blending ratios, demonstrating a
roughly linear decrease in the J-T coefficient of the natural gas-hydrogen mixture with
increasing hydrogen blending ratio. Their findings also indicated a 40-50% reduction
in the J-T coefficient when the hydrogen blending ratio reached 30% (mole fraction)
compared to that of natural gas. Zhou et al. [42] reported on the hydrogen-blended
gas-electricity integrated energy system, emphasizing the superiority of hydrogen
blending in the upper line of the natural gas network over the lower line. They found
that a concentrated hydrogen blending strategy is more effective than a dispersed one.
Wau et al. [43] summarized recent research on the hydrogen-induced failure of high-
strength pipeline steels in hydrogen-blended natural gas transmission. Zhang et al.
[44] established a mathematical model for Hydrogen-Blended Natural Gas (HBNG)
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Figure 7.
Dependence of gas consumption for pumping on distance.

transportation, exploring the influences of hydrogen blending on hydraulic and
thermal characteristics of natural gas pipelines and networks. Their results indicated
that hydrogen blending could reduce pipeline friction resistance and increase vol-
ume flow rate. Additionally, they observed performance degradation of centrifugal
compressors with increasing hydrogen blending ratio, leading to a shift in the operat-
ing point toward higher volume flow rates and lower pressure [44]. According to the
European Naturally project [39], introducing hydrogen into the natural gas network
holds potential advantage.

Utilizing the existing network of natural gas pipelines for hydrogen transport is
a crucial aspect of the future hydrogen economy. Presently, the Unified Gas Supply
System (UGSS) of JSC NC “QazaqGaz” possesses a significantly greater energy trans-
mission capacity than power transmission networks and is fundamentally prepared to
receive hydrogen and its mixtures with other flammable gases. The UGSS, the world’s
largest gas transportation system, is a unique technological complex encompassing
gas production, processing, transportation, storage, and distribution facilities. It
ensures a continuous gas supply cycle from the well to the end consumer. The group
of companies of JSC “NC “QazaqGaz” operates gas pipelines with a total length of
about 76 thousand km. Including 20 thousand km of main gas pipelines with an
annual capacity of up to 267.8 billionm® and gas distribution networks with a length
of about 56 thousand km, transportation gas is provided by 42 compressor stations
and 238 gas injection units [45]. Consequently, most conditions necessary for hydro-
gen transportation have already been established. However, the UGSS is currently
fully loaded, and the use of the existing gas pipeline network seems feasible only
during the transition period to the hydrogen economy. To use a mixture of hydrogen
and natural gas, creating cost-effective and efficient technologies for gas separation
and hydrogen purification will be essential.

Experimental studies investigating the possibility of transporting hydrogen using
steel pipelines designed for natural gas [41] revealed that hydrogen losses from the
system are 3-3.5 times greater than the volume of natural gas losses. However, given
that the heat of combustion of hydrogen is approximately three times greater, the
energy losses are roughly equivalent. Notably, during the 6-month experiment, there
were no instances of self-ignition due to hydrogen leakage through fittings, and the
materials of the pipelines and seals remained unchanged.
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Nevertheless, the potential hydrogen embrittlement of steel structures remains a
focal point of concern [15, 30, 46]. The current natural gas infrastructure may not be
suitable for transporting and distributing hydrogen due to the utilization of insuf-
ficient quality metals in these systems. To draw definitive conclusions about the suit-
ability of existing gas transmission systems for pumping hydrogen, comprehensive
research and development are necessary to study the materials of modern gas pipe-
lines. This research is crucial, especially considering that energy transmission through
a gas pipeline in the form of hydrogen over distances of 2-3 thousand km is 24
times more economical than energy transmission through power lines. Additionally,
pumping hydrogen through pipeline transport offers the advantage of accumulating
and storing hydrogen in underground and above-ground facilities under pressure,
delivering it to consumers at the required time and quantity.

Despite the numerous advantages of blending hydrogen with natural gas, higher
blend levels pose considerable challenges in terms of pipeline materials, safety
considerations, and modifications required for end-use applications. Evaluating the
substantial costs associated with accommodating elevated hydrogen blends in a spe-
cific pipeline system is crucial, and these expenses must be carefully weighed against
the benefits of incorporating hydrogen as a component in natural gas blends. Beyond
a 50% blend level, more complex issues arise in multiple aspects, including pipeline
materials, safety concerns, and the adjustments needed for end-use appliances or
other applications [25].

Despite the promising results offered by hydrogen transportation, significant
efforts are required to address various safety issues, such as material embrittlement
and container leakage. Challenges include its wide flammability range and the mini-
mal energy needed for ignition. These safety concerns present potential barriers that
must be effectively addressed to fully open up the hydrogen market.

2.5 By carriers

Physical transportation of hydrogen is usually done in various high-pressure and
cryogenic tanks made of different types of materials, which should not interact with
the hydrogen or perform any other reactions. We mentioned above that the traditional
transportation techniques for hydrogen are high-pressure gas cylinders and liquid
hydrogen that belong to the category of physical transportation. There is a possibility
of material-based hydrogen transportation consisting of chemical and physical car-
riers. Using these types of transportation methods, the existing infrastructure would
avoid many problems associated with the delivery of hydrogen in gaseous or liquid
forms and reduce costs. In chemical carriers, hydrogen molecules are split into atoms
and integrated with the chemical structure of the material. Among all, metal hydrides
(for example, LiAlH4) are the most famous group of materials that can be used for
chemical carriers [47]. Metal hydride carriers have the ability to absorb and desorb
hydrogen at either room temperature or through heating of the tank. The main chal-
lenges of chemical carriers’ materials are the cost, weight, and operating temperature,
enhancing the charge-discharge rate and controlling the formation of unwanted gases
during decomposition. Metal hydride carriers are also called “rechargeable” carriers;
which are transported to a fuel station, where hydrogen is extracted from them, and
then returned for a new refueling. Such carriers include, for example, metal hydrides.
When using metal hydrides as carriers, it is advisable to use the same hydrides in the
giving and receiving water system, then the heat released by the receiving system can

97



Hydrogen Technologies — Advances, Insights, and Applications

be used to separate the water from the delivery system. A promising chemical carri-
ers alternative is also LOHCs such as N-ethyl carbazole, methanol, dibenzyltoluene,
toluene, and others, where the hydrogen is bonded chemically with hydrogen-lean
molecules and is released through a catalytic dehydrogenation (Re. (4)) [48].

C,H,;; 2C, Hg +5H, 4)

These transportation options are attractive due to their easy manageability under
ambient conditions, the transport and release processes do not emit CO,, and the car-
rier liquid is not consumed and can be used repeatedly. These carriers are non-toxic and
non-corrosive but have a low storage capacity which can limit their applications [49].

Alongside organic hydrogen carriers, ammonia is a compound where hydrogen is
similarly bonded with a lean hydrogen molecule and released through dehydrogena-
tion. Typically, hydrogen can be accumulated in ammonia through the conventional
Haber-Bosch ammonia production process, which is responsible for around 85% of
total worldwide ammonia production. The produced ammonia can then be trans-
ported through pipelines, tank cars, and tanker vessels. Thus, at normal temperature,
ammonia liquefies at a pressure of 1.0 MPa and it can be transported through pipes
and stored in liquid form (ammonia liquefaction temperature —239.76 K, critical
temperature 405 K). After shipment, the hydrogen is released from ammonia through
the catalytic decomposition process at a temperature of 527-627 K and atmospheric
pressure (Re. (5)), which is a highly energy-intensive process. Therefore, efforts are
necessary to improve their energy efficiency, reliability, and scalability [50].

NH,=1/2N,+3/2H, (5)

To produce 1 kg of hydrogen, 5.65 kg of ammonia is required.

Another approach to material-based transportation involves using porous
materials as physical carriers. The most promising options include Metal-Organic
Frameworks (MOFs) and porous carbon materials, such as carbon nanotubes. This
technique offers advantages such as a large surface area, low binding energy for
hydrogen, quicker charging and discharging rates, and cost-effectiveness. However,
challenges persist, including the weight of the carrier materials, the need for low
temperatures and high pressures, and limitations in both gravimetric and volumetric
hydrogen density. Despite these challenges, both methods could enhance safety
during transportation by allowing for lower accumulation pressures and manageable
properties. Nonetheless, they may not be suitable for high-demand scenarios and are
typically transported via roads.

It appears that various methods of transporting hydrogen will be employed during
its development as an energy source, with different degrees of utilization. These
methods may be combined and utilized at different stages of market development,
depending on how hydrogen is produced.

During the initial phase of transitioning to a hydrogen economy, trailers equipped
with specialized containers under pressure could be utilized since the demand for
hydrogen would likely be relatively low, and this approach minimizes hydrogen loss
during transportation.

The advantages and disadvantages of the main methods of transporting hydrogen
are reduced to Table 1. Using cryogenic tankers for hydrogen delivery proves to be
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Transportation method Advantages Disadvantages
Hydrogen gas
Pipeline transport * Highest cost-effectiveness for large * Large investments in the con-
volumes of hydrogen struction of special pipelines
* No thermodynamic limitations to * Very high transportation costs for
reduce transportation costs small volumes
* Low power consumption * Complex and expensive
« Transportation safety procedure fOIj o.b.tammg permits
for land acquisition, construc-
* Environmentally friendly tion, etc.
* Use of existing pipelines systems for * The need for comprehensive
natural gas and oil R&D to study the hydrogen
* Accumulation and storage in resistance of existing pipe steels,
underground gas storage facilities the features of underground gas
under pressure and supply through storage facilities, the creation of
gas pipelines to consumers at the right new materials, fittings, compres-
time in the right quantity sors, etc.
Container * No hydrogen loss * Suitable only for small consumers
transportation * No need to create storage infrastruc- * High cost of transportation
ture at the point of consumption
Liquid hydrogen
Cryogenic tanks * High energy density and small volume * High power consumption and
* Relative cheapness and efficiency of high cost
cryogenic tanks * Impossibility of reducing cost
* Minimizing the need for compression when long-term use
at points of consumption * Difficulty in handling cryogenic
liquids
Bound hydrogen
Carriers * Minimum cost of transportation in * Difficult to use on site due to
the future the need for transformation for
* Use of existing infrastructure unloading
* Moderate pressures and temperatures * Increased energy consumption
in the system delivery * Possibility of impurities entering
* Possibility of reducing storage costs hydrogen gas
* Availability of idle range of the
carrier for recharging The need
to conduct comprehensive R&D,
including ensuring safety and
impact on the environment
Table 1.

Main methods of transporting hydrogen.

the most cost-effective for the average consumer, especially when transporting larger
quantities of hydrogen compared to trailers with pressure containers, and it enables
delivery to all geographical regions.
Pipeline systems are best suited for transporting hydrogen to areas with high
demand, especially as more production facilities connect to the network. Economic
considerations will always influence the preferred method of delivery. For instance,
establishing gas distribution lines in urban areas may pose challenges. A typical
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delivery scenario might involve transmitting hydrogen via a pipeline from a central
plant to a terminal, from which further delivery could occur via trailers, cryogenic
tanks, or cargo transport vehicles.

When selecting hydrogen transportation methods, safety considerations must be
taken into account. Significant risks include potential disruptions to power supplies
for large populations due to technogenic disasters, systemic accidents, or deliber-
ate acts such as terrorism. Therefore, employing cutting-edge technologies, such
as durable pipeline materials and remote-controlled sensors, for constructing new
underground pipelines is particularly pertinent. This approach would necessitate
implementing pipeline patrol programs (potentially different from those for natural
gas), safety regulations for excavation, and other measures. Transporting hydrogen
through underground pipelines is preferable in terms of ensuring the safety of the
population, especially in the face of potential terrorist threats.

3. Hydrogen usage

Hydrogen, the most abundant and simplest element in the universe, is primarily
found on Earth in compounds form with other elements. For instance, it combines
with oxygen to create water (H,0) and with carbon to form hydrocarbons, which
are present in fossil fuels and various other resources. Although hydrogen has been
utilized in chemical and industrial applications for over a century, recent investments
by both markets and governments in hydrogen as an energy source have sparked
increased interest in hydrogen production. When hydrogen is combusted, it mainly
emits water vapor, making it a crucial component in efforts to reduce greenhouse gas
emissions. Additionally, hydrogen is seen as a key solution for storing energy gener-
ated from conventional sources such as renewable energy, natural gas, and nuclear
power. The International Energy Agency’s (IEF) 2023 Global Hydrogen Outlook
(GBO -2023) reported that the Global hydrogen use reached 95 Mt. in 2022, and
which is nearly 3% increased from their revised estimate for 2021 [51]. Hydrogen
use has grown mainly in all countries except Europe. The only reason for the decline
in the use of hydrogen in Europe was attributed to the Russian invasion of Ukraine
because as a result of the war, European chemical plants reduced production vol-
umes, which led to a 6% reduction in the use of hydrogen in Europe. However, there
was a strong growth of 7% in North America and the Middle East. China remains
the world’s largest consumer of hydrogen with a 0.5% increase in hydrogen use
(Figure 8). Areas of wide hydrogen uses are briefly as follows:

3.1 Oil refining

Hydrogen plays a crucial role in the refining of petroleum, aiding in the desul-
furization and catalytic cracking of long-chain hydrocarbons. Approximately
one-quarter of global production is dedicated to converting low-grade crude oils
(particularly from tar sands) into high-energy transport fuels like gasoline and diesel.
The process involves converting heavy aromatic feedstock into lighter alkane hydro-
carbon products under intense pressures (7000-14,000 kPa) and high temperatures
(400-800°C), using hydrogen and specialized catalysts [52]. Moreover, hydrogen is
essential for eliminating impurities such as sulfur from these fuels. In 2022, the use
of hydrogen in oil refining exceeded 41 million metric tons, surpassing the previous
peak in 2018. The most significant rise in year-over-year demand originated from
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Figure 8.
Usages of hydrogen across various sectors and vegions, both historically and within the context of the net zero
emissions by 2050 scenario, 2020—2030 [51].

North America and the Middle East, collectively representing over 1 million metric
tons, or approximately 75% of global growth in 2022 [51].

3.2 Production of ammonia

The production of ammonia through the synthesis of hydrogen and nitrogen,
accounting for approximately 180 million metric tons per year or 1 petawatt-hour,
constitutes more than half of the global demand for pure hydrogen. Of the 53 Mt.
of hydrogen used in industry in 2022, about 60% was for ammonia production [53].
This process relies on the Haber-Bosch method (Re. (6)). Primarily, ammonia is
utilized for agricultural fertilizers, with a portion being employed, in the form of
ammonium nitrate combined with diesel fuel, for mining explosives. Additionally,
it can be utilized as a transportation fuel or subjected to cracking to yield hydrogen
for fuel purposes. The Haber process uses 3-5% of the world’s natural gas to produce
the hydrogen, and the nitrogen is extracted from the air by cooling it [54]. Looking
ahead, ammonia could play a significant role in hydrogen storage and transporta-
tion, as discussed in upper sections. It also holds potential as a fuel source. In Japan,
initiatives are underway to explore the co-firing of ammonia with coal in boilers and
with natural gas in combustion turbines [55]. Moreover, ammonia shows promise as a
maritime fuel, requiring only minor modifications for use in ship engines, and it can
also be utilized in certain fuel cell technologies.

N, +3H, = 2NH, AH-92 kJ/mol 6)

3.3 Production of methanol and DME fuels

Given the problems of storage and transportation of hydrogen itself, as well as
the radical change of fuel cell cars, methanol (CH;0H) can be obtained by reacting
hydrogen gas with atmospheric CO, gas (Re. (7)) [56]. Methanol has several own
potentials. First, dimethyl ether (DME) can be obtained from methanol, which is
made by dehydrating several methanol molecules (Re. (8)). It is a gas but can be
stored under low pressure as a liquid. Second, methanol is preferred for gasoline
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engines, dimethyl ether (CH;-O-CHj) for diesel engines [57]. Methanol and DME
production is at relatively low temperature. Third, the energy density of methanol
and DME is 16 MJ/L and 18-19 MJ/L, respectively, which is lower than petroleum-
based fuel, but usable and easy to store.

CO, +3H, = CH,0H+H,0 AH-49.5kJ/molat25 C )
2CH,OH = CH,0CH, + H,0H23kJ/mol (8)

3.4 Liquid hydrocarbon fuels

Coal and biomass have long served as the foundation for liquid hydrocarbon
fuels, relying on hydrogen for their conversion [58]. Originating in 1920s Germany,
the Fischer-Tropsch process, primarily coal-based, fueled a significant portion of
Germany’s World War II efforts and later became instrumental in South Africa’s oil
production, notably by Sasol. This process, requiring substantial hydrogen, catalyzes
carbon monoxide to yield liquid hydrocarbons, now facilitated by coal gasification.
Approximately 14,600 tons of coal yield 25,000 barrels of synfuel “oil”, alongside
25,000 tons of CO,. Nuclear power offers avenues for enhancement: nuclear hydrogen
sources coupled with process heat could boost hydrocarbon output and slash CO,
emissions, while a hybrid system utilizes nuclear electricity for water electrolysis,
yielding hydrogen for coal gasification. Conversely, biomass undergoes hydrotreating
or Fischer-Tropsch processing to produce liquid biofuels, demonstrating sustainable
alternatives in liquid fuel production [59].

3.5 Fuel cells

Hydrogen is predominantly utilized in fuel cell electric vehicles (FCEVs) for
transportation purposes. Unlike conventional batteries, fuel cells generate electric-
ity through a chemical reaction using external hydrogen fuel and oxygen from the
air. Proton exchange membrane (PEM) fuel cells, the primary type used in cars and
heavy vehicles, operate at temperatures of around 80-90°C [60]. They offer high
volumetric power density and long life but require high-purity hydrogen and costly
noble metal catalysts, typically platinum. Although they theoretically achieve about
60% efficiency in converting chemical energy to electrical energy, practical efficiency
is approximately half of that. Alternatively, alkaline fuel cells (AFCs) operate at
around 200°C, boasting efficiency above 60%. Developed since the 1960s, AFCs have
been employed by NASA in space missions due to their reliability [61]. They are cost-
effective, utilizing non-noble metal catalysts and tolerating less-pure hydrogen from
ammonia cracking. However, commercialization is limited by CO, poisoning, which
leads to insoluble carbonate formation.

3.6 Reductant for metallurgy

Metallurgical coke, primarily carbon, plays a crucial role in steelmaking as a
reductant, yet advancements in utilizing natural gas for direct iron reduction are
emerging to mitigate CO, emissions [62]. Currently, blast furnaces, fueled by coke,

dominate steel production, while electric arc furnaces (EAFs) and direct-reduced
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iron (DRI) methods are gaining traction. EAFs, predominantly powered by electric-
ity, offer synergy with nuclear energy, while DRI, facilitated by hydrogen, presents

an avenue for clean production. The steel sector accounts for a substantial portion

of global hydrogen usage, with green steel initiatives, such as hydrogen in Europe’s
vision and projects like HYBRIT in Sweden, driving innovation. Plans for green steel
production in Australia and Russia underscore the industry’s shift towards sustainable
practices [63], utilizing electrolysis and renewable energy sources to meet hydrogen
demands and reduce carbon footprint.

4, Conclusion

In the realm of transportation, transporting hydrogen via tube trailers without
the need for liquefaction proves to be more economically efficient, resulting in a
savings of $2.86 per kilogram of delivered H, in smaller-scale power plants. The issue
of hydrogen boil-off during transport stands out as a critical concern. The extent
of embrittlement largely hinges on factors such as the material composition of the
pipeline and the prevailing temperature and pressure conditions. Furthermore, the
embrittlement of pipeline steels and other construction materials can lead to deterio-
ration in mechanical properties and the development of cracks, ultimately resulting
in pipeline failures. Additionally, it is observed that blending hydrogen into the upper
line of the natural gas network yields superior results compared to blending it into the
lower line. Moreover, a strategy focusing on concentrated hydrogen blending outper-
forms a dispersed approach.

Hydrogen stands as a pivotal element in various industrial processes and
emerging technologies, playing a vital role in sectors ranging from oil refining to
metallurgy and transports. Its versatility as an energy carrier enables its use in the
desulfurization and catalytic cracking of petroleum, as well as in the production of
essential chemicals like ammonia and methanol. Moreover, hydrogen facilitates the
synthesis of liquid hydrocarbon fuels from coal and biomass, offering sustainable
alternatives for the future. In the realm of transportation, hydrogen fuel cells present
an efficient and clean solution, though challenges remain in terms of infrastructure
and cost-effectiveness. Furthermore, hydrogen’s significance in metallurgy, par-
ticularly in steel production, highlights its potential to drive the transition toward
greener industrial practices. With ongoing advancements and initiatives aimed at
harnessing its potential, hydrogen emerges as a key player in the pursuit of a more
sustainable and low-carbon future. Consequently, these challenges have the poten-
tial to disrupt the distribution and delivery of hydrogen. Therefore, the successful
realization of a hydrogen-based economy is contingent upon the ability to identify
the most promising areas for future advancements in hydrogen transportation,
usage, production, and storage.
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