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Hydrogen will play a decisive role in future attempts to solve the challenges in con-
nection with global warming.
This requires enormous technological and political attempts.
Professor Gerhard ERTL,
Nobel Prize in Chemistry 2007

Hydrogen is often called the missing link of the energy transmission but equally

important it is also a unique opportunity to create the necessary prosperity in our
society!

Bart BIEBUYCK Executive Director

EU Research Programme FCHJU

(Fuel Cell and Hydrogen Joint Undertaking)
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Series editor preface

The decarbonization of the energy system is critical to reach the European climate
objectives for both 2030 and 2050. In this respect, the “European Green Deal” put
forward the need to ensure a smart integration of renewable energy sources, energy
efficiency, and other sustainable solutions such as carbon capture. The “European
Green Deal” also recognized the production of hydrogen, hydrogen storage, hydro-
gen networks, and the utilization of hydrogen as one of the important technology
options that can ensure that the EU industry remains at the technology forefront
and delivers breakthrough technologies in key industrial sectors.

The book provides compiling reviews on these aspects from internationally rec-
ognized researchers, industrialists, and government agencies, and assembles top-
class contributions. The topical scope of the book is broad, ranging from hydrogen
production, storage of hydrogen, and the multiple applications but also the devel-
opment of many new materials and new technologies and innovations will be nec-
essarily developed in many fields of physics, chemistry, biology, and mechanical
engineering. Common to all the books in the series is that they represent top-notch
research and are highly application-oriented, innovative, and relevant for industry.

The titles of the volumes in the series Hydrogen Technologies for Sustainable
Economy are:

- Hydrogen Production and Energy Transition
— Hydrogen Storage for Sustainability
— Utilization of Hydrogen for Sustainable Energy and Fuels

They fall in the topics of energy, environment, and new materials but mobile appli-
cations such as automobiles, air, and space transport are becoming very popular.

The book series appeals to a wide range of readers with backgrounds in physics,
chemistry, biology, and engineering but also for those interested in renewables en-
ergy, environment, economy, and industrial safety. Students at universities to scien-
tists at institutes and technologists in industrial companies may also have a great
interest in this new hydrogen energy source.

Ever since hydrogen was introduced many years ago it will greatly change our
lives for the next generations. Developments are planned for many areas, which will
result in a new “hydrogen economy”; in short, hydrogen technology is a hot topic!

Marcel Van de Voorde,
November 2020

https://doi.org/10.1515/9783110596274-202
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About the series editor

Marcel Van de Voorde: Prof. Dr. Ing. ir. Dr. h. c., has many
years’ experience in European Research Organizations,
including CERN- Geneva and the European Commission
research. He was involved in research, research strategies
and management. He is emer. professor at the University of
Technology, Delft (NL), holds multiple visiting
professorships and is doctor honoris causa. He has been a
member of numerous Research Councils and Governing
Boards: e.a. CSIC (F), CNR (1), CSIC (E), NIMS (JP), of science
and art academies, of the Science Council of the French
Senate and the National Assembly, in Paris, and Fellow of
multiple scientific societies. He has been honored by the
Belgian King and received an award for European merits in
Luxemburg by the former President of the European
Commission. He is author of multiple scientific and
technical publications and books.

Thanks to my wife for the patience with me spending
many hours working on the book series through

the nights and over weekend.

The assistance of my son Marc-Philip related to the complex
and large computer files with many sophisticated scientific

figures is also greatly appreciated.

Marcel Van de Voorde
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Paolo Ciambelli, Marcel Van de Voorde
Hydrogen: Presents Accomplishments and
Far-Reaching Promises

Despite the realistic analysis of the waving trend of the enthusiasm for hydrogen in
the last 50 years, starting from the oil crisis in the 1970s to announce the future of a
hydrogen economy, today the driving force of the global warming issue and a favor-
able convergence of interests by different stakeholders support the role of hydrogen as
zero-carbon fuel much strongly than before. After the Paris Agreement on climate in
2015, many countries produced national road maps and collaboration projects involv-
ing hydrogen in order to reduce greenhouse gas emissions and achieve deep decar-
bonization. Pioneering countries in investing huge financial resources are Japan and
Germany. To reach this goal, it is expected that hydrogen could be produced from re-
newable sources, consumed with no pollution, and universally used, for example, in
transportation, energy storage, residential and industrial applications, and high-grade
heat production. In the last 2 years, IEA [1] and WEC [2] reports confirmed the “unprec-
edented momentum for hydrogen,” the European Union (EU) has increased the finan-
cial support to research and innovation on hydrogen, and new investment plans are
frequently announced, often at a gigawatt scale. At January 2021 Linde Company an-
nounced it will build, own and operate the world’s largest (24 MW) Proton Exchange
Membrane electrolyzer plant in Germany

The most concrete proof of this renewed interest is the publication by the EU Com-
mission of two just published documents, inside the EU’s Green Deal and its Covid re-
covery plan, which assign to hydrogen a fundamental role to contribute to reach a
climate-neutral and zero-pollution economy in 2050 [3, 4]. Even more surprising was
the China’s President Xi Jinping announcement (September 2020) of pledge to achieve
carbon neutrality before 2060, taking into account that China is the largest carbon emit-
ter (28.6% share of global carbon emissions in 2018) and energy consumer.

The target of European Green Deal (55% reduction in emissions by 2030 with
reference to 1990 and carbon neutral by 2050) is mostly based at medium term on
electrolyzers (40 GW at 2030).

It is not an easy challenge, if one takes into account at least two main aspects:
first, hydrogen today accounts for only a small fraction of the energy mix, while its
contribution is expected to reach at least 15% in 30 years; second, more than 95% of
70 million tons of hydrogen yearly consumed for industrial purposes (mostly ammo-
nia, methanol, and oil refining) is today still produced from fossil fuels (grey hydro-
gen from natural gas in Europe), giving a huge contribution to annual carbon dioxide
release, close to 100 million tons. Therefore, the decarbonization goal requires a full
change to cleaner hydrogen, especially green H, (water, wind, and sun related). There
is a need to decrease the cost of renewable hydrogen, although there is a continuous

https://doi.org/10.1515/9783110596274-001
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improvement in this direction. Even more critical is the availability of all renewable
energies necessary to produce all H,. Therefore, storage, especially on a medium-to-
long term is a critical issue to be considered. The only solution is to produce H, in
remote areas where this can be cost-competitive, but here the problem is the transport
from these regions. In terms of use, in the first phase, as indicated in the cited H,
strategy, this can be just the substitution of grey H, with cleaner sources, but in
the longer term (beyond about 2025) the issue is the development of new uses of
H,, from mobility to industrial uses, in competition with the direct use of renewable
electrical energy. There is thus the need of a full change in the energy system in rela-
tively short term, requiring an impressive effort for this system transformation, which
can be realized only in a concerted effort which catalyzes the transformation.

With respect to the first aspect, the time to achieve the full change to green hydro-
gen, a realistic and objective analysis shows that in the short-to-medium term it will be
necessary to resort to other forms of low-carbon hydrogen (blue hydrogen), to reduce
emissions from actual hydrogen production, and to support the parallel and future
growth of renewable hydrogen. Along this intermediate step, up to 90% of CO, emis-
sions can be captured during the production of grey hydrogen and stored in adequate
places, for example, empty gas fields. However, the cost of going over 90% increases
significantly, while it is possible that at 2030 the cost of hydrogen from electrolyzers
could be competitive with that from methane. Therefore, the necessity of this step
caused, as expected, criticism by influential international associations, such as WWF,
European Environmental Bureau, Friends of the Earth Europe, and also from part of
the scientific community, fearing that maintaining the blue option at least until 2030
could compromise the EU action on climate. There are alternatives, however, which
can be considered, even maintaining the use of fossil fuels as a primary source. In fact,
a better and more economical alternative to achieve the same goal of decreasing H,
production carbon footprint instead of producing CO, and then sequestrating and stor-
ing it (carbon capture and storage (CCS)) is to intrinsically decrease its production. By
using electrically heated reactors for steam reforming of methane, it is possible to
achieve a reduction in CO, emissions above 50—-60%. Producing H, from cracking of
biomethane is another better possibility with respect to the use of CCS.

Really, even if the priority of the EU is to develop green hydrogen, that is, hydro-
gen produced through the electrolysis of water powered by electricity stemming
from renewable sources (wind and sun), it appears that it will be necessary to profit
from intermediate opportunities for producing at least blue hydrogen, taking into
account that they could be available in shorter time, contributing to progressively
move toward the full change to the really green hydrogen. The European Clean Hy-
drogen Alliance, bringing together industry, national and local public authorities,
civil society, and other stakeholders, aims at bringing together renewable and low-
carbon hydrogen production by 2030.

It is obvious that to reach the final objective of decarbonization, a joint effort by
the different stakeholders involved with different roles (industry, electricity, mobility,
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infrastructure building, government, research, and education) must be planned. This
requires well-coordinated policies at national and European levels.

The publication of the EU Commission indicates three time steps and relevant
actions, starting from now, to achieve the goal through an investment agenda for
the EU:

— Boosting demand for and scaling up production

— Designing an enabling and supportive framework: support schemes, market rules,
and infrastructure

— Promoting research and innovation in hydrogen technologies.

With respect to the financial aspect, the reference to the next-generation EU plan
will strongly support these actions. A regulatory framework for the hydrogen market
will be assessed.

Because of the complexity of the technology and the wish to achieve a break-
through in the field, there is a great interest for a deep international collaboration be-
tween the United States, China, Canada, and EU countries, and some international
organization between universities, research institutes, and industries. In addition, the
EU, the International Energy Agency, and the countries themselves give hydrogen en-
ergy a top priority in their energy research and development plans.

Therefore, with respect to the invitation of the Commission to all stakeholders from
their specific point of view as to how to help support the fundamental role of hydrogen
in a decarbonized economy, we offer this series of books as a small contribution.

The series consists in three books treating, respectively, the three major areas of
(i) processing technologies, (ii) storage technologies, and (iii) application technolo-
gies. The essential role of hydrogen for a sustainable development through decarbon-
ization as fuel is analyzed and discussed in industry, in mobility (from cars to trains,
to ships, to airplanes), for heating and cooling buildings, and in electricity demand
and supply. Starting from the current, fossil-dependent, production processes, inter-
mediate steps such as biomass and waste sources are presented, to arrive to updated
progress in renewable hydrogen mostly based on water splitting and renewable en-
ergy. The second book deals with hydrogen storage. Together with an overview on
technologies, most of the chapters are devoted to innovative materials for batteries
and fuel cells, and others to stationary storage. The third book treats the whole range
of applications in industry (power to gas to fuel, carbon dioxide conversion) and mo-
bility (vehicles and refueling stations). One chapter is dedicated to a very critical
issue: hydrogen safety and risk assessment, including the case of mobility.

A review is available with respect to new materials, components, designs for the
installations and facilities for the future, as well as for the production, storage, and
multiple applications. Without materials research, design, and development it would
be impossible to think on the new hydrogen technology applications. However, it is
necessary to really integrate all R&D developments in a single vision to achieve fast the
transition. This book series contributes to give this unitary vision.

printed on 2/14/2023 1:05 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

4 — Paolo Ciambelli, Marcel Van de Voorde

The pillars of the three books are “Role of Hydrogen Energy and Hydrogen
Economy” reflected in the characteristics of the advanced technologies as well as
their sustainability, that is, their implications on economy, society, including safety
and public acceptability, and environment-friendly technologies. In addition, hy-
drogen technologies offer ways of handling some critical problems that current soci-
eties face, ways that could be preferable to other ways of coping with the problems.

We invited several authors from academy, research centers, companies, and au-
thorities to write a chapter keeping in mind mostly two keywords: research and
technology. Therefore, you will find different contents, from basic research to inno-
vation, to realizations, to scenarios, to safety and regulation aspects.

All three books have an Introduction and are closed by Conclusions and recom-
mendations. Their content typically includes chapters on the “State of Existing Tech-
nologies” and chapters on research and innovation in relevant fields from a theoretical,
applied, innovative, and industrial point of view. Moreover, the current state of stan-
dardization and safety in the field of systems and devices for production, storage, trans-
port, measurement, and use of hydrogen is analyzed in some chapters. The treatment
of this aspect, a critical one for commercialization of hydrogen, is also required as an
effect of cooperation of countries and continents on the roll out of hydrogen infrastruc-
tures, such as refueling stations or distribution networks.

Processing technologies

In this book, most of the potential hydrogen processing technologies have been de-
scribed in detail: the improvements of actually operating systems toward completely
new and flexible techniques. Therefore, from various chapters the itinerary from grey
to blue to green hydrogen is covered. Attention has been given to the theoretical as-
pects, thermodynamics, process calculations, and modeling approaches and reports
of multiple successful new pilot systems.

Storage technologies

This book focuses on new developments of hydrogen storage technologies with great
attention to new advanced materials. Tools for the development of new materials
focus on synthesis, kinetics, and thermodynamics and application of nanoscale hydro-
gen storage materials with status on existing technologies and perspectives. An impres-
sive range of nanomaterials has been investigated: solid-state, metal, intermetallic,
chemical, advanced carbon, and complex hydrides. Nanomaterials for hydrogen stor-
age achieve an optimum compromise between having the hydrogen too weakly bonded
to the storage material, resulting in a low storage capacity, and too strongly bonded to
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the storage material, requiring high temperatures to release hydrogen. For the storage
of electric energy, nanostructured materials for positive and negative electrodes are
used for advanced next-generation batteries.

Application technologies

This book presents the current state of hydrogen economy with the focus on appli-
cations in the automotive technology and industry, aiming to reply to some key
questions: Where are we in the implementation of hydrogen economy? What are the
perspectives? Which are the directions to develop this field? This book provides
compiling reviews on these aspects from internationally recognized researchers, in-
dustrialists, and government agencies.

The mobile applications such as automobiles, air, and space transport are be-
coming very popular with a wide number of different types of fuel and electrolysis
cells well described in the book.

Large attention is being given to materials science and technologies with focus
on the development of new materials for specific applications, as well as structured
and functional materials, including research and innovations on electrolytes. Func-
tional materials are key for advances in energy research in preparation of energy
carriers from renewables, energy storage, and efficient energy conversion. Nano-
structured materials offer high potentials, provided that they are tailored to exactly
the right size of the nanometer scale. Catalysts for efficient energy conversion are a
crucial enabling factor, but there is a need to avoid the use of critical raw materials
such as noble metal catalysts in fuel cells.

Hydrogen is a chemical widely used in various applications including ammonia
and methanol production, oil refining, and energy. Hydrogen is widely regarded as
an ideal energy storage medium, due to the ease with which electric power can con-
vert water into its hydrogen and oxygen components through electrolysis and can
be converted back to electrical power using a fuel cell. Power to gas is the conver-
sion of electricity to a gaseous fuel such as hydrogen to be injected in methane dis-
tribution network. Via underground storage, hydrogen is stored in caverns, salt
domes, and depleted oil and gas fields.

Challenges and requirements for car industry are discussed presenting a status
on existing technologies, particularly hybrid systems. Specific attention is devoted
to mobility application discussing efficiency, technological development, and dem-
onstration projects for fuel cell vehicles such as cars, heavy-duty vehicles, trains,
and ships. Strictly related to mobility is the relation between vehicles and refuel sta-
tions, discussed in some chapters. One more critical aspect connected to automotive
mobility is the safety analysis, risk assessment for both infrastructures and trans-
port of persons or dangerous goods.
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The state of the art and development of portable applications is also presented.
Some chapters gave an overview of the research and development of new compo-
nents for hydrogen designs, and of newly developed monitoring and control equip-
ment to assure reliable and efficient operation.

Because of the great interest in “Hydrogen Technology” worldwide, the authors
participating are university professors, research managers, industrialists, and gov-
ernment agencies from industrialized countries: China, Japan, the United States,
Australia, Africa, South America, and many European countries. Focus is given to
modernization of existing technologies to completely new developments.

Developments are planned in many areas, which will result in a new “Hydrogen
Economy” in the next decades given from the progresses in “Hydrogen Technology.”
Breakthroughs are expected, and efforts are planned so that the new “Hydrogen
Technology,” which has been impossible in the past, will finally become a reality.
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Overcoming the initiated climate crisis is the greatest challenge of humanity. Human
activities like power generation and mobility, industrial processing, and building,
and maintenance of infrastructure need to become carbon neutral, that is, to trans-
form into a sustainable energy economy with a closed carbon cycle. Our attitude in
handling of energy and materials must change from “just consume” to using renew-
able sources in a circular economy. Hydrogen is a key component in the sustainable
handling of energy, materials and chemicals, and processing.

Is the production of the three new volumes Hydrogen Production and Energy
Transition:
i) Synthesis and Processing
ii) Storage and Transport
iii) Hydrogen Applications

timely? Yes, it is, as “Climate change is now detectable from any single day of
weather at global scale” [1], and as the crucial function of hydrogen in all major low
carbon energy technologies is well established, innovative solutions are needed
leading us to a Hydrogen Based Low Carbon Society. The global acceptance that we
are approaching directs us to serious challenges relative to our handling of energy
and environment and thus of climate. All three subfields of the book series have
gained a lot of international priority in science, technology, economics, and politics.

Over the last decennies, it was shown that on a lab scale, hydrogen-based steps
are able to make significant contributions to almost all non-nuclear energy technol-
ogies for main use in buildings, for mobility of persons and transport of goods in-
cluding air and space, for industrial manufacturing and processing, as well as for
communication and handling of big data. Hydrogen technology and economy covers
production by traditional steam methane reforming and coal gasification and water
splitting by electrolysis, transport and storage by high-pressure pipelines and tanks
for gaseous hydrogen, by cryotechniques for liquid molecular hydrogen, and solid-
state storage by reversible hydride formation, and finally the use and applications in
thermal, mechanical, chemical, electrical, and electrochemical processes. Apart from
space technology, wave-like ups and downs of enthusiasm and budgets for research,
development, and innovation (R&D&I) characterized the chances for a major techno-
economic breakthrough.

There are clear signs for a turning point: For those who want to set up climate-
friendly energy technologies, closed hydrogen cycle and closed carbon cycle are
central topics based on renewables. Concerning hydrogen, we approach asymptoti-
cally what Jules Verne was dreaming about in his “L’Ile mystérieuse” stating that
“water will be the coal (fuel) of the future.”

https://doi.org/10.1515/9783110596274-002
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After the Kyoto Protocol, 187 countries signed and ratified the Paris 2015 Climate
Agreement COP21 for limiting greenhouse gas emissions. A Global Hydrogen Council
was founded in 2017 in Davos by Toyota, Air Liquide, and Linde. IEAs 2019 statement
by Director Fatih Birol, “Hydrogen is today enjoying unprecedented momentum; the
world should not miss this unique chance to make hydrogen an important part of our
clean and secure energy future,” supports the turning point. The European Acade-
mies Science Advisory Council EASAC published in September 2020 its strong Hydro-
gen and Synthetic Fuel support paper on the implementation of the EU Hydrogen
Strategy on production and use of renewable hydrogen. Japan acts as a pioneering
country in science, technology, and politics on hydrogen [Japanese Hydrogen Gam-
ble, NATURE 591, 25 March 2021]: Tokyo Olympics 2020 (postponed to 2021) runs a
hydrogen-based mobility system. JR East tests hydrogen FC trains. Fukushima Hydro-
gen Energy Research Field will soon operate a 10,000 kW hydrogen production facility.
Many public R&D&I laboratories in PRC China focus their work on innovation in en-
ergy-efficient technologies for enhancing resource recycling and energy efficiency [2].
Reduced promotion of battery-electric cars in favor of methanol and hydrogen-
powered cars is a crucial example. Hydrogen fuel cell pioneering car manufac-
turers in Japan and South Korea not only entered the car market (Toyota’s Mirai
and Hyundai’s Nexo) but also have advanced plans for extensions to buses and
trucks as hydrogen fuel cell electric vehicles including a 1,000 vehicle fleet in
Switzerland. In Europe, Germany set a goal with the recent decision to push hy-
drogen-powered mobility. Fast recharging is a main advantage compared to bat-
tery-powered electric vehicles. Cost reductions by almost two orders of magnitude
have been realized. Already in 2018, Germany started the commercial service of its
Cordia iLint hydrogen fuel cell trains over 100 km rail. Hydrogen technology for
marine applications based on H-fuel cells with metal hydrides or methanol reform-
ers as providers of hydrogen are a hot navy topic [3]. The potential to transform
nonmilitary transport of goods by open sea navigation — still exempted from Paris
COP15 agreement — from today’s polluting heavy oil to sustainable hydrogen-based
powering corresponds to around 4% of global CO, emissions. We are used to trans-
port goods over very large distances, for example, coal from Australia to Japan or
crude oil from South America to everywhere. Why do we not (yet) transport solar
power in the form of synthetic liquid hydrocarbons from Australia or other parts of
the southern hemisphere to consumers further north, with the additional advantage
of seasonal storage?

Near-future energy scenarios will - in addition to the naturally used solar
power — rely on decreasing amounts of fossil fuels (decarbonization) and classic
fission-type nuclear energy and on rapid raising of different types of renewables
(solar radiation, hydropower, wind power, biomass conversion, etc.) and some
geothermal energy. The relative importance of the different contributing technolo-
gies is not yet fixed. However, it is clear that after the energy production and con-
version, storage, especially seasonal storage to bridge the lower solar radiation of
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the winter period, will be the great challenge. In view of today’s low-cost solar
and wind power, the old idea to use fission-based nuclear heat for the coproduc-
tion of electricity and hydrogen is reconsidered “to provide an outlet for the nu-
clear power that is now sold at a loss” [4].

Hydrogen (H) is a present of nature: with only one proton (zero neutrons) and
one electron per hydrogen atom with strong (13.5 eV) binding energy, hydrogen has
the highest energy per weight or mass of all chemical energy carriers. It is a carbon-
free synthetic fuel; when burnt with oxygen, water vapor is produced and no CO,.
Nature has quasi-nonlimited amounts of hydrogen chemically bound in water (H,0).
Hydrogen atoms are not stable, so they combine to molecular H,. The challenge is
that molecular hydrogen (H,) is a gas at room temperature. Cryogenic temperatures
allow liquefaction, and additional very high pressure leads to solidification. For com-
pact applications around room temperature densification of H, gas, for example, com-
pression by up to three orders of magnitude is needed. Important, still challenging
options are the transformation of pure hydrogen into a hydrogen-rich synthetic fuel,
a hydrocarbon or ammonia, preferentially in the liquid state.

The extraordinary potential of hydrogen is first of all a strong driver for R&D&I
for energy technologies but secondly for materials science and as a crucial chemical
for semiconductor industry, metallurgy, and petroleum refinement. The following
short list of selected recent achievements illustrates the progress and topicality of
the themes.

The publication “How the energy transition will reshape geopolitics; path to a
low-carbon economy will create rivalries, winners and losers” by Goldthau et al. [5]
elaborates societal impact by hydrogen energy and climate politics. Grolms [6] ana-
lyzed economic challenges of the realization of a sustainable hydrogen economy.

The handling of safety and risks of new energy technologies requires reliable
sensing. Based on nanostructured sensing devices, sensitive and fast response de-
tectors were developed to handle hydrogen as a highly flammable, colorless, and
odorless gas [7, 8].

Promising R&D&I work aims at larger scale synthesis of hydrogen by water
splitting and at the production of synthetic liquid hydrocarbon fuels, both using
solar, thermal, or photonic energy. Photo- or photoelectrochemical water splitting,
solar thermal CO, reduction, and CO, hydrogenation reactions are steps in the direc-
tion of solar fuels. Hydrogen is always involved in an intermediate step. Laborato-
ries like the Joint Center for Artificial Photosynthesis, an US-DOE Innovation Hub
established in 2010 or GREEN at the National Institute for Materials Science in Tsu-
kuba, Japan, started early as pioneers. Pham et al. [9] reviewed solar water splitting
heterogeneous interfaces. Various hydrogenation reactions of CO, based on inter-
mediate H, storage are well described by Bhanage and Arai [10].

The European H2020 project “From sun to liquid-fuels from concentrated sun-
light” with a leading team at ETH Zurich is developing a solar thermochemical
technology for synthetic hydrocarbon at large scale and competitive costs. Solar
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radiation is concentrated by an array of heliostats and efficiently absorbed in a
solar reactor that thermochemically splits H,0 and CO, and converts via hydrogen
to syngas, which is subsequently processed in a Fischer—Tropsch process into hy-
drocarbon fuels. Solar-to-syngas energy conversion efficiencies exceeding 30%
can potentially be realized, thanks to favorable thermodynamics at high tempera-
ture and utilization of the full solar spectrum [11]. Such solar-based carbon-neutral
fuels — produced in more than lab-scale quantities — will make aviation and maritime
transport sustainable.

Hydrogen-dominated materials remain a hot topic in materials science and tech-
nology. First of all, we refer to reversibly formed solid hydrides of metallic elements
and compounds and their surfaces for hydrogen gas storage, as electrodes for re-
chargeable batteries, and as sources of atomic hydrogen, for example, in catalytic
reactions [12]. An example is superconductivity of materials transporting electricity
with zero resistivity and expulsing magnetic fields. At low temperature and very
high pressure, pure molecular hydrogen gas transforms first into liquid (21 K) and
then solid molecular hydrogen; under still higher pressure a transition to atomic
metallic hydrogen, supposed to be superconducting, is expected (see, e.g., Dias et al.
[13] and references therein). Rather than using pure hydrogen, it was demonstrated
recently that the incorporation of hydrogen atoms into suitable solids (hydrogen com-
pounds) induces superconductivity. Newest results report superconductivity in lan-
thanum hydride at 250 K under high pressure [14, 15].

Research will open more and attractive solutions, technology development will
make it economically feasible, and the society will make its choice, hopefully re-
specting needs of mankind and nature.

The well-advanced hydrogen technologies continue to offer great challenges for
materials science and technology and are promising fields for young scientists and
engineers with entrepreneurial spirit, for this and coming generations. And, on a
medium term, it will be profitable for investors.
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Why does hydrogen play such an eminent role as an energy carrier? From a chemist’s
point of view, the answer is clear and unambiguous: it offers the best ratio of chemi-
cal binding energy to weight. Hydrogen consists of one electron, involved in chemical
bonds, and one nucleon, the proton. By comparison, lithium features 1 binding elec-
tron per 7 nucleons,' and sodium contains 1 binding electron per 23 nucleons.

Consequently, dihydrogen offers the highest value of stored energy per weight:
its heat of combustion (lower heating value) amounts to 120 MJ/kg, and rises to
142 MJ/kg with condensation of the produced water (higher heating value). This value
is unsurpassed by any other chemicals.

Besides, hydrogen offers many advantages: As we shall discuss, it may be pro-
duced by a variety of routes, is useful and required for a plethora of applications,
and can be converted to other forms of energy by clean and efficient routes. Of
course, there are also some disadvantages: For hydrogen as a light gas, the energy
stored per volume is low (11 MJ/m>), as compared to methane (36 MJ/m?>). For energy
storage, hydrogen must therefore be compressed or liquefied, and pipeline trans-
port needs to move larger volumes. As a reactive gas, hydrogen requires safe han-
dling with adequate precautions. Fortunately, appropriate technical solutions are
available to overcome these difficulties, such that society and industry can take ad-
vantage of hydrogen’s eminent properties.

Henry Cavendish discovered the element of hydrogen in 1766. Soon thereafter
in the eighteenth century, the light gas hydrogen was already used for lifting gas
balloons, and its use for aerial transportation continued until the twentieth century.
Unfortunately, this early career found an undeserved end with the accident of the
“Hindenburg” zeppelin, although later it was established that the disastrous fire
was due to burning of the aircraft’s skin, not of the hydrogen. The rising chemical
industry continued to use hydrogen as a clean reducing agent, albeit in small quan-
tities in the nineteenth century.

Hydrogen in the chemical industry

The volume of hydrogen required and used increased drastically at the beginning of
the twentieth century, mainly for two applications. The first is the chemical synthesis
of nitrogen fertilizers for agriculture, when the need of the growing world population

1 Naturally occurring lithium is a mixture of two isotopes: “Li with an abundance of 92.5% and °Li
with an abundance of 7.5%.
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could no longer be covered from mineral or organic sources. Catalyzed ammonia syn-
thesis (N, + 3H, - 2NH;) fixes nitrogen from air. This is accomplished by the famous
Haber—Bosch process. The technical chemist Fritz Haber laid the foundations by es-
tablishing the reaction conditions of high pressure and moderate temperature, and
chemical engineer Carl Bosch realized the reactors for large-scale production. The de-
cisive role of the catalyst was elucidated by Nobel prize winner Gerhard Ertl, and
search for advanced catalysts is still ongoing to afford ammonia synthesis at milder
reaction conditions of temperature and pressure.

Part of the ammonia is subsequently oxidized to yield nitric acid. Without the
availability of ammonium nitrate, the so-called green agricultural revolution and
the associated crop vield increases would definitely not have been possible. Today,
the production of hydrogen for ammonia synthesis accounts for more than 2% of the
global energy needs.

The second large application of hydrogen is oil refining. Two of the associated
processes rely on hydrogen, that is, the removal of sulfur from crude oil by hydro-
treating, and the conversion of heavy (large) molecular weight fractions to lighter
compounds by hydrocracking (breaking of carbon-carbon bonds with hydrogen).
The amount of hydrogen used for these purposes matches the global volumes of
transportation fuels (gasoline, diesel, and kerosene); hence, refineries handle very
large volumes of hydrogen which is often transported in pipeline networks.

In the early days of the Haber-Bosch ammonia synthesis, hydrogen was obtained
as a side product of the chlorine—alkali electrolysis (2NaCl + 2H,0 - Cl, + H, + 2NaOH),
with chlorine as the main product. As the demand for hydrogen increased and natural
gas became available, the steam reforming of the latter became the predominant source.
In fact, the steam reforming of methane (overall reaction? CH, + 2H,0 - CO, + 4H,) is
still the highest volume and least expensive production route of hydrogen, amounting
for 48% of global use, followed by hydrogen from coal and oil. Together, these fossil
sources still account for 96% of the hydrogen produced, which is termed brown hydro-
gen in the literature.

Clearly, the production of hydrogen as an energy carrier in a future sustainable
energy system cannot be based on fossil fuels, and hence we shall return to the produc-
tion based on renewable energies, after briefly discussing another use of hydrogen.

Space applications

Hydrogen played a pivotal role in NASA’s Apollo and Apollo-Soyuz space projects.
The carrier rockets used in the launches between 1961 and 1975 were propelled by

2 The overall reaction consists of steam reforming (CH, + H,O - CO +3H,) and water gas shift
(CO +H,0 - CO, + Hy).
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hydrogen. For example, the fuel of Saturn II rocket consisted of an astounding
quantity of 1,000,000 L of hydrogen, and 331,000 L of oxygen, both in liquefied
form. Today, heavy-duty carriers like the Ariane rocket series use a combination of
solid-state propellant boosters and hydrogen/oxygen engines, and carry more than
100 tons of fuel.

Interestingly, the Apollo mission already featured another use of hydrogen:
Electricity on board of the lunar command module was provided by fuel cells, and
similarly the supply of the International Space Station is furnished by alkaline fuel
cells (cf. section on transportation).

Hydrogen production by renewable energy

Solar energy, wind, and hydropower are the renewable energies used for the produc-

tion of so-called green hydrogen. There are three basic routes to achieve this aim.

The first avenue harnesses renewable electricity and uses the latter in electroly-
sis to produce hydrogen and oxygen. The invention of electrolysis by Nicholson and
Carlisle dates back to 1800. In the past three decades, tremendous advances have
been achieved with respect to efficiency, power density, and cost reduction. There
are three main variants, the choice among which depends on the application:

— alkaline electrolysis is the industrial benchmark, usually the least expensive op-
tion for applications requiring semicontinuous hydrogen production;

- high-temperature electrolysis is related to solid oxide fuel cells (see below?); it
uses steam as the reactant, and the efficiency is increased by the possibility to
use waste heat as secondary input;

— polymer—electrolyte membrane electrolyzers excel by high current densities and
fast switching times, and are therefore well matched to photovoltaic or wind en-
ergy sources with their inherently varying power; rapid start-up is possible as a
lengthy warm-up phase of high-temperature electrolyzers is not required.

At this point, it is appropriate to mention briefly another variant nicknamed blue
hydrogen. The latter is again produced using (nearly) CO,-free electricity, but this
time generated either by nuclear power or by coal/gas-fired power plants where CO,
is removed from the flue gases by carbon capture and sequestration.

The second pathway uses concentrated solar power. The latter may again either
be used to provide renewable electricity, or for the direct production of hydrogen
using thermochemical cycles. A variety of cycles has been tested, and at present,
the most promising candidates appear to be based on perovskite-type materials.
In the high-temperature step, lattice oxygen is released from these materials, while in
the subsequent low-temperature step the desired reduction of reactants takes place:
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The now oxygen-deficient perovskite is exposed to water vapor or water/CO, mix-
tures, whereby either hydrogen or synthesis gas (H,/CO mixtures) are produced.

The third route is termed “photocatalytic water splitting.” A suitable semicon-
ducting material, or a sandwich of two judiciously chosen semiconductors, is doped
with cocatalysts on either side, and exposed to sunlight. If the band gaps of materi-
als and their surface chemical composition are adequately positioned in energy, hy-
drogen and oxygen gases are produced directly on opposite sides of the device,
without the intermediacy of electricity generation. With respect to maturity, photo-
catalysis is still investigated at the laboratory scale, and hence considerably less
advanced with respect to technological readiness, as compared to the above-
mentioned photovoltaics/electrolysis combination. Yet, a community of researchers
considers photocatalysis as an option with highest long-term potential. In general, it
mimics the photosynthesis process of nature in which water and CO, are reduced;
this is why one research team designated its realization as an “artificial leave.”

Energy storage using hydrogen

Decarbonization of electricity generation is a high-level target in the European
Union and worldwide. As the potential for an increase in hydroelectric power gen-
eration is limited on the continent, further substantial increases in photovoltaic
generation and wind energy are elements of many national strategies.

The intermittent generation due to these sources poses a well-recognized problem.
While in summer, the peak of insolation may coincide with the maximum demand for
air conditioning in warmer countries, photovoltaic electricity is not available in the
later evening and night hours. The partially complementary profile of wind energy
cannot yet be fully exploited due to a lack of high-voltage north—south transmission
lines. Consequently, there is a need to store electricity on a daily, weekly, and seasonal
timescale.

Demand side measures (shifting consumption to match available power) and sec-
toral transfer to transportation are valid, but only partial responses that will likely not
be sufficient. Batteries provide storage of up to megawatt-hours of electricity over
timescales of hours or days. Chemical energy storage potentially offers large volume
solutions of up to terawatt-hour quantities, operated during periods when an excess
of renewable power in the grid cannot be absorbed otherwise, with the option of stor-
ing the produced chemicals over timescales of months and seasons.

Conversion of the electrical energy to chemical energy stored in the form of hydro-
gen is the most efficient solution for long-term storage; this process is termed “power
to gas” in the literature. Electrolyzers with efficiencies exceeding 70% are avail-
able for this purpose, and are being installed at increasing power ratings and de-
creasing cost.
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For longer term storage of the produced hydrogen, three strategies may be fol-
lowed. Hydrogen could be injected directly into the natural gas grid with its inher-
ently large storage capabilities. While the hydrogen content of the transported gas
is presently limited to 2%, most pipelines could be safely operated with up to 10%
hydrogen if regulations were adapted. Where direct injection is not feasible, conver-
sion of hydrogen to methane is an option (cf. section on synthesis). Third, tests are
ongoing to realize dedicated hydrogen storage caverns, for example, by repurposing
salt caverns previously used as natural gas reservoirs.

Transport applications

The decarbonization of the transportation sector is likely the most recalcitrant prob-
lem on the pathway to an energy system with “zero” CO, emissions. The difficulty of
replacing the standard fossil fuels by CO,-free fuels increases in the order from mo-
torbikes, passenger cars, heavy-duty vehicles, to ships and airplanes.

A wave of vibrant interest in hydrogen fuel cells for transportation started around
1990. In the fuel cell process, the reverse of electrolysis, hydrogen and oxygen (air)
react electrochemically to produce electricity on board, which is then used to power
an electric motor propelling the vehicle. As early as 1839 and 1845, respectively,
Christian F. Schoenbein and William R. Grove had invented the principle of the fuel
cell, but the technology was for long considered as too expensive for cars, and only
used for space and military applications.?

Tremendous progress in increasing the fuel cell power per weight and volume, in
decreasing the amount of required platinum, and in driving down the cost gave rise
to the expectation that fuel cell passenger cars would be on the road by 2005. How-
ever, several challenges (mainly lifetime and cost) need to be addressed, and the de-
velopment took until 2015 when the first fuel cell cars were sold to the general public.

In the meantime, another form of electric propulsion had made headways, that
is, the direct use of electricity in battery electric vehicles. This was made possible by
advances in lithium ion battery technology — increasing the energy and power per
weight, providing adequate safety, and decreasing the cost per stored kilowatt-hour
to an unprecedented level. As of present, battery electric vehicles are on the market
with ranges around 300 km, and premium models with ranges above 500 km.

The consequence was a heated debate about the pros and cons of fuel cell and
battery technologies, at times resembling a war of faith, with various countries and
automotive companies taking different bets on the winning option. On the scientific

3 Polymer electrolyte fuel cells are predominantly used for transportation, as they are capable of
rapid start-up and fast power-level changes. High-temperature solid oxide fuel cells, usually fueled
with reformed natural gas, are suited for stationary combined heat and power applications.
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level, this was accompanied by careful life cycle analyses, emphasizing the impor-
tance of the source of electricity (for both), the materials used in the manufacturing
of batteries or fuel cells, the weight increase of the car due to aggregates, the “refuel-
ing” time, the storage of the fuel on board, and the available utilities in summer and
winter.

Today, a consensus is slowly arriving that there is not an either/or decision be-
tween the two options but that the two technologies complement each other for de-
fined purposes. For (lighter) vehicles mainly used in short-distance driving, battery
electric vehicles offer unbeatable advantages due to the efficiency of charge/dis-
charge cycles, albeit at the price of longer charging time. On the other hand, for
heavy vehicles with longer driving distances per day, and the need for fast refuel-
ing, propulsion by fuel cells is the preferred option. Heavy-duty trucks and buses
are prime candidates to be equipped with fuel cell aggregates. Delivery truck and
bus fleets offer the advantage that they often depart from a central location, where
the refueling infrastructure can be built up close by and thereby profit from predict-
able turnover. Several companies are investing in the development of fuel cell trucks.
Particularly noteworthy is the concept of a Swiss consortium that focuses on the par-
allel buildup of fuel cell truck fleets and hydrogen fueling stations located close to
their home base.

Synthesis of transportation fuels
and base chemicals

Two issues need to be addressed in the context of using hydrogen for transporta-
tion. First, the buildup of a hydrogen refueling infrastructure covering a country’s
complete area is expensive, while a well-organized distribution network for liquid
fuels already exists. Second, fueling by hydrogen for the most energy-demanding
applications, such as large airplanes for long-distance flights, appears close to im-
possible, as here the high energy density of liquid fuels is irreplaceable.

The synthesis of liquid fuels starting from hydrogen and CO, offers a solution for
aircraft and other heaviest duty applications. The simplest liquid fuel that can be pro-
duced by catalyzed synthesis is methanol. The advantages of methanol have been rec-
ognized early in the discussion around hydrogen, such that even the term “methanol
economy” had been proposed. Methanol is a an important intermediate in chemical in-
dustry — today being produced from fossil sources in very large volumes, and used for
a variety of applications, including the methanol-to-gasoline process. The latter might
become an option for producing gasoline from renewables.

A further option for production of a liquid fuel is Fischer-Tropsch synthesis.
The basic technology was developed early in the twentieth century and is used to
produce diesel-like hydrocarbon fuels from coal. Researchers improved the catalysts
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that promote the formation of carbon—carbon bonds and yield long-chain saturated
hydrocarbons from synthesis gas (CO + 2 H,). With suitable modifications, the Fischer—
Tropsch-type catalysts can be adapted to synthesize liquid hydrocarbons from hydro-
gen and CO,, a subject that received renewed and increasing interest from the late
1980s onward.

For all of these options, the question about the source of CO, remains to be an-
swered. In the first option, CO, is separated from the flue gases of fossil power
plants, incinerators, cement plants, or steel production (carbon capture, storage,
and use). The carbon moiety is thereby still of fossil origin but the emissions of the
plant are “reused,” and the fossil transportation fuel is thereby replaced. The purist
option is the extraction of CO, from the ambient air (direct air capture), a cycle
being closer to CO, neutral, except for the energy expended for the capture. It offers
the advantage that the synthesis plant can be erected wherever renewable hydrogen
is available, not requiring the proximity of a flue gas separation facility.

Another potential source of carbon is biomass. The combustion of biomass for
power generation, combined with CO, separation from the flue gases, has been pro-
posed as a “negative emission” technology (biomass energy carbon capture and se-
questration). If, instead of storing the separated CO, underground, the latter is used
for the synthesis of liquids, the overall cycle ending with combustion of the synfuel
becomes CO, neutral, as the biogenic carbon had before been extracted from the at-
mosphere by photosynthesis.

At this point, we should mention another option, the synthesis of methane from
H, and CO,, which is also termed “power to gas” in a broader sense. It is legitimate
to ask when this technology can make a meaningful contribution while, at the same
time, hydrogen is produced in large volumes from fossil methane in today’s chemi-
cal industry. The answer requires careful argumentation: The target is the storage of
“excess” renewable electricity. If the large volume of hydrogen, produced by elec-
trolysis from this electricity, cannot be used in short time nor fed into the gas grid,
then the production of CH, offers a valuable solution. A prime application of the so-
produced biogenic methane is the fueling of natural gas cars, thereby reducing
their tailpipe emissions close to zero. Further, European directives target a content
of 10% of renewable gas in the natural gas grid, and the methanation of CO, will be
needed to achieve this value.

An attractive option for “power to methane” is a combination with the fermentation
of biogas. The raw fermentation gas contains roughly equal amounts of CH, and CO,,
and conventionally the latter must be separated and released to the atmosphere before
the biogas can be injected into the grid. If instead, the CO, in the raw biogas stream is
converted to methane using renewable hydrogen, the overall yield can be increased
(technically by ~60%) while the separation step becomes superfluous.

Widening the scope of syntheses from H, and CO,, we focus on the feedstock for
chemical industry. Presently, the base organic chemicals used in industry — olefins,
aromatic compounds, and others —are almost exclusively derived from fossil fuels,
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mainly from natural gas and oil. The point has often been made that rather than
burning oil for heating and transportation, one should save oil reserves as a resource
for chemical industry as the chemical feedstock is difficult to replace. However, for a
system targeting “zero” carbon emissions, other sources for feedstock are required. Bio-
mass (“naturally regrowing raw materials”) can offer a partial replacement of the fossil
base, provided that competition with food production can be avoided. For a larger vol-
ume, the synthesis of base chemicals and intermediates from H, and CO, provides a
sustainable solution. The production of methanol, mentioned above, is a first option.
Further, a plethora of small molecules exists that can be synthesized from the CO,
building block, and suitable routes have been developed and are available. In this way,
renewable hydrogen opens a viable path to decarbonize the chemical industry.

Role of hydrogen in energy systems integration

Sector coupling is key to achieving the goals of the energy strategies of many Euro-
pean countries, to reach their emission targets. The concept implies that the sectors
of energy provision, industry, services, households, and transportation are no lon-
ger advanced separately but are considered as a connected entity and controlled to-
gether to reach a global optimum with minimum emissions.

Examples of system integration have been amply discussed and have mean-
while become accepted concepts. For example, individual houses become prosum-
ers that import and export electricity. The electricity grid and transportation may be
coupled such that excess renewable electricity is used for charging electric vehicles,
while the latter vehicles feed electricity stored in their batteries to the grid in periods
of high demand (vehicle to grid). “Smart grids” implement demand side manage-
ment by load shifting.

The operational control of such a “smart” sector-coupling network has been termed
“energy hub.” As one of key characteristics, these energy hubs, typically at the commu-
nity or city quarter level, share a network of grids where not only electricity but also
heat, cooling fluids, and gases circulate and can be exchanged. In such multienergy car-
rier grids, hydrogen will undoubtedly have to play an important role.

The future role of hydrogen

Technology development often proceeds in “waves,” a concept proposed by Cesare
Marchetti in other context. Reviewing the discussion of the preceding sections, one
could discern the following phases that each implied a surge in the importance and
use of hydrogen:
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— the first wave started with the massive need for hydrogen in the chemical indus-
try, for fertilizer production, and refining;

— the second wave involved the highly visible use of hydrogen in space missions;

— the third wave, in the 1990s, was characterized by widespread enthusiasm for
hydrogen in transportation and energy industries, such that hydrogen was con-
sidered the unique energy carrier of the future, and scientist formulated the vi-
sion of the hydrogen society.

Today, we are in the middle of a fourth, more realistic, yet more powerful phase
that will engender a massively increased production and use of hydrogen. We no
longer suppose a single solution and one unique predominant energy carrier, but
realize that interconnected grids of electricity, heat, hydrogen, and other gases are
required to achieve system integration and the needed coupling of sectors of our
society and economy.

Conclusions and recommendations

— Hydrogen is an indispensable energy carrier in the future energy system.As was
demonstrated in the previous sections, hydrogen is urgently needed for energy
storage, in transportation, as well as for the synthesis of renewable liquid fuels
and feedstock for the chemical industry.

— European and global targets for energy efficiency, renewable energy shares, and
decarbonization, and the associated climate protection goals, cannot be reached
without hydrogen.

— For large-scale penetration, hydrogen technologies must become competitive in
the energy markets. Therefore, research and development should focus on inno-
vations that drive down costs. At the same time, governments need to agree on
an adequate price for CO, emissions. Several measures (CO, tax and emission
trading systems) have been discussed elsewhere.

— In order to reach competitiveness, initial support is required to mature the asso-
ciated technologies. In particular, the entire chain from academic research via
industrial development to pilot and demonstration should be financially encour-
aged by science policy.

- Hydrogen must become an integral part of teaching at institutions of higher educa-
tion, in particular, at the universities of technologies. These institutions should also
offer courses of continued education for practicing engineers and industrial leaders.
Researchers are to be encouraged to reach out in communication to governments,
to industry, to insurance companies, and to the public, to enter into a dialogue in
the spirit of partnership, and to inform stakeholders about the advantages and
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unique properties of hydrogen, including the safety aspects. The financial support
of such a dialogue process must be considered an integral part of public funding.

— Implementations at industrial scale are required to demonstrate to societal pub-
lic the safe handling of hydrogen, according to the established standards.

— Capacity markets are an adequate measure to valuate hydrogen as a storage me-
dium for intermittent renewable electricity (photovoltaics and wind energy).

— In transportation, strategies should aim for a concomitant build-up of hydrogen
supply infrastructure and hydrogen demand, in order to avoid expensive upfront
investments.

— The various variants of power-to-X technologies should be further advanced to
increase the efficiencies of each step subsequent to hydrogen production. Inno-
vative combined approaches such as coelectrolysis and coproduction of H, and
CO are to be pursued.

— Power to methane is a powerful option to store hydrogen by injection of CH,
into the national gas grids. This technology is required, in addition to biogas, in
order to meet the European targets of renewable shares in the circulating and
dispensed gas.

— In particular for air transportation, the synthesis of liquid fuels based on renew-
ables should become a high-level target for research and development. Without
the availability of these synthetic fuels, the decarbonization goals of transporta-
tion cannot be reached.

— The sectors of the economy must be coupled by implementing “smart” energy sys-
tems, including multi-energy carrier grids.

— Chemical industry should prepare for a change from fossil to renewable resource
base. This constitutes a major challenge in view of the very large associated mass
flows.

— Europe’s energy strategies and its decision to establish a CO,-neutral energy sys-
tem by 2050 make it a prime mover to advance and demonstrate hydrogen tech-
nologies. The determinedness of Europe with respect to these goals provides a
strategic advantage compared to the United States and China, countries that
have partially other priorities. In view of Japan’s strategy of direct governmental
financial support to industry, the European Union should act to secure its com-
petitive advantage and thereby open up sustainable energy markets of the next
decades.

In summary, hydrogen is thus truly indispensable to reach Europe’s high-level goals.
It has a vital role to play on our ambitious climb toward a sustainable energy system.
It offers the unique advantages of high energy per weight, long-term storability, pol-
lution-free convertibility to other forms of energy, and flexibility in application. The
quantity of hydrogen to be employed in society and the global energy system is only
limited by the available renewable energy used for its generation, as the only other
resource required for its production is water. Within a future-oriented, multipronged
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energy system, our societies should be strongly encouraged to exploit this unique po-
tential of hydrogen as one truly renewable energy carrier.

Further Reading

For scholarly quotations on the individual aspects and technologies, the reader is kindly referred to
the respective chapters where a large number of technical references are given. Here we restrict
ourselves to a very few general references and compendia.
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Pierre Etienne Franc
Hydrogen: why the times to scale have come

Hydrogen technologies have been around for centuries. In the early decades of the
eighteenth century, many engineers developed their first engines to use this magic mol-
ecule. However, the human history of energy utilization has — to now — chosen differ-
ent routes to heat, move, and industrialize.

A well-known graph shows, in a simplified way, that the history of our relation-
ship with energy seems like the one of a quest to reduce its carbon content (even
though it never was a conscious move). Each step of civilization seems to mean one
level of carbon less, toward pure hydrogen-based solutions. Each step involves a
further reach in technological knowledge to meet higher energy needs. We started
our quest with wood, and then shifted to coal. The discovery of oil brought a fuel
with far better energy density, boosting the transport revolution. Natural gas came
next — getting us closer to hydrogen — but this shift to gas sources required us to
master new storage, transportation, and distribution techniques. At the same time,
each step has enabled a further sophistication of the materials and feedstocks used,
shifting the use of fossil resources from a pure energy source to a far broader source
of materials for building, equipment, and everyday life provisions for our needs.

Hydrogen-,
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But the hydrogen economy, the hydrogen society, has not yet arrived. This long
awaited next step into a hydrogen-driven energy model, where only electrons and
hydrogen become the vectors of energy generation, storage, transport, and distribu-
tion, is not here yet.

The key technologies needed to achieve such a hydrogen-based system are known,
mastered. They still have their complexities and challenges, which are broadly dis-
cussed in this book and some are significant. But the issue of taking that next step is
not technology related. It all depends on our goals.

Why can’t we say this time, therefore, that hydrogen
is no longer the future, but the present? What has
fundamentally changed to build conviction from the
key hydrogen players and supporters?

As noted, technologies have a major impact to progress in all key fields — power
electronics, materials chemistry, thermodynamics, silicon technologies, miniaturi-
zation technologies, and digital — all enable performance improvements in the pro-
duction, storage, distribution, and use in fuel cells of hydrogen-based solutions.
Many solutions that exist today to store and transport high pressure or liquid hydro-
gen safely and competitively (heavy storage, supercritical transportation, leakage
detection and leak preservation, safety measures, and control systems), to boost
electrolysis performance (footprint, capex, usage of raw and precious materials in
the catalyst and electrodes), and to capture carbon — all fields of global technologi-
cal progress that enable the use of hydrogen in places, at densities and for public
uses — could not have been considered when Cavendish, Rivaz, and other key scien-
tists of the time first discovered hydrogen’s properties.

In a way, hydrogen technologies take a full benefit of everything being devel-
oped around them, including the huge electrification wave currently under develop-
ment in the automotive world.

But more significantly, to reach the scale necessary to make a change, hydrogen
technologies needed to serve a proper goal, one which outweighs all challenges and
enables whole sectors to grasp it properly. This required three following steps:

1. Designing a shared vision against a major challenge.

2. Developing concrete and tangible proofs of the viability of hydrogen-based
solutions.

3. Developing a concerted, coordinated multilateral ambition.

This is what has been achieved over the past decade.
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The vision

The vision, at present, results from the widely accepted challenge of fighting climate
change. Whatever the economic options are considered, our world will not continue
its current course of growth and energy use without significant life-threatening harm
to our societies. Either through different growth models or a change in economic
wealth patterns and goals, we need to shift to low-carbon energy sources, as renew-
able as possible, and this has to happen now. And it does. The share of renewable
power in primary production continues to grow; new energy capacity additions are
now higher from renewable sources than from fossil ones, and the levelized cost of
electricity (LCOE) of those new sources of energy are in many places competitive with
fossil base sources. Primary generation of renewable sources is on its way, but its
transport, distribution, and use in downstream consuming sectors (transport, indus-
try, district heating) are now the key challenges. Many analyses of future energy sys-
tems have now clearly demonstrated that hydrogen is an essential vector to enable a
below 2 °C scenario.

A key vector to store and transport vast amounts of renewable intermittent energy
in places or times where they are in surplus to places and times where they are in
need.

A key vector to enable the continued use, for several decades, of fossil fuels that
are as clean as possible, by using only the hydrogen part and sequestering the car-
bon through carbon capture and use or sequestration technologies.

A key vector to decarbonize transport, alongside battery electric solutions, espe-
cially for large and intensive mobility needs.

A key vector to decarbonize the use of feedstocks (by synthesis of gases) or
fuels in high-energy-intensive industries.

A key vector (in some geographies) to develop highly efficient low-carbon station-
ary heat and power generation solutions for district heating needs.

These views have led several different organizations to converge on the view
proposed by the Hydrogen Council, that hydrogen could represent up to 18% of
final energy demand by 2050 and help achieve 20% of the CO, reduction target of
the planet.

In other words, hydrogen is now increasingly seen as an unavoidable part of any
future clean energy system. This vision, proposed by the coalition of CEOs on the Hy-
drogen Council, followed initial views pushed by leading countries on the matter — Ger-
many, California, Japan. Recently, strong measures have also been adopted by South
Korea, China, Australia, the European Union, and several Middle East countries. The
International Energy Agency (IEA), the ETC, the International Renewable Energy
Agency (IRENA) and Bloomberg, to name the most prominent consultants/commen-
tators on the energy field, have all acknowledged the need to boost the deployment
of hydrogen technologies if we are serious about energy transition.
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Hydrogen by 2050:
a quantified vision of its key role in the energy transition

é ;———' \ 5500 Bn

(hydrogen & equipment)

This has also been possible because not only technologies but also implementa-
tions have progressed significantly over the decade. Back in 2010, a couple of hundred
cars from several original equipment manufacturers (OEMs) were nicely demonstrat-
ing that it is possible to drive a hydrogen car. Stations were tested here and there, but
nobody was seriously thinking yet that electrolysis could become a key node in the
future energy system of the world. Ten large demonstration projects for buses were
started in several cities. First forklift applications were considered in the United States.

Now, technology deployment is catching up in all fields, and series have started
to reach scale. The year 2020 saw more than 20,000 vehicles on the road, more than
500 stations up and running, several thousand trucks and buses, 30,000 forklifts in
use every hour of the year, several GW of electrolysis capacity under construction
and tens of GW of projects in development. The first large-scale trials for the use of
hydrogen in power plants, in steel-making processes and of the first-liquid hydro-
gen carriers have been launched. The whole vision of a hydrogen-enabled energy
system is being backed by a significant wave of deployments, experimentations,
and tangible operations.

Finally, this has also worked because not only have we seen a vision been built
and the first tangible operational demonstrations being developed but also there is
a clear alignment of views on the remaining key hurdles that the industry, jointly
with policy makers, has to clear to make this real.

First safety. Hydrogen, as any energy carrier, is dangerous. It needs to be han-
dled with proper care and correct operating procedures. This includes stringent
equipment, process, and behavioral rules that will have to pervade throughout the
general public - so in a far broader and more public space than was the case when
it was confined to industry-related topics. The more the technology spreads in its
potential and use, the more players — large and small — will touch it, and the more
chances we face for handling and safety issues. For this to be addressed properly,
regulations have to be developed and harmonized between countries and a

6 Gt
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Hydrogen: a significant role in global recovery plans
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very stringent program of training and education of all energy related players
and OEMs will have to be developed. This is by far the most critical of the chal-
lenges ahead and it has to be tackled rapidly as many SMEs and new actors are en-
tering the field. Education and normalization is to be developed to help them
properly capture the challenges of this molecule in their activities and to benefit
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from competent resources to grasp those safely. But it is no different an issue than
that which arose with the growth of oil-based activity, then gas, and now battery
and electric uses. We are starting a new wave, developing uses of hydrogen tech-
nologies in much larger spaces for far more numerous applications, and we need
to prepare the population for it.

Second - low-carbon shift. Hydrogen technologies have to provide for a low-
carbon hydrogen source. If not, the hydrogen revolution will not happen, as it will not
serve our common goal with respect to using clean energy vectors. Clean hydrogen
technologies exist, but they are, by definition, more expensive today than fossil-based
methods. In total, 95% or more of hydrogen produced today is based on natural gas,
coal, or oil with an associated 10-20 kg CO, produced/kg of hydrogen. The end game
is to provide a kg of hydrogen at the point of use for less than 1 kg CO,. This is a huge
technical and economic challenge. It is also the place where hydrogen reconciles all
players, as it is the ultimate high-energy molecule if we are able to supply it without
associated carbon. Developing the right methodology and goals for low-carbon hydro-
gen production, to be shared between geographies with agreed metrics and measure-
ment methods, with a tracking system enabling hydrogen to be traded with its CO,
footprint and thus to contribute to decarbonizing energy in each geography is a key
topic. Second, new disruptive technologies for low carbon or zero-carbon hydrogen
production are still likely to emerge in coming decades and we shall see many future
developments which could further accelerate the shift to hydrogen systems. In that
context and in the light of the above, European 2021-2027 Research & Develop-
ment program needs to continue to support Hydrogen technologies and be fur-
ther strengthened, next to the need for broad deployment support schemes.
Last, low-carbon hydrogen requires a low-carbon supply chain, and thus requires
strong investment upstream with renewable sources, or with low-carbon energy sour-
ces to optimize the energy cycles and the capex cost of those solutions. Similarly
downstream, as the book will show, because often only 10% of the hydrogen value
chain relates to production, while up to 80% relates to the conditioning, transport,
and distribution side where emissions and energy spending happen as well. Optimiza-
tion of the supply chain solutions — on site, gas pipes re-purposing, liquid solutions,
other hydrogen rich vectors as transportation means — will all have to be revisited over
the coming decade to develop the best techno-economic compromise to enable safe,
reliable, and competitive low-carbon pathways to hydrogen at the point of use.

Third, cost. Hydrogen production through fossil means is relatively mature today,
with a landed cost of ~ 1.5 €/kg (50 €/MWh). But the whole value chain goes from pro-
duction, in a clean way, to the transition of all downstream processes to enable the use
of hydrogen at the point of use. The gap to competitiveness with longstanding and ma-
ture incumbent technologies is significant. In each part of the value chain, efforts still
have to be made to halve the cost of hydrogen-related technologies. In certain applica-
tions, this will still not be enough to make hydrogen competitive with incumbent fossil
solutions, but in others, it will. The Hydrogen Council developed a strong fact-based
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analysis of 33 applications enabling hydrogen to cover 60% of world emitting sources.
Of those, half can achieve competitiveness in the coming decade if the proper cost
roadmaps are put in place.

Those call for further progress in technologies, but primarily for scale deploy-
ments. This is especially the case for fuel cell technologies, electrolysis, and network
development for hydrogen distribution. It is, however, widely acknowledged by all
players that a pathway to cost competitiveness exists for most key transport applica-
tions, many heavy heat-intensive processes, and several district heating applications.

Last but not least, this will not work without a paradigm change in the way in-
dustry and policy makers’ act and play. To date, the world has benefited from the dy-
namics of a very competitive environment, in which the economics of scale and the
role of the free market has driven a fierce struggle to cost- and value-based solutions
to the point that the satisfaction of individual needs comes with only a marginal cost
to volume-based production. Digitalization, massive marketing efforts, and supply
demand elasticity of production tools have enabled this. But, we are reaching the
point of no return in terms of resource absorption, saturation of needs, deterioration
of environment, livestock, and resources. The marginal cost of “things” brings with it
the risk of the whole planet’s destruction! The next phase will require a paradigm
shift to a more resilient and clean energy growth environment, for which hydrogen is
one of the essential tools. It means more cooperation to reach scale, by sharing risks
between industry players, strong alignment of development and deployment strate-
gies between industry verticals, and a very stringent and sustainable regulatory and
financial support scheme from the policy makers to ensure that efforts made will be
valued over time. This also calls for different approaches to performance metrics from
the financial markets and new accounting standards, to enable large industry players
to commit significant amounts of investment to collaborative schemes, with adjusted
returns at start. This would acknowledge the cost of developing competitive solutions
using so many disruptive yet critical technologies as hydrogen to scale. What is a
stake is a first, not only in the diversity of fields touched, but also in its criticality for
the planet.

In this context, it is of paramount importance that a comprehensive review of
the current state of hydrogen technologies is put forward as proposed in this book,
which would also help design properly the key expected pillars of the future Euro-
pean Research Program for the years to come. This will both explain to the public
where we stand and what is ahead of us, and also enable opinion leaders, policy
makers, investors, and industry leaders to see the amount of progress achieved al-
ready toward the successful realization of a clean — and hydrogen-based - energy
system.

For the European citizen, we have here a chance to prepare Europe early
enough, not only to master and use the future key clean energy vector for its energy
needs (it being coming from fossil or renewable sources) but also by making such
moves early enough to also provide a new source of technologies, growth, and jobs
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for the continent. Energy policies for Europe need to match the famous tryptich of
sovereignty, competitiveness, and sustainability. Hydrogen, by proposing a versa-
tile source of energy as feed, will enable Europe further to build energy indepen-
dence, as a way to use all possible sources of energy, including locally produced
with its strong renewable resources. It creates a further element of network integration
and interconnection between southern and northern parts of Europe, as possible feed
for a clean hydrogen production and the central and continental Europe as a strong
energy consumer. Last, starting early, the phases of deployments should help master
the key technologies and reach competitiveness earlier than other geographies.

As we said in a book done on the matter,! hydrogen also provides Europe with
another way to provide guidance to the world with a better policy for sustainability
and climate change, and therefore provides a strong alignment with Europe’s politi-
cal agenda in the global geopolitics.

1 Hydrogen, La transition énergétique en marche, PE Franc / P. Mateo, Preface from Pascal Lamy.
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Hydrogen key to a carbon-free energy system

Abstract: Hydrogen has a key role to play as a carbon-free energy carrier alongside
electricity. Hydrogen can be transported worldwide by ship and pipeline and can
be stored underground in large volumes. This makes it possible to deliver cheap
renewable energy, especially solar and wind, cost efficiently at the right time and
place to the customers. Next to this systemic role, hydrogen is important to decar-
bonize energy use in hard to abate sectors in industry, mobility, electricity balanc-
ing, and heating.

Future hydrogen systems will have similar characteristics as present day natu-
ral gas systems. Large-scale multi-GW renewable hydrogen production plants at
good resources sites will produce a minimum of 1 million tonnes hydrogen. Hydro-
gen infrastructure can be realized by re-using the gas infrastructure, pipelines, and
salt cavern storage, without major adaptations. As a transition, hydrogen produced
from fossil fuels at the resource sites with Carbon Capture and Storage directly in
the field below, can bring low-carbon hydrogen volume in the system. Such an ap-
proach can establish a fast, cheap, and reliable transition to a sustainable energy
system, whereby hydrogen will fully replace natural gas, coal, and oil.

The conversion technology used today is based on combusting technologies:
boilers, furnaces, engines, and turbines. These combustion technologies can be eas-
ily and are fast adapted to combust hydrogen. In future, however, combustion tech-
nologies will be replaced by electrochemical conversion technologies including
heat pump technologies. These technologies offer the promise to be cheaper, more-
efficient with no harmful emissions to the air, land, or water.

A smart symbiosis between electricity and hydrogen as zero-carbon energy car-
riers with electrochemical and heat pump technologies, will establish a clean, cost-
effective, reliable, fair, and circular energy system.

1 The role of hydrogen in a carbon-free energy system

Hydrogen today (2020) is produced from natural gas and coal, emitting CO, to the air.
The use of hydrogen today is especially as a feedstock in the chemical and petrochemi-
cal industry. However, in a future zero greenhouse gas emissions, reliable, affordable,
and fair energy system, hydrogen needs to play a more important role. Hydrogen is,
like electricity, a carbon-free energy carrier, with a high mass energy density. The role
of hydrogen in a future sustainable energy system is therefore to transport and store
large volumes of energy and to decarbonize energy use in hard-to-abate energy sectors.

https://doi.org/10.1515/9783110596274-005
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1.1 Worldwide energy and hydrogen consumption

1.1.1 At present, hydrogen is mainly used as feedstock, representing
2% of primary energy consumption

About 90% of the world’s primary energy consumption in 2016, amounting to 556 EJ
or 155,000 TWh, is fossil energy: oil, gas, and coal. This fossil energy is transported
around the world by ship or pipeline, and then converted into a useful energy car-
rier, electricity, gasoline/diesel, or a gas. The conversion to a useful energy carrier
is often associated with energy losses. For example, the efficiency of a modern gas-
fired power plant is about 60%, which implies that 40% of the energy is lost as
heat. These useful energy carriers are then distributed and used in houses, cars, fac-
tories, and so on.

Energy is used in many parts of our modern life: For heating and cooling houses
and buildings; for electricity production to power equipment, appliances, and light-
ing; for transport by vehicles, ships, or planes; and for industry where processes
require high temperature of heat and steam. Moreover, fossil energy is also a feed-
stock, from which chemical products such as plastics or fertilizers can be made. The
final energy consumption represents the energy use by companies, houses, cars
and is the primary energy consumption minus conversion losses in power plants,
refineries, and so on.

A distribution of 2014 global final energy consumption [1] is given in the Fig. 1.

Feedstock &
Steam

24%

Heating &
Cooling

26%

Power &
Lighting,

18%
Transport

32%

Fig. 1: Final energy consumption worldwide [1].

At present, hydrogen is mainly produced from natural gas and coal and primarily
used as a feedstock to produce chemical products, ammonia (the main component
of fertilizers), and methanol. And hydrogen is used in refineries to desulfurize oil
and in the production of gasoline and diesel. The primary energy input by gas and
coal is about 3.200 TWh, representing roughly 2% of worldwide primary energy
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consumption. Figure 2 presents the energy balance for worldwide hydrogen produc-
tion and consumption [2]. At present almost all of the hydrogen is produced and
used at or nearby chemical and petrochemical sites.

1.2 Solar and wind potential

1.2.1 In 1 h time the earth receives from the sun more energy than total worldwide
energy demand

The question is whether all the world’s fossil energy use can be replaced by renew-
able energy. From all renewable resources, solar and wind have by far the largest
potential, therefore the question could be rephrased, “is it possible to generate
worldwide energy use, by solar energy systems and wind turbines. The answer is
simple: that is no problem. The potential of solar and wind energy is very large [1].”

If worldwide energy demand, 155,000 TWh, had to be produced with solar PV
systems only, it would require a surface area covering about 10% of Australia (see
Fig. 3) or 8% of the Sahara Desert [1]. The Sahara Desert is about 9.2 million km? in
size, which is more than twice the area covered by the European Union.

The global wind energy potential is also very high. In a scenario where the en-
tire worldwide energy demand that would be produced with wind turbines would
only require an area of 1.5% of the Pacific Ocean, see Fig. 3. It should be noted that
surface, however, is used to a limited extent, with one large floating wind turbine at
every kilometer.

So there is more than enough space to produce all the necessary energy for the
whole world with solar and wind. This is even the case with an increasing global
population and rising prosperity level.

1.3 Development solar and wind levelized cost of electricity

1.3.1 At good resource locations, solar LCOE will be about 1 Sct/kWh and wind
LCOE about 2 Sct/kWh before 2030

The development of electricity production cost by solar and wind energy, expressed
in the LCOE, Levelized Cost of Electricity, has seen a steep decrease over the past
10 years. In the past couple of years, LCOE for onshore wind and solar PV at the
best resource locations, are even below low cost electricity generation by fossil
fuels, as showed in Fig. 4 [3]. Recent Tenders for 2 GW Solar PV in Abu Dhabi and
1 GW solar PV in Portugal has resulted in prices respectively of USD 1.35 cents/kWh
[4] and Euro 1.12 cents/kWh [5]. Also wind onshore tenders have shown prices be-
tween USD 2 and 3 cents/kWh, for example in Mexico [6].
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Fig. 3: Surface needed to meet global primary energy demand (155.000 TWh) by solar (10% of
Australia) or wind (1.5% of Pacific Ocean) [1].

The expectations are that prices could drop to USD 1 cent/kWh and even below
for solar PV and for wind onshore below USD 2 cent/kWh before 2030. Also, off-
shore wind and concentrating solar power will show price reductions to about USD
2-3 cents/kWh.

1.4 Why hydrogen?

1.4.1 Hydrogen is needed for long distance transport and large-scale storage
of renewable energy and to decarbonize hard-to-abate end-use sectors

Low electricity production cost for solar and wind are at locations that are, in most
cases, far from the energy demand, in desert areas, at remote windy sites or at sea.
The new challenge is therefore “How do we bring this cheap solar and wind energy
at the right time at the right place.” Converting renewable electricity into hydrogen
makes it possible to transport hydrogen over long distances by pipeline or ship and
to store hydrogen at large-scale underground at salt caverns and maybe in some empty
gas fields. Hydrogen transport and storage is thereby much cheaper than electricity
transport and storage, if possible at all.

Next to this transport and storage function, hydrogen can be used to decarbonize
energy use in hard-to-abate sectors. Hydrogen can be used as a renewable feedstock,
in the chemical, synthetic fuel, and steel production sectors. Also for high and low
temperature heating, hydrogen can replace natural gas, oil, or coal more easily than
electricity. Hydrogen can replace rather easy natural gas in boilers, furnaces, engines,
and gas turbines with some adaptations. In mobility, hydrogen and/or ammonia can
replace gasoline and diesel, even up to 100%, in existing combustion engines. How-
ever, fuel cell-electric drive trains will replace combustion drive trains in future, espe-
cially in heavy transport such as trucks, busses, ships, planes and also in future
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Fig. 4: The LCOE for projects and global weighted average values for CSP, solar PV, onshore and
offshore wind 2010-2020 [3].
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drones. Also in electricity generation, especially for electricity balancing, hydrogen
and/or ammonia can replace natural gas rather easily.

The Hydrogen Council showed these different functions for hydrogen in a car-
bon-free energy system, in Fig. 5 [7].

Hydrogen
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Fig. 5: Hydrogen has seven roles in energy transport, storage, and in decarbonizing major sectors
of the economy [7].

1.5 Hydrogen characteristics

1.5.1 Hydrogen has a high energy density by mass, but a low energy density
by volume

Hydrogen is the first element in the periodic table of elements and therefore the lightest
element. In Tab. 1 a selection of the energy and physical properties is given for both
hydrogen and methane.

Some general observations about hydrogen characterizations are the following
[16]:
- Hydrogen is non-toxic and non-poisonous;

— it will not cause ill effects if inhaled with ambient air,

— it will not contaminate groundwater; hydrogen has a very low solubility in

water,
— itis not a pollutant when released in the air or in water.
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Tab. 1: Properties for hydrogen and methane. (HHV = higher heating value, LHV = lower heating value).

Property Unit Hydrogen Methane
Density (gaseous) [8] kg/m>(25°C,1 bar) 0.0813 0.657
Density (liquid) [8] kg/m3 71.14 (-253°C, 1 bar) 422.6(-162°C, 1 bar)
Boiling point °Cat 1 bar -252.76 -161.6 [9]
Mass energy density M)/kg (HHV) 141.8[10] 55.5[11]
M)/kg (LHV) 120.0 50.0
Volume energy density ~ MJ/m> (HHV) 11.54 36.46
(25C, 1 bar) [12] MJ/m? (LHV) 9.76 32.85
Auto-ignition Temp. °C 500 580
Flammability limits % in air by volume 4%—-75% 5%-15%
[13, 14]
Ignition energy [15] M) 0.02 0.28
Buoyancy [13] Relative to Air 14 x lighter 2 x lighter (natural gas)
Rising speed inair[13] m/s 20 3.3 (natural gas)

— Hydrogen is odorless, colorless, and tasteless, which makes it undetectable by
human senses;

— Hydrogen is extremely flammable. However, this is mitigated by the fact that hy-
drogen rapidly rises and often disperses before ignition.

— Hydrogen has a high energy density by mass, but a low energy density by vol-
ume compared to other fuels.

2 Hydrogen production technologies; state
of the art and “color”

Hydrogen, like electricity, is not an energy source but an energy carrier; it can be
produced from fossil fuels and also from renewable energy sources. At present, hy-
drogen is mainly produced from gas via steam methane reforming or from coal by
coal gasification. However, hydrogen can also be produced from water, by using
electricity to split the water molecule into hydrogen and oxygen. And this process
could be reversed, producing electricity and water via a chemical reaction between
hydrogen with oxygen (from the air). Finally, hydrogen can be produced from bio-
mass and biogenic waste, which can even result in negative CO, emissions.

In the end, it is the energy resource direct or indirect (for electricity production)
that determines whether or not “renewable” or “green” hydrogen is produced. Using
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biogas, biomass, or biogenic waste as a resource, also “renewable” or “green” hydrogen
is produced, although CO, will be produced too. This CO, is renewable or green CO, and
could be released to the air, having a net zero CO, balance. However, this “green” CO,
could be captured and used as a green feedstock or even stored underground.

2.1 Hydrogen production from fossil hydrocarbons
2.1.1 Steam methane reforming

Methane (CH,), the main component of natural gas, is a molecule with one carbon
atom and four hydrogen atoms. Steam methane reforming (SMR) is worldwide the
most used process to produce hydrogen from natural gas. Steam methane reforming is
an endothermic process that requires temperature between 750-900 °C, a pressure
above 30 bar and a catalyst, see Fig. 6. Steam (H,0) reacts with methane (CH,) to form
hydrogen (H,) and carbon dioxide (CO,), described by the following reactions [17]:

CH4 + Hzo — 3H2 +CO
CO+ Hzo — Hz + COZ

Heat
) Recovery
Steam Co,
Desulfurizafi Reformer Shift PSA
CH, esuliurization 850-900 °C Conversion System H,

Fuel

Fig. 6: Flow diagram of the steam methane reforming process [17].

2.1.2 Coal gasification/partial oxidation

Coal and oil or heavy hydrocarbons (C,H,;,) consisting of molecules with a multiple
amount of carbon and hydrogen atoms. Due to the lower hydrogen-to-carbon ratios
of these heavy hydrocarbons compared to methane, a larger portion of the hydrogen
produced comes from steam. Partial oxidation or coal gasification is worldwide used
to produce hydrogen from coal [17]. Coal gasification is an endothermic process, which
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requires temperatures between 1.100 and 1.400 °C and pure oxygen, see Fig. 7. The pro-
cess is described by the following reactions:

CpHp +141nH,0 + 1400, — (14n+1,m)H, + nCO
nCO +nH,0 — nH, +nCO,

Steam CO,
Reformer Shift PSA
Coal —»{1150-1315 °C Desulfurization |— Conversion —{ System —= H,
A
Ast -~
sh 0,
Air
Air—> Separation

i

N,

Fig. 7: Flow diagram of the partial oxidation or coal gasification process [17].

2.1.3 Pyrolysis

Pyrolysis is a process in which the only source of hydrogen is the hydrocarbon itself,
which undergoes thermal decomposition through the following general reaction [18]:

CnHp + heat — 15 mH; +nC

Through pyrolysis, natural gas can be decomposed into hydrogen and carbon. Cata-
lytic thermal decomposition is the most common pyrolysis technology for this. BASF
is actively involved in developing this technology and expects a first commercial
plant around 2025 [19]. Introduced from the bottom of a vertical reactor, the natural
gas is pre-heated in exchanging with carbon particulates on their way out by gravity,
then heated at above 800 °C by electric induction in the middle of the vertical reactor,
while hydrogen escapes from the top. The carbon atoms resulting from the split coag-
ulate and then go down to the bottom of the reactor.

Natural gas is only a feedstock in this pyrolysis process. All energy for the pro-
cess comes as electricity. The minimum energy required, 38 kJ/mol H,, is much less
than for water splitting via electrolysis, 285 kJ/mol H, [20]. In practice, the ratio is
less advantageous depending on the pyrolysis technology and the losses that result
from the high temperatures needed, but methane splitting still requires four to five
times less electricity than electrolysis.
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In this process, no CO, is formed, but only solid carbon, which can be used as a
feedstock for all kind of products or as a soil enhancer is formed. When the electric-
ity input for this process is from renewable resources, the hydrogen is produced
without CO, emissions to the air. The produced hydrogen is called “turquoise”
hydrogen.

2.1.4 Underground coal gasification

Coal gasification is also possible underground in a coal seam. In the Underground
or in situ Coal Gasification process, injection wells are drilled into an unmined coal
seam, and either air or oxygen is injected into the seam along with water. The coal
face is ignited, and the high temperatures (about 1,200 °C) from the combustion and
limited oxygen causes nearby coal to partially oxidize into hydrogen, carbon monox-
ide (CO), carbon dioxide (CO,), and minimal amounts of methane (CH,) and hydrogen
sulfide (H,S). These products flow to the surface through one or more production
wells located ahead of the combustion zone. As the face is burned and an area de-
pleted, the operation is moved to follow the seam. The CO, can be captured also
and injected in the coal seam. Figure 8 illustrates the general process of underground
coal gasification [21].

Underground coal gasification is associated with many risks and environmental
concerns. There are several projects in operation, but large-scale applications need
to deal with many technological, environmental, and safety challenges.

Above-ground gas processing plant
H, or NH5? seqct:gétnfg;ion —
Air sglr;irtation H, <«— H,0
Steam 0, H,, CO,, CO, CHy4, H,S

Ground

Fig. 8: Schematic illustration of underground coal gasification process [21].
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2.2 Hydrogen production from biogenic resources

Traditionally wet biogenic residues (manure, food processing waste, sludge, etc.) pro-
duce biogas, consisting mainly of CH, and CO,, via a digestion process. With a small-
scale SMR plant and gas separation with membrane technology, the biogas can be
converted to pure H, and CO..

Solid biogenic residues (waste wood, straw, sawdust, etc.) can be converted into
a syngas, consisting mainly of H,, CO, and CO,, and solid char, by a gasification tech-
nology. Through a water shift process, the syngas can be fully converted into H, and
CO, whereby the char is also a valuable product as feedstock or soil enhancer. There
are a number of biomass gasification pilot plants operational; however, many of these
gasification processes suffer with problems of tar.

Many new technologies to process biogenic residues into a bio-syngas, such as
super critical water Gasification, Plasma Gasification and Microbial electrolysis cells,
are in development [22]. The first two will be discussed, because for both, a first pro-
duction plant is under construction.

2.2.1 Super critical water gasification

New technologies such as Super Critical Water Gasification can produce from wet
biogenic residues a syngas, consisting of H,, CH,, and CO,.

Supercritical water (SCW) exists at pressures higher than 221 bar and tempera-
tures above 374 °C. By treatment of biomass in supercritical water (and in the absence
of added oxidants) organics are converted into fuel gases and are easily separated
from the water phase by cooling to ambient temperature, see Fig. 9. The produced
high-pressure (HP) gas is rich in hydrogen. A typical overall reaction for glucose can
be written as follows [23]:

2C6H1206 + 7H20 — 15H2 + 2CH4 +CO+ 9C02

The Super Critical Water Gasification process consists of a number of unit operation
as feed pumping and pressurizing, heat exchanging reactor, gas-liquid separators,
and if desired, product upgrading. The reactor operating temperature is typically
between 600 and 650 °C; the operating pressure is around 300 bar. A residence time
of up to 2 min is required to achieve complete carbon conversion, depending on the
feedstock. Heat exchange between the inlet and outlet streams from the reactor is
essential for the process to achieve high thermal efficiency. The two-phase product
stream is separated in a high-pressure gas-liquid separator (T = 25-300 °C), in which
a significant part of the CO, remains dissolved in the water phase.

In Alkmaar, the Netherlands, a first super critical water gasification plant is
under construction. This plant will be operational in 2023, producing 500.000 m>
bio-syngas/year [24].
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Fig. 9: Super critical water gasification process [23].

2.2.2 Plasma gasification

New technologies such as Plasma Gasification can produce from solid biogenic resi-
dues a syngas, consisting of H,, CO, and CO,.

A Plasma Enhanced Gasification (SPEG) system, developed by a start-up company
SG-H2 energy, is a thermal catalytic conversion (oxygen blown, fixed-bed, counter-
current gasification enhanced by plasma) process utilizing plasma arc torches. These
plasma arc torches have been used at commercial scale for decades to increase the
temperatures of oxygen blown fixed bed gasifier in order to optimize the efficiency of
producing syngas and hydrogen from difficult to handle feedstocks such as waste,
recycled mixed plastics, and tires.

In the SPEG at very high temperatures of 4,000 °C in a partially oxygen-deprived
reactor, there is no combustion but complete molecular dissociation of all hydrocar-
bon organic compounds and their partial oxidation/conversion into bio-syngas. The
resulting bio-syngas consists of H, and CO, is free of tar, heavy metals, and other long
chain hydrocarbons (CxHy). Through a water-shift reaction, pure H, and CO, will be
produced [25].

A first project will be realized in Lancaster, California. The facility shall utilize
120 tons/day of Refuse Derived Fuel (RDF) including plastic and recycled mixed
paper as feedstock for a Plasma Enhanced and Oxygen fired Gasifier to produce
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green H, rich gas which shall be further enhanced and conditioned to 11 tons of
99.99% pure Green H,/day. This plant is expected to be operational in 2023 [26].

2.3 Hydrogen production from water

Hydrogen can be produced from water. Several processes exist to split the water mol-
ecule into hydrogen and oxygen: electrolysis, photolysis or photo-electrochemical con-
version, thermochemical water splitting. Water electrolysis is the most common and
mature technology. Other water splitting processes are still in a research phase [27].

2.3.1 Water electrolysis

Hydrogen can be made from water (H,0) in a process called electrolysis, which is a
chemical reaction in which a substance is decomposed into components under the
influence of an electric current. In water electrolysis, the water molecule (H,0) is
split into hydrogen (H,) and oxygen (O,), depicted by the following overall reaction:

Electrolyzer: 2H,0 +2e~ — 2H, + 0,

There are different kinds of water electrolysis technologies such as alkaline, mem-
brane and high temperature electrolysis. An overview of the chemical reactions and
process characteristics are given in Fig. 10.

Temp. Charge
Technology Range Cathodic Reaction (HER) | carrier |Anodic Reaction (OER)

Alkaline ;4 _ ggec 2H,0 + 26~ = Hy + 20H™ H- 20H = %0,+H,0 + 2e”
electrolysis
Membranezo_loonc IH* + 26— H H* H.0 %0 + 2H" + 2e~
electrolysis tee = 20 =%0;+2H + 2
High temp. 700 — H,0 + 26~ = Hy+ 0% 0% 0> = %0, +2e”

electrolysis ~ 1000°C

AEL H, xs o, H, 0.50,
P t I

Cathode +

.‘
Cathode Anode ©
KOH on KOH

H,0 - - H,0
- . .- PEMEL

Fig. 10: Schematic view, cathodic and anodic reactions for alkaline, membrane and high
temperature electrolysis [67].
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Alkaline electrolyzers are considered a mature technology, currently used to
produce chlorine, but now adapted for hydrogen production. Polymer electrolyte
membrane (PEM) and high temperature solid oxide electrolyzer (SOEC) electrolyzers
are going through a steep learning curve. Alkaline, PEM, and SOEC electrolyzers
can be used for water electrolysis to produce hydrogen. All electrolyzer technologies
consist of electrolyzer cells that are combined to build an electrolyzer stack. To
build a GW scale electrolyzer, a number of electrolyzer stacks need to be placed in
parallel. Electrolyzer technologies are expected to achieve remarkable technology
improvements in the next decade. Amongst others, higher efficiencies, less degrada-
tion, higher availability, larger cell sizes, higher operating pressure, less critical mate-
rial use together with overall reduced material use, will reduce hydrogen production
cost by electrolyzers.

However, next to these technology improvements, especially installed capacity
volume and plant size will bring down the electrolyzer cost. An electrolyzer plant
has a similar technology structure as a solar power plant. Both electrolyzers and
solar plants are built by producing cells, assembling a number of cells to a solar-
module/electrolyzer-stack and installing a number of modules/stacks to realize the
required plant capacity. Although different, a comparable cost reduction process
similar to solar power plants can be foreseen for electrolyzer plant. Automated pro-
duction of the electrolyzer cell components, cells and stacks will bring down the
cost for the electrolyzer stacks and building GW scale electrolyzer plants will reduce
the balance of plant costs/kW. The balance of plant costs are the costs for compres-
sors, gas cleaning, demineralized water production, transformers, and the installa-
tion cost. A substantial electrolyzer market volume together with realizing GW-scale
electrolyzers, are essential drivers for significant cost reductions [2, 28].

2.3.2 Photo-electrochemical water splitting

Hydrogen can also be produced by a photo-electrochemical (PEC) process, whereby
sunlight is used to split a water molecule into hydrogen and oxygen. In a photo-
electrochemical water splitting process, photons are first absorbed by the photo-
electrode producing electrons and holes, which are then separated and participated
in the hydrogen evolution reaction on cathode and the oxygen evolution reaction
on anode, see Fig. 11 [29].

This technology is still in a research phase. Many universities and research labs
around the world perform research into photo-electrochemical water splitting. Over
the past years, considerable efficiency improvements have been reported. In July
2020, the Australian National University claims to have set a record efficiency of
17.6% [30]. However, improving solar fuel water splitting efficiency facing tremen-
dous challenges, due to the energy loss related to fast recombination of the photo-
generated charge carriers, electrode degradation, as well as limited light harvesting.
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Fig. 11: General illustration of photo-electrochemical water splitting (PEC). (a) A single photo-
electrode PEC configuration powered by a photovoltaic (PV) cell to allow water reduction at the
cathode. (b) A two photoelectrodes PEC configuration connected in parallel. (c) A two
photoelectrodes connected in series [29].
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Next to this, also cost reduction of PEC will be challenging, because scarce and pre-
cious materials are used today.

2.4 The “color” of hydrogen

Hydrogen is a carbon-free energy carrier. However, the energy source together with
the production process, additional input energy and flue gas treatment processes
determines whether or not direct or indirect CO, emissions to the air will take place.
An overview of the described hydrogen production technologies with their present
(2020) maturity level, main output products and the related CO, emission to the air,
expressed in a “color” are summarized in Tab. 2. It is humorous to describe a colorless
gas with a color, but the color of hydrogen indicates the amount of CO, emissions to
the air. However, it is not a precise definition of the amount of CO, emissions to the
air, it only gives an impression.

The general opinion is that renewable or green hydrogen, without CO, emissions
to the air can only be produced by water electrolysis using renewable electricity,
whereby renewable electricity is most often seen as only solar and wind electricity.
From this table, it is obvious that using biogenic waste could produce also renewable
or green hydrogen. When the CO, from these processes is captured and used or
stored, hydrogen from biogenic waste could even have negative CO, emissions to
the air. And even hydrogen production from natural gas could have zero CO, emis-
sions to the air, with pyrolysis process, whereby the used electricity is from renew-
able resources.

Tab. 2: Hydrogen production processes, their maturity status, main output molecules, and their

“color.”

Source Process/Technology Maturity Main Output  Color of Hydrogen

Natural Steam methane Mature H, + CO, Grey or blue,

gas reforming H, + CO, depending on the CCS
Auto-thermal Mature technology 50-90% of CO,
reforming can be captured and stored.

With ATR higher CO,
emission reductions with
lower cost are possible
Thermal pyrolysis First plant 2025 H,+C Turquoise, CO, emissions
Depend on the source for
electricity production
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Tab. 2 (continued)

Source Process/Technology Maturity Main Output  Color of Hydrogen

Coal Partial oxidation/ Mature H, +CO,+C Brown or blue,
gasification depending on the CCS
Underground coal Projects exist H, + CO, technology 50-90% of CO,
gasification can be captured and stored.

Solid Gasification Near Maturity H, +CO,+C Green

Biomass, plasma gasification  First Plant 2023 H, + CO, Negative CO, emissions

Biogenic possible

waste

Wet Super critical water  First Plant 2023 H, + CH, + CO, Green

Biomass, gasification Negative CO, emissions

Biogenic  Microbial Laboratory H, + CH, possible

waste electrolysis cell

Electricity Electrolysis Mature H,+0, All shades of grey to green

+ Water Alkaline Near Maturity H,+ 0, depending on the source for
PEM Pilot Plants H, + 0, electricity production
SOEC

Sunlight  Photo- Laboratory H,+0, Green

+ Water electrochemical

3 Hydrogen system cost

Energy system cost is most important, not energy system efficiency

Hydrogen system cost is the cost to produce hydrogen plus the cost for transport
and storage to deliver the produced hydrogen to the right place and the right time.
Therefore, the cost for hydrogen production, transport, and storage will be dis-
cussed. And finally a system cost comparison is made, between the cost of roof-top
solar electricity and desert solar electricity that is converted into hydrogen trans-
ported and stored and converted to electricity again. It shows that in a sustainable
energy system cost and not system efficiency needs to be the determining factor.
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3.1 Hydrogen production cost

3.1.1 Hydrogen production cost from natural gas and solar PV are comparable
by equal energy cost

Many studies have made hydrogen production cost analysis, amongst which are the
IEA, Bloomberg-NEF, DNV-GL, the Hydrogen Council and many others. In general,
for all mature hydrogen production technologies, the energy cost is the most impor-
tant factor in the hydrogen production cost. The IEA analyzed the production cost
of hydrogen from natural gas in several parts of the world, see Fig. 12. The hydrogen
production are the lowest in regions with low gas prices, the Middle East, the Rus-
sian Federation, and North America and highest in gas importing countries such as
Japan, Korea, China, and India. Gas prices vary between 3 and 11 dollar/million Btu
(0,010-0,038 dollar per kWh) with fuel costs the largest cost component accounting
for between 45% and 75%. The hydrogen production cost by SMR from natural gas
varies between 0.9 to 1.8 dollar/kg H,.

The hydrogen production cost by SMR with carbon capture and storage (CCS) is
also calculated by the IEA. The results show that CCS adds about 1 dollar/kg hydro-
gen to the hydrogen production cost. If a carbon tax is added to the hydrogen pro-
duction cost from natural gas by SMR, every 10 dollar/ ton CO, price adds about 0.1
dollar/kg to the hydrogen price.

3.0

USD/KgH,

2.5

2.0 ® Natural gas

1.0

= CAPEX
0.5
0.0
no CCUS W|th no CCUS W|th no CCUS W|th no CCUS W|th no CCUS W|th
CCUS CCUs CCUsS CCUsS CCUS
United states Europe Russia China Middle East

Fig. 12: Hydrogen production cost using natural gas in different regions in 2018 [2].

Hydrogen can also be produced by water electrolysis with electricity as energy input.
Also in water electrolysis, the energy (electricity) cost is the most important factor in
the hydrogen production cost. The IEA has analyzed the hydrogen cost as a function
of full load hours for different electrolyzer investment cost and electricity cost, see
Fig. 13. It shows clearly that the electricity cost is the most determined factor in the
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hydrogen production cost. As a rule of thumb every 10 dollar/MWh (0.01 dollar/kWh)
with an electrolyzer efficiency of 80% HHV (67% LHV) adds 0.5 dollar/kg H, Of
course the electrolyzer Capex and Opex cost at low full load hours, which is the
case for solar PV contributes also to the hydrogen production cost. As an example
the hydrogen production cost from solar PV electricity cost of 0.01 dollar/kWh,
electrolyzer Capex of 250 dollar/kW and 2.000 full load hours are about 1 dollar/kg H,
The electricity cost is 50% of the total hydrogen production cost.

Electricity price USD 40/MWh CAPEX USD 450/kW«
.10 10
I
g \
2 8 8 —— USD 100/MWh
= —— USD 650/kWx \\ wh
USD 80/MW
6 USD 550/kWx 6 —— USD 60/MWh
. \\\ USD 450/kWx . A\ USD 40/MWh
& —— USD 350/kWx \ USD 20/MWh
2 USD 250/kWx 2 ¥ —— USD 0/MWh
0 0
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Full load hours Full load hours

Fig. 13: Levelized cost of hydrogen production as a function of full load hours for different
electrolyzer investment costs (left) and electricity cost (right) [2].

If a comparison is made between hydrogen production from natural gas and hydro-
gen production from solar PV electricity, a similar cost structure is seen. Natural gas
cost of 3 million BTU (0.01 dollar/kWh) contributes about 0.5 dollar/kg hydrogen,
which is the same for electricity cost of 0.01 dollar/kWh. SMR CAPEX cost, estimated
by IEA, are between 500 and 900 dollar/kW and with 8.000 full load hours it con-
tributes also about 0.5 dollar/kg H,. This equals the CAPEX cost of 250 dollar/kW for
electrolyzers with 2.000 full load hours, which is the case for solar PV.

In the Hydrogen Europe report “Green Hydrogen for a European Green Deal; a
2x40 GW Initiative” the hydrogen production cost are analyzed when 2 x 40 GW
electrolyzer capacity will be realized in the European Union, North Africa and Ukraine,
in the period up to 2030. When this market will be created, the electrolyzer industry
will be committed to the Capex, Opex, and efficiency developments for electrolyzer
plants as presented in Tab. 3. The Capex and electricity cost are presented as a range.
The low Capex and electricity cost will be realized at the “off grid” multi GW solar and
wind hydrogen plants at good renewable energy resources sites. The high Capex and
electricity cost will be realized at multi MW scale electrolyzer connected to solar/wind
farms and the electricity grid, located near the hydrogen demand.

It can be concluded that renewable, green hydrogen production can compete
with grey hydrogen production from natural gas in 2030 [31].
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Tab. 3: Green Hydrogen production cost development [31].

Hydrogen Capex OPEX System Electricity Hydrogen
Production by (€/kwW) %/yr Capex Efficiency (4.000-5.000 hr) (€/kg)
Electrolyzers* (HHV**) (€/MWh)

2020-2025 300-600 1.5% 75-80% 25-50 1.5-3.0
2025-2030 250-500 1% 80-82% 15-30 1.0-2.0
Up to 2050 <200 <1% >82% 10-30 0.7-1.5

* Hydrogen production cost for hydrogen delivered at 30 bar pressure and 99.99% purity.
** HHV = higher heating value.

3.2 Hydrogen transport cost by pipeline

3.2.1 Hydrogen transport cost by pipeline 10 times cheaper than electricity
transport cost by cable

Hydrogen transport by pipeline over distances of a couple of 1,000 km is a cost-
effective way to transport energy. In comparison with electricity transport over
these distances, hydrogen transport is a factor of 10 cheaper. In a study for the US-
DOE, the cost for energy transport of natural gas, hydrogen, oil, methanol, ethanol,
and electricity have been compared [32]. The results are shown in Fig. 14. As can be
seen, the capacity of an HVDC transport is much lower than for liquid or gaseous mol-
ecule transport through a pipeline. Also energy losses at electricity transport are con-
siderable due to the resistance in the cable. For molecule transport, there are no
molecule losses, although due to the pressure drop over the pipeline compression en-
ergy is needed. Hydrogen cost could be further reduced by increasing the hydrogen
flow speed in the pipeline, which is possible because hydrogen is lighter than natural
gas, and therefore turbulence effects will occur at higher flow speeds. In the study for
US-DOE, the flow speed for hydrogen is kept the same as for natural gas.

In the paper “Hydrogen, the bridge between Africa and Europe” [33] hydrogen
transport cost calculations have been carried out for a very large-scale hydrogen
transport by pipeline, comparable to the size of the “Nordstream” natural gas trans-
port pipeline, a “South-Nordstream” hydrogen pipeline from Egypt, via Greece to
Italy, which is 2,500 km. The capacity is similar to the actual Nordstream, with 66
GW capacity, consisting of 2 pipelines of 48 inches each, would imply total invest-
ments of € 16.5 billion. The cost figures are derived from the Nordstream project [34]
and a study for US DOE. With a load factor of 4,500 h/year, an amount of 300 TWh
or 7.6-million-tonnes H,/year can be transported. Given the assumptions, as shown
in Tab. 4, the levelized cost for hydrogen transport by pipeline, is 0.005 €/kWh or
0.2 €/kg H,.
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(Relatively) Low-Capacity drives Liquids have high energy densities
electrical transmission costs up. and low pumping costs
Energy Carrier HVDC Crude Oil Methanol /Ethanol NatGas Hydrogen
Flow {amps,kg/s) 6,000 1,969 1,863 1,859 3689 69.54

2656 91941 37,435 50,116 17,391 8,360
$39M  $147M  $1.92M  $1.92M $1.69M  $1.38M
129%  0.78%  2.02%  151% 2.67%  1.94%
$1467  $16 $51  $38  $97 166
$4150  $0.77 $2.2 5T R $5.0

Electrical transmission faces high
cost for sending electricity

Fig. 14: Transmission cost comparison between electricity transport cables, liquids, and gases
through pipelines [32].

Tab. 4: The energy transport volumes and levelized cost of hydrogen transport for a
“South-Nordstream,” connecting the good solar and wind resources in Egypt and Greece to the
European gas grid in Italy [33].

South-Nordstream: Egypt-Greece-Italy
Levelized Cost of Hydrogen Transport by Pipeline

Assumptions

Pipeline diameter inch 48
Number of pipelines 2

Pipeline pressure bar 100
Pipeline flow speed m/s 30
Pipeline Capacity GW 2*33=66
Pipeline Length km 2,500
Specific Investment Cost €/10GW/km 1,000,000
Capex (Total investment cost) billion € 16.5
O&M cost (including compressor energy) % Capex/yr 1

WACC (Weighted Average Cost of Capital) % 7

Lifetime yr 40

Load factor pipeline hr/yr 4,500
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Tab. 4 (continued)

South-Nordstream: Egypt-Greece-Italy
Levelized Cost of Hydrogen Transport by Pipeline

Calculations

Energy Transport TWh/yr 300
Tonnes H,/yr 7.6 million

Levelized cost of hydrogen transport €/kWh 0.005
€/kg 0.2

3.3 Hydrogen storage cost

3.3.1 Hydrogen storage in salt caverns has a large potential and is at least 100
times cheaper than battery storage

Although there are many technologies to store hydrogen [35], see Fig. 15, for a large-

scale hydrogen storage, especially compressed hydrogen storage in salt caverns is the
most economic today.

Physical-based Material-based

Compressed Cold/Cryo

Gas Compressed

X

Interstitial Complex Chemical
hydride hydride hydrogen

Ex. MOF-5 Ex. BN-methyl Ex. LaNigHg Ex. NaAlH, Ex. NH3BH3
cyclopentane aw

L8 '. ._
o o B
. g .,.:«.: 4 b
@=H ®@=Alo=Na @=H @®=N 0=8B

Fig. 15: How is hydrogen stored? [35].

Liquid
organic

Adsorbent

=H, accessible
surface
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Salt caverns can be used to store hydrogen in the same way as that they can
store natural gas. In the United Kingdom, a salt cavern has been in use for hydrogen
storage already for many decades. Also in the United States, salt caverns have been
used to store hydrogen for many years.

In a typical salt cavern, hydrogen can be stored at a pressure up to 200 bar.
The storage capacity of a salt cavern is up to 6,000 tonnes hydrogen (236.6 GWh
HHV) [36].

The total installation costs, including piping, compressors, and gas treatment,
are about € 100 million [37]. For comparison, if this amount of energy would be stored
in batteries, with costs of 100 €/kWh, the total investment cost would be about
€ 24 billion.

The need for cheap hydrogen storage will grow exponentially over time. Salt
caverns can provide this cheap hydrogen storage solution. Europe has still many
empty salt caverns available for a large-scale hydrogen storage, but dedicated salt
caverns for hydrogen storage capacity can be developed in the different salt forma-
tions in Europe. Potentially, hydrogen can be stored in empty gas fields that meet
specific requirements to store hydrogen. However, this needs more research.

In a recent study by Jiilich research center [38], the potential for hydrogen stor-
age capacity in salt caverns, which are especially leached for hydrogen storage, was
investigated. There is a huge potential for hydrogen storage in salt caverns all over
Europe, see Fig. 16. Total onshore salt cavern storage capacity is 23,200 TWh of
which 7,300 TWh could be developed taking into account a maximum distance to
the shore of 50 km, called the constrained storage capacity. This maximum limit is
set for the brine disposal. The offshore storage capacity is even larger than the on-
shore capacity, 61,800 TWh. It should be noted that the salt cavern storage capacity
potentials are even larger than total final energy consumption in Europe. Although
not studied so far, a substantial potential for hydrogen storage in salt caverns is
available at many other places in the world too.

3.4 Energy system cost comparison shows the importance
of hydrogen

3.4.1 Roof-top solar electricity cost in North West Europe comparable with desert
solar electricity-hydrogen-electricity cost and delivered at any time needed

The debate today in comparing energy systems is about comparing the system en-
ergy efficiency. Converting electricity to hydrogen and back to electricity again, re-
sults of course in considerable energy losses, compared to direct use of electricity.
That is true, of course, but is not the right way to make renewable energy system
comparisons. Energy system comparison needs to be done on system costs and not
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Fig. 16: The potential hydrogen storage capacity in salt caverns in Europe [38].

on system efficiency, because geographical difference in yield from solar and wind
in addition to transport and storage cost have to be taken into account.

Today, in 2020, at the good resource sites, solar and wind electricity is even
cheaper than electricity generated using fossil fuels. However, these good resources
sites are mainly in areas far away from the demand that leaves the question how
this cheap green energy can be delivered to the energy user at the right place and
time. This requires transport and storage of energy. Transport of electricity is possible
via electricity cables, but that is roughly 10 times more expensive than transporting
the same amount of energy as hydrogen by pipeline as shown in chapter(3.2) Equally,
storage of electricity in batteries or by pumping up water is more than 100 times
as expensive than storing hydrogen in underground salt caverns, as shown in the
chapter (3.3).

For longer distances, beyond the feasible range of cables or pipelines, energy
will have to be transported by train, truck, or ship. The only feasible pathway is by
converting electricity into hydrogen for transport. Like natural gas, hydrogen can
be liquefied, which requires temperatures of —253 °C, only 20 ° above the absolute
zero. Hydrogen can also be combined with nitrogen from air to produce ammonia,
the main component of fertilizer, which is already liquid at -33 °C, so cheaper and
easier to transport than liquid hydrogen.

Now when comes to calculating, which is cheaper? Is it cheaper to generate
electricity from solar or wind far away from demand and to bring it to the user
via electricity cables and when necessary, store this electricity in batteries? Or is
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a conversion to hydrogen and transport by pipeline and hydrogen storage in salt
caverns and (if necessary) conversion back to electricity cheaper, despite the en-
ergy losses and extra conversion cost? Or is higher cost solar or wind electricity
generation closer to the user, but with lower transport costs, a cheaper solution?

An example for a simplified comparison is given in Fig. 17. It is a comparison
between a solar cell system on the roof of a house in North-Western Europe and a
solar cell system in a desert. Both systems must supply 100 kWh electricity to the
house. The assumption is that desert electricity can be produced at a cost of 1 Euro
cent/kWh. Because the yield at the roof of a house in North-Western Europe is a fac-
tor 2 to 3 lower and the costs of a small system are a factor 2.5 to 3 higher than for a
large system in the desert, the solar panels on the house produce electricity at a cost
of 5-9 Euro cents/kWh. So, 100 kWh electricity from the solar panels on the roof
costs 5-9 Euro.

The solar power from the desert, on the other hand, is converted via electrolysis
into hydrogen, liquefied, and transported in a ship; put in a pipeline and converted
into electricity at home with a fuel cell. Electrolysis in the desert requires not only
solar electricity but also water. By pipeline, sea water can be transported to these
solar hydrogen production plants, reverse osmosis converts the sea water into dem-
ineralized water, the feedstock for hydrogen production. Even with distances over
1,000 km, these demineralized water cost, are only a couple of percent of total hy-
drogen production cost.

Despite all the extra costs and losses, 100 kWh of solar power from the desert
costs about the same as that from the solar panels on the roof. The major advantage
of the desert electricity, however, is the availability at any time, summer and winter
and day and night [1].

It is also interesting to note that a factor of 2.5 more electricity must be pro-
duced in the desert given the conversion losses, but the number of solar panels
placed on the roof or in the desert is approximately the same. After all, the same
solar panel in the desert produces 2-3 times as much as on the roof in North-West
Europe.

This simple example shows that a sustainable energy system is about total sys-
tem cost and not about system efficiency. And it clearly shows the merit of hydrogen
in a sustainable energy system, namely for cheap transport and storage of low cost
solar and wind electricity.
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4 Present natural gas, electricity, and hydrogen
systems

The present natural gas system is characterized by a large-scale production from
gas fields far from demand, whereby the gas is transport by transport pipelines or
by ship over large distances. A gas transport and distribution pipeline system trans-
port and distributes gas to the consumers. At present, electricity is produced in
power plants mainly fueled by gas, oil, or coal. The fossil fuels are transported from
production locations all over the world to these power plants. An electricity trans-
port and distribution system will transport and distribute the electricity to the con-
sumers. The hydrogen system at present is hydrogen produced from fossil fuels at
the demand site (captive production). Gas or coal is transported to the hydrogen
plants, whereby the hydrogen is produced and consumed at the same location. Only
a limited, privately owned hydrogen pipeline infrastructure exists between some
chemical and petro-chemical sites.

Present natural gas system lay out

Energy systems can be characterized by their production, infrastructure, storage,

distribution, and demand structure. The natural gas system is characterized in gen-

eral by a large-scale production from gas fields far from demand, large capacity

pipeline transport over 1,000 km, central and a large-scale storage and meshed gas

distribution grid that distributes the gas to millions of customers. In many regions

in the world such a natural gas infrastructure and system exists and will be even

expanded in the near future. A schematic view of the natural gas system and infra-

structure is given in Fig. 18. The gas system includes the following:

— Gas production facilities at gas fields on- and off-shore plus import via pipeline
and ship,

— Gas processing facilities to bring the gas quality on the right specifications,

— Large-scale storage facilities to balance supply and demand on daily to seasonal
time scales,

— Transport pipelines with compressors to transport gas at high pressure to large
consumers and to city gate stations,

— City gate stations where the gas pressure is reduced and brought on specifica-
tion for distribution to local customers.

— Local gas distribution pipelines at medium and low pressure that distribute the
gas to local customers.

— Local biogas production that is brought on the required gas quality specifica-
tions before it is fed into the local distribution pipelines.
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Fig. 18: A schematic view of a natural gas system [39]. Not included are local biogas/bio-methane
production feeding at the distribution system.

4.1 Present gas, electricity, and hydrogen systems -
Europe as an example

4.1.1 Energy production

Gas production in Europe is concentrated in Norway, the United Kingdom and the
Netherlands, especially at the North Sea, many gas production locations are pres-
ent. In the Northern Netherlands onshore, one of the largest gas fields in the world
is located. In 2011 about 50 bcm (roughly 500 TWh HHV) was produced from this
field; however, production will be stopped at the end of 2022 [40], due to the little
earthquakes caused by the gas exploration. Norway has considerable gas produc-
tion and reserves and to a lesser extent also the United Kingdom. In particular, Russia
and Algeria are exporting gas to Europe by pipelines, see Fig. 19 and via liquefied
natural gas (LNG), gas is imported by ship from all over the world.

At present, electricity production in Europe is still dominated by fossil fuel and
nuclear power plants. The largest power plant in Europe is the Belchatéw lignite
fired power plant in Poland with a capacity of 5.102 MW and an annual power pro-
duction of 27-28 TWh [41]. The fuel for power plants is transported by pipeline or
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ship to the plant locations that are located in general within distances of up to a
couple of 100 km from the demand centers.

At present, hydrogen is to a large extend used as a feedstock in the chemical
and petrochemical industry. The production locations are at or near the demand.
Production of hydrogen in Europe is mainly from natural gas by SMR plants. A typi-
cal large-scale SMR plant produces 150.000 m> H,/h or about 100.000 tonnes H,
(3.9 TWh HHV)/year.

4.1.2 Energy transport infrastructure

The European transport grid for natural gas is approximately 200,000 km long with
a distribution grid that is a multiple of that. The transport grid has major connec-
tions to the large gas production fields, to Norway, Russia, and Algeria, see Fig. 19.
As an example, there is a gas transport infrastructure available between North Africa
and Europe, transporting gas from Algeria and Libya to Europe via Italy and Spain,
see Fig. 19. The gas transport volume through these pipelines between North Africa
and Europe is over 63.5 bcm (billion cubic meter)/year, which equals a capacity of
more than 60 GW [42].

Next to the intercontinental gas pipeline infrastructure in Europe, 36 LNG termi-
nals were operational — 7 under construction and 21 in the planning phase [43]. This
makes it possible to import large quantities of LNG from all over the world.

The transport capacity by the natural gas grid is a multiple of the transport
capacity in the electricity grid. In general, the capacity of one large gas transport
pipeline is about 10-20 GW, while a large electricity transport cable has a capac-
ity of about 1-2 GW. Also the electricity transport grid has no large capacity inter-
connections between countries, to the North Sea, Russia, or North Africa. As an
example, Spain has only two transport cable connections of 700 MW each with
Morocco.

Present hydrogen production in Europe is mainly by reforming natural gas. The
gas pipeline infrastructure transports natural gas to the hydrogen SMR plants that
are located at or nearby the demand for hydrogen in refineries and ammonia plants.
There is no major hydrogen pipeline infrastructure, only some privately owned small
hydrogen pipeline infrastructure between chemical clusters. The present hydrogen
system is therefore called a “captive” production and consumption system.

4.1.3 Energy storage
Natural gas demand in Europe, especially in Northern Europe, shows a strong sea-

sonal variation, in wintertime, the gas demand is 2-3 times higher than in summer-
time. However, natural gas production is constant throughout the year. Therefore, a
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large-scale seasonal storage of natural gas is necessary. Natural gas is stored in
empty gas fields, porous rock formations, and salt caverns. The overall storage ca-
pacity in operation within the EU28 amount to 89.2 bcm (871 TWh). The largest stor-
age capacities for gas are in Germany, in total 21.8 bcm (213 TWh). Half of this
storage is in salt caverns, amounting to 10.9 bcm (106.5 TWh) [42]. Germany has by
far the largest gas storage capacity in salt caverns in Europe, but they are in use in
several other countries too, see Fig. 20.

Salt caverns today are “left overs” from salt production. A typical salt cavern
has a height of 300 meter and a diameter of 60—-70 meter. A number of these salt
caverns are in use for natural gas storage and in some other oil, compressed air,
or other products are stored. As an example, the salt caverns in use in the Nether-
lands for gas storage can store about 50 million (500 GWh HHV) cubic meter gas
each.
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Fig. 20: Salt formations with salt caverns throughout Europe. The red diamonds are salt caverns in
use for natural gas storage [44].
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Total gas consumption in the EU28 in 2017 was 493 bcm (4,813 TWh) [45].
This total gas consumption includes 2,782 TWh as final gas consumption, with
the remainder used as feedstock and for electricity production. The storage ca-
pacity is therefore 18% of total gas consumption in Europe. This storage capacity
is especially necessary to balance large scale, seasonal, weekly, and daily gas
demand fluctuations especially for space heating and to a lesser extent for elec-
tricity production.

Total electricity generation in the EU-27 in 2017 was 2,815 TWh [46]. Balancing
electricity supply and demand is mainly done ramping up or down power output of
power plants, and in most cases, gas fired power plants. That means that electricity
balancing is done by gas storage. There is some storage in the electricity system via
pumped hydro power. Total installed pumped hydro power in 2017 in the EU-28 had
a capacity of 47.4 GW and generated 30.1 TWh. The electricity production from
pumped hydro power storage was 1% of total [47].

In an all renewable electricity system, batteries could be an alternative for bal-
ancing supply and demand, on a daily or weekly basis. However seasonal storage
will be a challenge due to the losses over time. Battery cost has decreased sharply
over the past decade and will decrease further in future. Tesla and PG&E have an-
nounced (August 2020) to build the largest in the world battery storage system in
California, with a storage capacity of 0.73 GWh and a rated power of 182.5 MW, with
an option to expand to 1.2 GWh storage capacity [48].

Hydrogen storage facilities at present are limited, because hydrogen production
follows the demand, and is mainly base load. The natural gas system and storage
facilities deliver the flexibility, although in the United Kingdom since 1972 a salt
cavern is in use for hydrogen storage.

4.1.4 Comparing present gas, electricity, and hydrogen system characteristics

The gas system is an order of magnitude larger then the electricity system both in
volume as in capacity. The hydrogen system is at present even not an energy sys-
tem, because there is no public and a large-scale infrastructure and can be charac-
terized as part of the natural gas system. Gas is thereby providing the necessary
flexibility for the electricity system as well as for the hydrogen system. The follow-
ing scale observations can be made:

— Gas production at gas fields have a larger size in production volume and are lo-
cated further from demand sites than power plants. In general, the dimensions
in production volume and distance are about a factor 10 larger in the gas system
compared to the electricity system.

— Gas can be transported over long distances and with large volumes by pipeline
(continental to intercontinental) or ship (worldwide). Electricity can only be trans-
ported via cables (regional to continental). In general, the dimensions in transport
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pipeline/cable length and capacity are a factor 10 larger in the gas system com-
pared to the electricity system.

— Gas supply and demand balancing is via large-scale gas storage. Electricity pro-
duction and demand balancing needs to be done at every moment by ramping
up and down power plants. There is some storage in the electricity system via
pumped hydro power, but in fact the gas system delivers the flexibility in the
electricity system.

— Gas is supplied by pipeline to hydrogen production plants, located at or near the
hydrogen demand. There is only a limited privately owned hydrogen pipeline
infrastructure. The gas systems provide the necessary flexibility for hydrogen
production.

In Tab. 5 system characteristics for present gas, electricity, and hydrogen systems
are presented.

Tab. 5: System characteristics for present gas, electricity, and hydrogen systems.

Gas System Electricity System  Present Hydrogen

System

Production volume per 10-1,000 TWh/yr 1-30 TWh/yr 0.1-4 TWh/yr

location Gas field Power Plant SMR plant

Distance between Up to 4,000 km Pipeline  Up to 1,000 km “Captive” production

production location Worldwide Shipment Cable only for demand on

and demand centers location

Capacity Transport 10-35 GW Pipeline 1-4 GW Cable Some small Pipeline

Pipeline/Cable (HVDCQ) infrastructure on and
between industrial sites

Infrastructure Public and Mainly Public Private

ownership Private (e.g. at North

Sea, intercontinental)

Storage Capacity 200-500 GWh 5-25 GWh 100-250 GWh
Salt cavern Gas Pumped hydro Salt cavern H,
Empty Gas field storage  power storage A couple of salt caverns
capacity factor 10 larger  Largest battery are in use for H, storage
then salt caverns storage system
announced 0.73
GWh
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5 Future renewable hydrogen system
Future renewable hydrogen system will look like the present natural gas system

In 2050, a zero-carbon energy system needs to be realized in Europe. Hydrogen as
an energy carrier and for decarbonizing hard-to-abate sector will contribute substan-
tial to fulfil this goal. It requires a tremendous expansion of large-scale renewable hy-
drogen production, mainly from solar and wind resources. For an intermediate
period, to reduce greenhouse gas emissions substantially in the coming decades,
natural gas needs to be converted to hydrogen with CCS or by producing only solid car-
bon. This makes it possible that the natural gas infrastructure and storage facilities,
can be converted to hydrogen quickly and cost effectively. And remarkable enough the
gas transport infrastructure fits geographically well with a future hydrogen infrastruc-
ture that needs to connect the large-scale renewable hydrogen production to the de-
mand. Also dedicated hydrogen storage in salt caverns can be realized at the hydrogen
production sites, because salt formations are at or nearby these locations.

5.1 Future large-scale renewable and low-carbon hydrogen
production characteristics

Hydrogen production will be located at the energy resource locations

In future, hydrogen can re-use the gas infrastructure, pipelines, and salt cavern stor-
age without major adaptations. This can contribute to a fast, cheap, and reliable tran-
sition to a sustainable energy system, whereby hydrogen will fully replace natural
gas. Hydrogen production will have to be at or near the resources, both large and
small scale, and will connect to the hydrogen infrastructure only. So the system char-
acteristics for hydrogen production will be as follows:

— Large-scale low-carbon hydrogen production at the gas or coal field locations
for an intermediate time period. The CO, emissions will be captured and stored
in the same field. Typical production sizes will be comparable with production
size of gas or coal field minus the conversion losses. Production volume at gas
fields could therefore be as large as 10 million tonnes (394 TWh HHV).

— Large-scale hydrogen production at the good solar and wind resource areas. At
least with a production volume of 1 million tonnes (39.4 TWh) hydrogen. Such
an amount of hydrogen can be produced from 25 GW solar PV or from 10 GW
offshore wind.

— Small-scale hydrogen production from biogenic waste streams at the collection
points. The bio-synthetic will be converted to H, and CO,. Hydrogen will be fed
into the hydrogen grid and CO, will be transported by pipeline or truck to the
chemical industry or greenhouses.
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— Small-scale hydrogen production from local renewable electricity production to
alleviate electricity grid capacity constraints. The hydrogen will be fed into the
hydrogen grid.

5.1.1 Blue and turquoise hydrogen production at gas fields to create hydrogen
volume

The natural gas infrastructure needs to be fully converted to a hydrogen infrastruc-
ture. However, at the moment, natural gas is flowing through these pipelines. The
natural gas is transported and distributed to millions of customers, where it is com-
busted to produce electricity, high, or low temperature heat. With the flue gasses
from these combustion processes (gas turbines, furnaces, motors or boilers), the
CO, is also released to the air.

At large power plants, chemical plants or refineries, the CO, emissions could be
captured from the flue gasses and stored in empty gas fields or aquifers, at reason-
able cost. However, this is not the case at the millions of space heating boilers in
houses and buildings. So the question is how could all these millions of natural gas
consumers realize, cost-effective and fast, a zero greenhouse gas emission energy
system for heating/cooling, electricity, and mobility.

Reducing CO, emissions is possible by switching to electricity use, but this re-
quires major investments in upgrading and expanding the capacity of the electricity
grid. Next to this, the end-use equipment has to be replaced by new technology,
such as heat pumps and electric engines. Especially installing heat pump technol-
ogy for space heating requires massive insulation and installing low temperature
heat radiator systems. In new buildings and houses, this can be easily implemented
and is a good solution, but in existing buildings this is challenging.

Another solution is to provide all customers with a zero-carbon gas, hydrogen,
whereby the gas infrastructure could be re-used to transport and distribute the hy-
drogen to the customers. To convert the natural gas infrastructure into a hydrogen
infrastructure can be realized fast and cost-effective. However, all end-use equip-
ment needs to be retrofitted or replaced too, which is a major operation.

To convert from gas to hydrogen implies that sufficient volumes of hydrogen
needs to be produced to supply all customers connected to the hydrogen infrastruc-
ture, because natural gas cannot be transported and distributed anymore by these
pipelines. The way out is to convert natural gas at the gas field immediately into
hydrogen. This could be with auto-thermal reforming (ATR) plants with CCS, captur-
ing the CO, and store the CO, in the gas field. Or large-scale pyrolysis plants, reform-
ing natural gas by using renewable electricity could be installed, with only carbon as
other output. The capacity of these plants needs to be much larger than present day
SMR plants. At a large gas field, typically 10 million tonnes of low-carbon H,/year or
more can be produced.
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5.1.2 Space requirement for a large-scale renewable hydrogen production

Renewable hydrogen production at low cost is possible at good solar and wind re-
sources sites. These good solar and wind resources sites are in many cases at remote
areas, far from the demand. This will result in large transport distances, whereby
converting to hydrogen will be cost-effective because of lower transport and storage
cost. Electrolyzers need to be an integral part of the design and engineering of these
large-scale renewable hydrogen production sites. Instead of a transformer station,
that converts the produced electricity to HVDC electricity for transport by a HVDC
cable, an electrolyzer plant, that converts the produced electricity to compressed
hydrogen for transport by a pipeline, is realized.

However, in order to fully utilize the advantage of lower transport costs, a much
larger amount of hydrogen energy must be produced than with electricity produc-
tion. A 1 or 2 GW wind or solar farm is for electricity production a sufficient size,
because an HVDC cable has a capacity of 1 to 2 GW. But for hydrogen production, a
wind or solar park needs to be sized, based on a hydrogen transport pipeline capac-
ity, between 10-20 GW. If a transport pipeline has a capacity of 10 GW and the capac-
ity factor of such a pipeline is about 4,000 full load hours, a volume of 40 TWh a year
will be transported. This is roughly equivalent to 1 million tonnes of hydrogen.

Production of 1 million tonnes hydrogen needs space, space for the electricity
production by solar or wind, for the electrolyzers, compressors, cabling, and pipe-
lines, access roads, and so on. Table 6 gives an overview of the required area that is
needed to produce about 1 million tonnes of hydrogen.

As can be seen, for solar an area of less than 500 km? is needed, more or less
fully occupied with installations and equipment. Especially the solar PV or concen-
trated solar power (CSP) electricity production requires by far most of the space. An
alkaline electrolyzer has a larger footprint than a PEM electrolyzer, however the
space requirements for an alkaline electrolyzer, 10 ha/GW [2] are modest compared
to space requirements for solar electricity production.

For onshore and offshore wind, the physical space that a wind turbine needs is
not much. In a wind farm, however, the turbines need to be spaced well apart from
each other, due to the wake effects and turbulence caused by wind turbines. A rule
of thumb is a spacing of seven times the rotor diameter. Therefore, the total area
that is needed to realize a wind farm is much larger than the physical area needed.
It is estimated that based on realized wind farms onshore about 6 MW/km? and off-
shore about 8 MW/km? can be realized. It implies that the physical area size is only
1-2% of total wind farm area size. So it is possible to use the land or sea for agricul-
tural purposes or even to place large solar PV farms in between the wind turbines.

The estimated space requirements does not necessarily mean it has to be a con-
tiguous area of 500-2,000 km?. It could be smaller areas, not too far from each other,
producing and transporting hydrogen through a smaller pipeline feeding into a large
hydrogen transport pipeline. Such a large hydrogen pipeline from the renewable
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Tab. 6: Space requirements for multi-GW solar and wind hydrogen production plants.

Capacity Installed Hydrogen Specific Space Space
Factor Capacity  Production*  Requirement Requirement
(Fullload (GW) (million ton)  (km?/GW) (km?)
hours)
Solar PV 1,800 30GW 1.10 16,5 [49, 50] 500
(South Europe)
Solar PV 2,100 25GW 1.07 16,5 [49, 50] 420
(North Africa)
Solar CSP 4,000 12,5GW 1.02  30[51] 375
Wind Onshore 4,000 12,5 1.02 3 (physical space) [52] 38
170 (wind farm space) 2,125
Wind Offshore 6,000 9GW 1.10 2 (physical space) [53] 18
125 (wind farm space) 1,125

* Electrolyzer system efficiency 80% HHV

production site preferably goes to a large-scale hydrogen storage system; salt caverns
or suitable empty gas fields. These large-scale hydrogen storage systems must ensure
that intermittent hydrogen production is converted into a basic load hydrogen flow.
This constant hydrogen flow can then be transported from the storage to the hydro-
gen demand areas. Close to demand, a large-scale hydrogen storage in salt domes
can then balance the supply and demand.

The development of such large-scale sites for renewable hydrogen production
requires the government to designate these areas. The government will have to se-
lect such areas on the basis of a number of criteria. Zoning plans will have to be
drawn up for these areas, an environmental impact analysis will have to be carried
out, infrastructure such as roads and communication will have to be constructed
and TSOs will have to construct the large-scale hydrogen transport and storage in-
frastructure and the necessary electricity infrastructure.

5.1.3 Combining multi-GW hydrogen production from renewables and natural gas

Combining hydrogen production from renewables and natural gas makes it possible
to convert the natural gas infrastructure sooner and faster into a hydrogen infra-
structure. Besides much larger volumes of renewable and low-carbon hydrogen can
be produced at lower cost, which makes a faster and more cost-effective decarboniz-
ing of energy use possible. Two examples of such a large-scale combination are the
North Sea and Algeria.
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5.1.3.1 North sea

Major gas exploration in Europe is at the North Sea and further North in the Norwe-
gian and Southern Barents Sea. The gas from this North Sea gas fields is transported
to the shore by pipelines, see Fig. 21. At the North Sea and further North also good
wind resources are available. And at the North Sea, salt formations are present in
the underground, located above the gas fields.

A large-scale hydrogen production system could be developed at the North Sea
combining hydrogen production from natural gas and offshore wind. Offshore natural
gas can be converted to hydrogen with carbon capture and storage of the carbon in
an empty gas field or in the same gas production field, thereby contributing to en-
hanced gas recovery. At the same time large-scale offshore wind-hydrogen farms will
be developed in the neighborhood of these gas fields and gas transport pipelines. The
offshore wind electricity will be converted at sea at the wind farm into hydrogen. Gas
transport pipelines will be converted to hydrogen transport pipelines, which make it
possible that both hydrogen production from natural gas, combined with hydrogen
produced by offshore wind farms can be transported to land. In the offshore salt for-
mations dedicated salt caverns could be realized for hydrogen storage, which makes
it possible that hydrogen supply can balance production and demand fluctuations.

The North Sea has an area size of 575,000 km? and above the North Sea the Nor-
wegian Sea has an area size of 1,383,000 km? In 2017, North Sea gas production
was 190 bcm [54] or about 1.900 TWh, with Norway by far the largest gas producer
at the North Sea. If all this gas would be converted to hydrogen, about 1.400 TWh or
36 million tonnes hydrogen would be produced at the North Sea.

It is possible to install far offshore at the North Sea about 300 GW offshore wind,
producing 1.800 TWh electricity, converted in 1.400 TWh or 36 Mton hydrogen. The phys-
ical area covered by the wind turbines will be only 600 km?, representing only 0.1% of
the total North Sea area size. But the wind farms total area size will be 37,500 km?, repre-
senting 6.5% of total North Sea. As can be concluded, future offshore wind-hydrogen
could replace total natural gas production.

A fast and cost-effective transition from natural gas to hydrogen is possible as
follows. At first (some of) the natural gas pipelines will be converted to hydrogen,
fed by natural gas converted to hydrogen at sea, whereby gradually more offshore
wind-hydrogen will be fed in. In the end, offshore wind-hydrogen has taken over all
hydrogen produced from natural gas.

5.1.3.2 Algeria

The Hassi R’Mel gas field in Algeria is the 18th largest gas field in the World, in produc-
tion since 1961. The yearly production volume is around 100 bcm (about 1.000 TWh)
[56]/year, with an estimated gas in the field of about 3.000 bcm. The underground res-
ervoir size is 70 by 50 km, 3,500 km? Roughly 30% of the gas production is for national
consumption, and 70% for export via pipelines and LNG. This gas field is directly
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Fig. 21: North Sea map with gas fields and pipelines [55].
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connected by transport pipelines to Italy and Spain, see Fig. 22. When all gas pro-
duction would be converted into hydrogen by ATR, with CCS roughly 750 TWh or
19 million tonnes hydrogen will be produced.

At and around this gas field site in Algeria, there are excellent solar but also
wind resources. To produce a similar amount of 19 million tonnes hydrogen by solar
PV alone would require 450 GW solar PV with an estimated area size of 7,500 km?.
If combined with wind, this area could even produce more than 22.5 million tonnes
hydrogen (885 TWh). The land area of Algeria is 2,382,000 km?, so only 0.3% of total
land area will be used. For comparison, the land area of the EU27 is 4,422,773 km®.
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Fig. 22: Map of Algeria with energy, mining, and agriculture activities [56].
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Near this site also salt formations are present, it is likely that dedicated salt cav-
erns could be realized, which makes it possible to supply baseload hydrogen for ex-
port to among others Europe.

5.2 Total space required to produce 220 Mton renewable
hydrogen in 2050

Large-scale renewable hydrogen production can be realized at the same locations
as large-scale natural gas production with new production in Greece, Spain, and
Portugal

In the paper “Hydrogen, the bridge between Africa and Europe” [33] a 2050 scenario
for the EU28 has been presented. The EU final energy demand, including feedstock
and international transport, is estimated to be 12.000 TWh in 2050, with 50% sup-
plied by electricity and the other 50% supplied by hydrogen. Energy production is
only by renewables, mainly solar and wind.

In this scenario in the EU28 5.000 TWh, renewable electricity is produced for
direct consumption. Next to this, about 70 Mton hydrogen needs to be produced in
the EU28, which needs a renewable electricity input of 3.400 TWh. About 150 Mton
hydrogen, requiring 7.400 TWh renewable electricity, needs to be imported into the
EU28, which is assumed to come through pipeline from North Africa, (the Middle
East), Norway, and Ukraine.

An estimate of the total space required is made to produce 70 Mton hydrogen in
the EU28 and 150 Mton renewable hydrogen in neighboring countries. Three simple
criteria used to select areas where at least 1 million tonnes low-cost renewable hy-
drogen can be produced. These criteria are as follows:

— excellent renewable energy resources,
— low population density,
— Sufficient space available to produce at least 1 million tonnes hydrogen.

In the European Union, a large amount of hydrogen production will be from offshore
wind at the North Sea, Baltic Sea, Black Sea, and the Mediterranean Sea. At the Medi-
terranean Sea also floating solar can be installed to produce hydrogen. Especially in
Greece, offshore wind can be combined with floating solar. In Spain, Portugal, and
Italy a large-scale Solar PV on land, especially in Spain combined with onshore wind,
is foreseen to produce hydrogen. Some countries in Central Europe do not contribute
to large scale, low cost renewable hydrogen supply, because renewable energy re-
sources are not good enough in those countries. This does not necessarily mean that
smaller scale hydrogen production for local consumption is not possible, and it could
be certainly competitive with importing hydrogen. An indication of the land and sea
use that is necessary for hydrogen production is given in Tab. 7.
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Five North African countries have a land area size larger then the EU28, less in-
habitants, better solar energy resources and in certain areas even very good wind
resources. Especially Algeria has a large area size, excellent solar and wind condi-
tions, a gas industry with gas infrastructure, and is in principle promptly situated to
become a major renewable hydrogen exporting country. However, other North Afri-
can countries can also become important renewable hydrogen exporting countries.

Furthermore, Ukraine and Norway have the potential to become renewable
hydrogen exporting countries. Especially the Ukraine could become an exporting
country of both green hydrogen and green CO, whereby the CO, can be used as a
renewable feedstock for chemical products and synthetic fuels.

Tab. 7: Total space required in EU28 to produce 70 Mton renewable hydrogen, and in North Africa,
Ukraine and Norway to produce 150 Mton renewable hydrogen.

EU28 North Africa Other Europe
Norway + Ukraine
Area size |4.467.000 5.762.200 988.800
land Algeria, Egypt, Libya,
(km? Morocco, Tunisia
Area size |3.934.400 - 575.000
sea North Sea, Baltic Sea, North Sea
(km? Mediterranean Sea, Black
Sea, Irish Sea

GW |Mton |Sizekm? [% |GW |Mton |Sizekm?|% |GW |Mton |Size km?|%
Hz I-|2 Hz

SolarPV |440 | 16,1 7.260 |0,16 |2.350 [100,2 | 38.775 (0,67 | 40 1,5 660 (0,05

Onshore [120 9,7 | 17.190 |0,46 300| 36,5 | 37.500 (0,65 | 12 1,0 2.040 (0,15
wind

Offshore |365| 44,5 | 43.125 (1,10 - - - 90 | 11,0 | 11.250(1,96
wind

70,3 136,5 13,5

The multi-GW renewable hydrogen production areas, producing at least 1 million
tonnes hydrogen each, require substantial space. However, the percentage space re-
quired compared to total area size are rather small, around 1%. The only exception
is offshore wind at the North Sea. Installed offshore wind-hydrogen capacity at the
North Sea is estimated to be 250 GW, requiring 31.250 km? of space, which is 5,4%
of total surface of the North Sea.

When looking at the locations where multi-GW renewable hydrogen production
is concentrated, it is at Sea, especially the North Sea and in the South of Europe, but
not much in Central Europe. And, of course, in North Africa, Norway, and the Ukraine
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and so outside the EU. This shows a remarkable similarity with gas production, also
at the North Sea in North Africa and Russia and not much in Central Europe. Renew-
able hydrogen production also shows a large potential in Southern European coun-
tries, especially Greece and Spain because they have both solar and wind. These
countries can become the new hydrogen rich exporting countries in Europe.

5.3 Hydrogen infrastructure and storage

5.3.1 Natural gas infrastructure could be re-used for hydrogen transport and fits
geographically well

5.3.1.1 Salt formations are present at large-scale renewable hydrogen production
sites

Most of existing gas infrastructure, pipelines but even parts of LNG terminals, can

be re-used for hydrogen transport, which is a major advantage over electricity, where

major additional investments are required to connect future offshore wind generation

from north-western Europe and solar generation from southern Europe to the load

centers.

Surprisingly enough the geographical lay out of the gas infrastructure fits also on
the large-scale hydrogen production locations, in the North Sea, North Africa, and
Ukraine. Especially in the South of Europe, new hydrogen transport infrastructure
will be necessary to connect large-scale hydrogen production in Greece, Spain, and
Portugal to the demand in North-West Europe, see Fig. 23 for an impression of a hy-
drogen backbone throughout Europe, connecting North Sea and North Africa [33].

By re-using gas infrastructure for hydrogen transport, so-called hydrogen back-
bones can be realized, fast, and cost-effective. These hydrogen backbones will con-
nect areas of low-cost hydrogen production in and outside Europe, with large-scale
storage and demand centers elsewhere. The European gas infrastructure can, with
few exceptions, be used to transport 100% hydrogen. Gas transmission pipelines
can accommodate pure hydrogen, but compressors and flow meters need to be ad-
justed or replaced. And most natural gas distribution pipelines, typically made from
PVC or PE, can accommodate 100% hydrogen as well [57-59]. Germany and the
Netherlands have already planned to convert part of their natural gas transmission
system into a dedicated hydrogen backbone. And at 17 July 2020, 11 European gas
TSO’s launched their plan to develop an integrated European hydrogen backbone,
see Fig. 24 [59].

Hydrogen storage can be realized in salt caverns, such as natural gas. The salt
caverns for gas storage are located throughout Europe, but concentrated in Germany.
These salt caverns are mainly in use to balance base load gas supply with the gas
demand. With renewable hydrogen production, there is no base load supply. There-
fore, salt cavern storage needs to be realized near large-scale renewable hydrogen
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Fig. 23: Natural gas infrastructure in Europe (blue and red lines) and first outline for a hydrogen
backbone infrastructure (orange lines). The main part of the hydrogen backbone infrastructure
consists of re-used natural gas transport pipelines with new or retrofitted compressors. A new
pipeline from the solar and wind resource areas in Greece needs to be realized as well as transport
pipelines along the south coast of Portugal and Spain [33].

production locations to balance fluctuating hydrogen production into baseload sup-
ply. Salt formations, however, are present at these large-scale renewable hydrogen
production sites, for example, not only at the North Sea and Algeria but also in Mo-
rocco, Egypt, Spain, and Portugal. So dedicated salt cavern hydrogen storage could
be created at these large production locations, see Fig. 20. And a large potential for
salt cavern storage in Europe exists, see Fig. 16

5.4 Future hydrogen system lay out

A future hydrogen system will look a lot like the present natural gas system. The
lay-out of such a future hydrogen system will consist of the following, see Fig. 25.
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Fig. 25: A schematic lay out of a future renewable hydrogen gas system.

Large-scale renewable hydrogen production sites will be connected with gather-

ing lines to underground storage facilities to balance production fluctuations and
hydrogen processing plants to bring it on specification.

- In an intermediate period large-scale low-carbon hydrogen production from fossil
fuels at the resource sites with carbon capture and storage directly in the gas or
coal field can provide hydrogen volume in the system. Gathering lines will trans-
port the hydrogen to hydrogen processing plants to bring it on specifications.

— Intercontinental and continental transport pipelines will transport the hydrogen
to the demand centers.

At Ports, hydrogen can be imported via LH2, Ammonia or LOHC by ship and tem-

porarily stored in tanks.

Hydrogen is then transported to large volume, base load, customers (e.g. chemical

industry, steel plants, synthetic fuel production plants) and to underground stor-
age facilities to balance daily to seasonal demand fluctuations.

Now hydrogen is transported to city gate stations, whereby pressure levels are

reduced to medium pressure levels, connecting medium volume customers, in-
dustries (e.g. food processing, paper, special chemicals, data centers) large
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commercial sites (e.g. distribution centers, campus sites, offices and stores)
and hydrogen fueling stations.

— At medium pressure, local and regional hydrogen production from biogenic
waste streams brought on specification can be fed in the hydrogen grid.

— At medium pressure, also local and regional hydrogen production from renewable
electricity to alleviate electricity grid capacity constraints can be fed into the hy-
drogen grid.

— Finally hydrogen is distributed at low pressure levels to residential customers
(e.g. houses, small shops, offices, schools).

6 Electricity and hydrogen symbiosis to fulfil
end-use energy demand

Present combustion technology today will shift to electrochemical conversion
and heat pump technology in future

A global sustainable energy system can be constructed with pre-dominantly solar
and wind as energy source, converted into electricity via solar panels and wind tur-
bines. Where possible, useful and cost-effective, the electricity produced is directly
used. However, lowest cost solar and wind electricity can also be produced far away
from the demand, requiring conversion to hydrogen for cheap transport and stor-
age. The lower electricity production cost and cheaper transport and storage cost
will compensate for extra energy conversion losses and costs.

6.1 Hydrogen as a feedstock

Hydrogen as a feedstock to produce chemical products is a direct use of hydrogen.
Present hydrogen feedstock use is especially for ammonia and methanol produc-
tion and in refineries to desulfurize oil and to produce gasoline, diesel, and other
oil-refinery products. Renewable synthetic fuels, such as synthetic kerosene or
synthetic diesel can be produced by using green H, and green CO produced by gas-
ification of solid biogenic waste, using the Fischer-Tropsch synthesis process. The
Fischer-Tropsch process is a catalytic chemical reaction in which carbon monoxide
(CO) and hydrogen (H,) in the syngas are converted into hydrocarbons of various mo-
lecular weights according to the following equation [60]:

Fischer-Tropsch: (2n+1) H, +nCO — CyH 342 +nH0
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In future, hydrogen as a feedstock can also be used for direct reduction of iron
ore, thereby replacing carbon monoxide produced from coal. The reduction process
is given by the following equation.

DRI: FeO + H, — Fe +H,0

There are several steel plants that have started crude steel pilot production plants
using hydrogen as a reducing agent. Three Swedish companies, steel manufacturer
SSAB, mining company LKAB, and energy company Vattenfall are exploring the use of
hydrogen in steel production processes. This joint endeavor is known as HYBRIT, short
for Hydrogen Breakthrough Ironmaking Technology [61]. A schematic view of the HY-
BRIT production process, compared to the blast furnace process, is given in Fig. 26.
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Fig. 26: HYBRIT production compared to traditional blast furnace methods [61].
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6.2 Hydrogen as an energy carrier

Hydrogen can be used as an energy carrier which can be converted in high or low
temperature heat, in electricity or mechanical power. Today, the conversion process
to convert hydrogen in heat, electricity or mechanical power is via combustion in a
boiler, furnace, engine, or turbine. These combustion technologies are mature tech-
nologies when combusting natural gas, but in development for combusting hydrogen.
However, it is not very difficult to adapt or retrofit these combustion technologies for
combusting hydrogen. Although the different appliances need to be re-engineered,
the essential difference is only the burner.

Hydrogen boilers for heating houses and buildings have come on the market in
the United Kingdom and the Netherlands already. Even boilers have been developed
that are hydrogen ready, which means that they can combust natural gas but in fu-
ture hydrogen as well. Worcester Bosch in the United Kingdom has released such a
hydrogen-ready boiler in February 2020 [62], see Fig. 27.

Gas turbines are versatile and can be used in several different modes in critical
industries such as power generation, oil and gas, process plants, aviation, as well
as in smaller related industries. At present hydrogen mixed with natural gas can be
burned in gas turbines, with some simple adaptations. All gas turbines manufac-
turers have a technology roadmap to bring gas turbines on the market or to retrofit
existing gas turbines to 100% hydrogen fueled. In January 2019, the gas turbine in-
dustry strongly committed to develop gas turbines operating with 100% hydrogen
till 2030 [63].

Airbus has revealed new zero-emission concept aircrafts in September 2020. The
AirbusZEROe blended Wing Body Concept is the most futuristic concept, see Fig. 28.
In the blended-wing body configuration, two hybrid hydrogen turbofan gas turbine
engines provide thrust. The modified gas-turbine engines run on hydrogen, rather
than jet fuel, through combustion. The liquid hydrogen storage tanks are stored un-
derneath the wings. Airbus wants to bring these hydrogen planes on the market in
2035 [64].

Hydrogen can be blended in diesel engines. Especially for heavy duty and heavy
transport blending, hydrogen in a diesel engine, can reduce CO,, fine dust, and NOx
emissions. New Holland in cooperation with Jos Scholman land and water works
company, has developed a H, Dual Fuel tractors, whereby hydrogen can be blended
up to 80%, see Fig. 29. The H, Dual Power hydrogen set is a modification that can be
added to a normal tractor, whereby the hydrogen is injected in the air inlet of the die-
sel engine. On the roof of the tractor, five hydrogen tanks are placed, that carry
11.5 kg H, at a pressure of 350 bar [65]. The first H, Dual Power tractors are deliver to
Jos Scholman in October 2020.
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Flashback
Prevention

Hydrogen has a higher flame
speed than natural gas. One of
the key technical advances in
hydrogen boilers are burners
which can hold a stable
hydrogen flame against its high
speed.

Gas-Air Ratio
Control

Hydrogen has very similar
energy-flow properties to
natural gas, so the new
components will be very
similar.

Condensate

Hydrogen produces
significantly more
condensate than natural gas.
This has little consequence
but must be considered in
heat cell design.

Materials
Compatibility

At the low pressures used in
domestic boilers, most
materials currently used for
natural gas will also be
suitable for hydrogen.
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Flame Detection

Hydrogen flames are invisible
and create no electrical signal,
but we can detect it by it's
ultra-violet (uv) emissions.

Conversion

In order to minimise the
impact of conversion on
end-users and installers,
boilers will be developed to
be quickly and easily
re-configured for hydrogen
on conversion day.

Performance

Hydrogen appliances will
perform very similarly to
natural gas boilers in terms
of output, efficiency and
emissions. The products
of combustion are very
clean.

Gas-Tightness

Hydrogen has a small
molecule size and is a very
seeking gas. However, energy
leakage rates are very similar
to natural gas and there is
unlikely to be a need for
significant re-engineering.

Fig. 27: Worcester Bosch, technical application of their hydrogen-ready boiler [62].

6.3 The future is electrochemical conversion instead

of combustion

In a transitional period, hydrogen can be used by combustion in a boiler, furnace,
engine, or turbine, to produce heat, electricity, or mechanical power. However,
in future electrochemical conversion via fuel cells will become more important.
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Fig. 28: The AirbusZEROe concept with hydrogen gas turbines and liquid hydrogen storage tanks [64].

Fig. 29: H, Dual Fuel tractor, hydrogen can be blended in the diesel engine up to 80% [65].

The fuel cell reaction is the reverse of the electrolyzer reaction: A chemical reaction
between hydrogen and oxygen will produce electricity, water, and also heat:

Fuelcell: 2H, + O, — 2H,0 +2e~

When fuel cells will be produced in mass production, the cost will come down drasti-
cally. Mass production of cells and stacks will bring down Capex cost to $ 30-40/kW,
according to studies by US-DOE, see Fig. 30 [66]. These Capex cost are much cheaper,
with higher conversion efficiencies, than Capex cost of present combustion technolo-
gies, such as engines or turbines. Therefore fuel cell technology will be at least cost
competitive, but in most cases, cheaper than present day combustion technology.

Fuel cells that produce electricity and heat will be used in houses and buildings.
The volume and temperature level of the heat can be brought to the desired level by
using heat pumps. And the electricity from the fuel cells supplements the electricity
from solar panels on the roof.

Electricity from batteries can directly power an electric engine for light cars,
ships, and airplanes that travel short distances. For heavier vehicles, ships, trains,
and airplanes with longer ranges, an onboard fuel cell converts hydrogen into elec-
tricity, which drives the electric motor. Much more energy can be carried on board
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Fig. 30: Prospective cost reduction measures of automotive FC system needed to reach 2025
and ultimate DOE cost targets [66].

by hydrogen (gaseous, liquid, or packaged as e.g. ammonia) then by electricity in
batteries.

And fuel cells will be the electricity balancing plants of the future, producing
electricity at moments that renewable sources cannot meet the demand. These fuel
cell systems can be placed very de-centralized in villages, neighborhoods and at of-
fice sites, because there are no emissions to the air and no noise production. De-
centralized fuel cell systems can produce electricity (and heat) locally, eventually
avoiding electricity grid expansions.

6.4 The hydrogen cycle

In the end electrochemical conversion using electrolyzers and fuel cells will fully
replace combustion technologies. Electricity and hydrogen will be the carbon-free
symbiotic energy carriers, which can be electrochemically converted into each other
by electrolyzers and fuel cells. Hydrogen will be produced by electrolysis of water.
Besides hydrogen, oxygen and heat is produced. At multi-GW renewable hydrogen
plants, the oxygen will be released to the air.

The hydrogen can be transported and stored in large quantities worldwide by
ship or up to distances of 3,000-4,000 km by pipeline. At the demand centers, hy-
drogen and oxygen from the air can be converted by fuels into electricity, heat, and
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water. The water that is released is very clean, demineralized water. With the addi-
tion of salt and some minerals, it is very clean and safe drinking water.

In this cyclic process, there is no water and oxygen used. On the hydrogen pro-
duction site (electrolyzer), water is used and oxygen released. But on the use side
(fuel cell), the same amount of oxygen is used and water is produced. It is a perfect
balance, a circular process, called “The Hydrogen Cycle,” see Fig. 31.

H2
TRANSPORT
& STORAGE
ELECTROLYSIS/
e
‘ H\
1 1]
ENERGY 2!
SOLAR  WIND IN 4
‘ 1
HYDRO f
[
2 F
HO O, /
% & ENERGY FUEL CELL

Fig. 31: THE HYDROGEN CYCLE; Electricity and water electrochemical conversion into hydrogen,
oxygen and heat by electrolysis — Transport and storage of hydrogen — Hydrogen and oxygen
electrochemical conversion into electricity and heat [1].

7 Conclusions
7.1 Why hydrogen?

Hydrogen has a key role to play as a carbon-free energy carrier alongside electricity.
Hydrogen can be transported worldwide by ship and pipeline and can be stored un-
derground in large volumes. This makes it possible to deliver cheap renewable energy,
especially solar and wind, cost efficiently at the right time and place to customers.
Next to this systemic role, hydrogen is important to decarbonize energy use in hard-to-
abate sectors in industry, mobility, electricity balancing, and heating.

7.2 How to produce hydrogen?

Present day hydrogen use is only as feedstock in industry, representing 2% of global
primary energy use. Hydrogen is mainly produced from fossil fuels, also called “hy-
drocarbons,” especially from natural gas and coal, whereby CO, emissions are re-
leased to the air, called “grey” hydrogen. However, up to 90% of the CO, emissions
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can be captured and stored underground, the produced hydrogen is then called
“blue.” New technology makes it even possible to produce hydrogen and solid carbon
from fossil fuels, so without CO, emissions and is called “turquoise” hydrogen.
However, hydrogen can also be produced from renewable resources, such as
biogenic waste. With new technologies, pure H, and CO, can be produced, instead
of methane. Both hydrogen and CO, are called “green” and if the CO, is used as a
feedstock or captured and stored, even negative CO, emissions could be realized.
Hydrogen can be produced from hydrocarbons, but also by splitting water. The
energy input for splitting water can be electricity, heat, or in future even direct sun-
light. At present, water electrolysis is the most commonly used process. Only when
the electricity is from renewable resources, the produced hydrogen is called “green.”

7.3 Hydrogen production and system cost

Hydrogen production cost is mainly determined by the energy cost. Grey hydrogen pro-
duction cost from natural gas with a gas price of 3 dollars/MBtu (=0,01 dollar/kWh) is
below 1 dollar/kg hydrogen. But green hydrogen production cost from water using
solar PV electricity at a cost of 0,01 dollar/kWh is also below 1 dollar/kg H, (Capex elec-
trolyzer 250 $/kW with 2.000 full load hours). So green hydrogen production cost from
solar PV can compete with grey hydrogen production cost at equal energy prices. With
higher full load hours, which is the case with onshore and offshore wind, electricity
prices can be even higher than natural gas prices to be competitive. In future, renew-
able hydrogen can even compete with low gas prices.

Multi-GW solar and wind electricity production costs at the good resources sites
are between 2-5 times cheaper than solar and wind production cost at moderate re-
source sites. Hydrogen transport cost by pipeline is about a factor of 10 cheaper
than electricity transport cost by cable. And hydrogen storage cost underground in
salt caverns is at least a factor 100 cheaper than electricity storage cost by pumped
hydro or batteries. In comparing renewable energy system cost, the following can
be concluded:

— The further away from the energy demand and with an increasing share of sus-
tainable electricity, conversion to hydrogen with transport and storage of hy-
drogen and conversion back to electricity becomes more attractive than electricity
transport and storage with direct use.

— Green hydrogen production cost in areas/countries with moderate renewable re-
sources will compete with green hydrogen import cost (including production,
transport, and storage cost) from good renewable resources sites.

- In the end even renewable electricity production cost in areas/countries with
moderate renewable resources will compete with renewable electricity produc-
tion cost from imported hydrogen, produced by renewable electricity from good
renewable resources sites.
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In a renewable energy system, it is about comparing system cost and not about
comparing system efficiency.

7.4 Future hydrogen system characteristics

Future hydrogen systems will have similar characteristics as present day natural
gas systems. Large-scale Multi-GW renewable hydrogen production plants, produc-
ing more than 1 million tonnes (=40 TWh) H,/year at good resources sites needs to
be developed. Hydrogen production cost will be below 1 dollar/kg H, around 2030
and will become competitive with present day gas prices around 2040. Hydrogen
infrastructure can be realized by re-using the gas infrastructure, pipelines, and salt
cavern storage, without major adaptations. As a transition, hydrogen produced from
fossil fuels at the resource sites (gas or coal field) with Carbon Capture and storage
directly in the field below, can bring low-carbon hydrogen volume in the system.
Such an approach can establish a fast, cheap, and reliable transition to a sustainable
energy system, whereby hydrogen will fully replace natural gas, coal, and oil.

7.5 Hydrogen production space requirements

To build a fully renewable hydrogen production system, producing 70 Mton hydro-
gen in the European Union, including the United Kingdom and 150 Mton in neigh-
boring countries in North Africa, Ukraine, and Norway, requires on average 1% of
land and sea space. There will be hydrogen-exporting countries in the South of Eu-
rope, the United Kingdom, Norway, and in North Africa. Especially North-West and
Central European, countries will need to import cheap renewable hydrogen. There
will be a need for innovative spatial planning policies to designate areas for large-
scale, more than 1 million tonnes hydrogen production.

7.6 Hydrogen demand and end-use technology development

Present day hydrogen use is only as a feedstock in the chemical and petro-chemical
industry. In future hydrogen will be used as a feedstock too in new areas such as
steel and synthetic fuels production. And hydrogen as an energy source will be
used for mobility, high to low temperature heating, and for electricity balancing.

The conversion technology used today is based on combusting technologies:
boilers, furnaces, engines, and turbines. These combustion technologies can be eas-
ily and fast adapted to combust hydrogen. It is possible to fully replace fossil fuels
in all combustion technologies by hydrogen, but in a first phase, dual fuel combus-
tion technologies will enter the market.
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In future, however, combustion technologies will be replaced by electrochemi-
cal conversion technologies together with heat pump technologies. These technolo-
gies offer the promise to be cheaper, more-efficient with no harmful emissions to
the air, land, or water. A smart symbiosis between electricity and hydrogen as zero-
carbon energy carriers with electrochemical and heat pump technologies, will es-
tablish a clean, cost-effective, reliable, fair, and circular energy system. In such an
energy system, the hydrogen cycle is the ultimate circular mass and energy cycle.

8 Recommendations

Hydrogen is a zero-carbon energy carrier which makes it possible to cost efficiently
transport and store large volumes of cheap renewable energy from production to
demand worldwide. This systematic role of hydrogen is key to realize a clean, af-
fordable, reliable, and fair renewable energy system worldwide. The following cru-
cial developments need to be implemented to establish the role of hydrogen as the
zero-carbon energy carrier worldwide.

1. Develop a hydrogen system with similar characteristics as the present natural
gas system, whereby hydrogen can be transported worldwide by ship and pipe-
line, with large-scale storage facilities and a large-scale hydrogen production
(more than 1 million tonnes hydrogen/year/production location). The scale and
dimensions of such a hydrogen system are in general about a factor of 10 larger
than the electricity system.

2. Stimulate both large-scale (more than 1 million tonnes hydrogen/year) low-carbon
hydrogen and renewable hydrogen production at the resource sites. Over time
renewable hydrogen will replace low-carbon hydrogen production, because it is
cheaper.

3. The EU does not have the good renewable resources and enough space and
therefore will not be self-supporting in cheap renewable energy production. It
needs to develop unique and long-lasting mutual cooperation on political, soci-
etal, and economic level between the EU and neighboring regions, especially
North Africa to be able to import cheap renewable hydrogen.

4, Large-scale renewable hydrogen production requires substantial space, more
than 1 million tonnes hydrogen production by solar and/or wind requires at
least 500 km?. It is therefore necessary to implement spatial planning policies
to designate areas for large-scale low cost (>1 million tones hydrogen/year) re-
newable hydrogen production.

5. To stimulate renewable and low-carbon hydrogen production, develop CO, emis-
sion reduction mechanisms, such as Energy Trading Systems or subsidy/grant
systems based on energy system cost and not on energy production cost alone.
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10.

Convert the existing natural gas pipeline infrastructure as soon as possibly into
a hydrogen pipeline infrastructure or realize a new dedicated pipeline hydrogen
infrastructure as soon as possible.

Develop import and export facilities for hydrogen and hydrogen products such
as ammonia or hydrogen bound to other elements by ship. Stimulate ports and
shipping companies to build up terminals, logistics and supply chains for hy-
drogen and hydrogen products.

Develop large-scale hydrogen storage near the production (in order to level out
fluctuating renewable hydrogen production) and near the demand (in order to
deal with demand fluctuations).

Hydrogen will take over the role of fossil fuels, oil, gas, and coal as the energy
commodity that can be transported worldwide. A worldwide hydrogen market
will emerge, with worldwide price setting and international price competition.
It is important to develop hydrogen trade markets as soon as possible.
Combustion technologies produce NOx, particulates, and other emissions to the
air. Electrochemical conversion technology including heat pump technology
does not have these emissions. Therefore, it is not only stimulating replacement
of fossil fuels by hydrogen in present day combustion technology but also stim-
ulating electrochemical conversion technology.
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The European hydrogen strategy

Summary: On July 8, 2020, the European Commission (EU) presented “A hydrogen
strategy for a climate-neutral Europe.” The strategy was published alongside the En-
ergy System Integration strategy, which examined the pathways toward climate neu-
trality by 2050. This article discusses the background for the hydrogen strategy, the
drivers for the publication of the strategy, and the rationale for the proposed actions
that have been considered by the hydrogen strategy.

1 Introduction

Energy has always been at the core of Europe’s cooperation efforts to secure peace,
economic growth, jobs, and a rising standard of living. The creation of a common
energy market, equal and secure access, competitive prices, and rational use of our
natural energy resources have been guiding principles over the last 60 years [1].

The current Commission continues to put energy high on the agenda, with “A Eu-
ropean Green Deal” as its top priority [2]. This strategy, published in December 2019,
takes the Commission’s vision of a climate neutrality by 2050 as the starting point,
and argues that a transition of both the energy system and economic activities are
needed to ensure the EU’s economic, societal, and environmental objectives.

The decarbonization of the energy system is critical to reach the European climate
objectives for both 2030 and 2050. In this respect, the “European Green Deal” put for-
ward the need to ensure a smart integration of renewable energy sources, energy effi-
ciency, and other sustainable solutions, such as smart grids, energy storage, carbon
capture, utilization and storage as well as the production of hydrogen and hydrogen
networks, to ensure decarbonization at the lowest possible cost. The “European Green
Deal” also recognized hydrogen as one of the technology options that can ensure that
the EU industry remains at the technology forefront, and delivers breakthrough tech-
nologies in key industrial sectors.

Following the launch of the “European Green Deal,” the European Commission
delivered its dedicated strategy on Energy System Integration [3] and Hydrogen [4]
in July 2020. Both strategies delivered a concrete set of actions to deliver on the ob-
jectives outlined in the “European Green Deal.”

The Energy System Integration strategy provided an overall vision on how to
accelerate the transition toward a more integrated energy system. The strategy in-
cludes six pillars where coordinated measures are needed to address existing bar-
riers for energy system integration. The role of hydrogen is identified in three out of
the six pillars.
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First, renewable and low-carbon hydrogen provides the opportunity to decarbon-
ize a number of end-use applications where the direct use of renewables or electrifica-
tion might not be feasible or has higher costs. In this respect, low-carbon hydrogen is
defined as encompassing fossil-based hydrogen with carbon capture and electricity-
based hydrogen, with significantly reduced full life-cycle greenhouse gas emissions
compared to existing hydrogen production. Furthermore, the strategy identifies that re-
newable hydrogen produced through electricity using renewable electricity can play a
particularly important “nodal” role in an integrated energy system, by providing flexi-
bility by offloading grids in times of abundant supply, and by providing long-term stor-
age and energy buffering options.

Second, the Energy System Integration strategy identified new actions to ensure
that energy markets are fit for new decarbonization options, including issues around
the creation of open and competitive markets for hydrogen.

Third, the Energy System Integration strategy foresees activities to ensure a
more integrated energy infrastructure. This includes a more holistic view of both
electricity and gas infrastructure, as well as CO,-dedicated infrastructure for those
hydrogen projects relying on carbon capture and storage.

Alongside the Energy System Integration strategy, the Commission also pub-
lished a dedicated strategy on hydrogen [4]. This strategy elaborated in more detail
on the opportunities and necessary measures to scale up the production and uptake
of hydrogen, but also linked the opportunities of hydrogen in the context of recov-
ery from the COVID-19 crisis that struck Europe in March 2020.

The Hydrogen Strategy not only builds upon the Strategy for Energy System
Integration [3] but also looked in more detail at the actions that would be needed
to build a dynamic hydrogen ecosystem in Europe, create new opportunities for
the European industry as well as Europe’s role in the emerging international mar-
ket for hydrogen. The strategy also provided a roadmap for hydrogen production
and consumption in Europe, and set out the Commission’s priority to develop re-
newable hydrogen as the most compatible option with the EU’s climate neutrality
and zero pollution goals in the long term and as the most coherent option with an
integrated energy system.

The next four sections discuss the four key topics of the European hydrogen strat-
egy. The first topic is the key application areas for hydrogen, and its role in the future
energy mix. The second topic discusses the different policy options that are under
consideration to promote the production and demand of hydrogen, including the
need for market rules and infrastructure. The third topic discusses the role of research
and innovation, and the different activities proposed under the European hydrogen
strategy. The fourth topic discusses the international role of hydrogen.
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2 The role of hydrogen in the energy system

The European energy system is more diverse, more secure, more efficient and cleaner
than it has ever been. The level of interconnections between European Member States
is stronger than in any other world region, and new digitalization solutions are al-
ready allowing energy trade deals to take place at an hourly basis across Europe. En-
ergy consumers have a wider range of choices to satisfy their energy demand, and
decentralized renewable energy production is increasingly empowering citizens and
communities to play an active role in the energy transition.

This energy system provides a solid starting point to achieve Europe’s ambitions to
become the first climate neutral economy, and has significantly evolved since the 1990s
(see Fig. 32). However, the scale and pace of transition is such that simply replacing tra-
ditional energy carriers with greener alternatives will not be cost-effective or even possi-
ble at all. The data clearly show that to achieve climate neutrality, the change of pace
needs to be significantly different and the energy consumption will radically change
across different end-use sectors. Furthermore, a more distributed, digitalized, and decar-
bonized energy system will require fundamental changes in the way we develop and
manage our energy system, some of which are already becoming visible today.
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Fig. 32: Historical and future energy mix within the European Union [5, 6].

In the 2018 analysis, “A Clean Planet for All” [7], the Commission analyzed eight sce-
narios to examine different levels of greenhouse gas emission reductions for 2050. It
also included two specific scenarios, called Hydrogen and Power-to-X that looked at
promoting hydrogen as a pathway toward climate neutrality [6]. These specific scenar-
ios showed that the high level of hydrogen consumption, especially through hydrogen
consumption in residential and services sector and if hydrogen would be used for the
production of e-fuels, increases the need for more renewable and low-carbon electricity
production.
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Furthermore, the scenarios showed that when combining all gaseous fuels (natural
gas, biogas, e-gas, and hydrogen), different patterns emerged. In the scenarios that pro-
mote strong energy efficiency measures and electrification, gaseous fuels are roughly
halved compared to today. Conversely, large-scale end-uses of hydrogen or the use of
e-gases would result in a total consumption of gaseous fuels that could even exceed
expected gaseous consumption in 2030. Finally, the share of hydrogen and e-gases in-
creases with the ambition levels for greenhouse gas emission reductions.

At the same time, the analyses showed that irrespective of the technology path-
way or ambition levels, the share of hydrogen in the energy mix will substantially
increase compared to today’s levels. Furthermore, all scenarios found significant
growth of hydrogen consumption in the transport sector and industrial applica-
tions, as well as a role of hydrogen as a storage option in the power sector. The anal-
yses show that solar and wind power are expected to increase to 36% and 65% of
electricity production in 2030 and 2050, respectively [8]. Short- and medium-term
flexibility will be needed in the day-ahead, intraday, and balancing markets by de-
mand response, batteries, and other technologies. By transforming electricity into
hydrogen when electricity is abundant and cheap, and seizing production when
electricity is scarce and prices are high, hydrogen production can provide flexibility
at all time scales [9]. Hydrogen can also be stored seasonally as a backup to produce
electricity when needed providing security of supply for our future energy system.

These findings of these analyses on the long-term energy mix to achieve a climate
neutral economy were re-affirmed by the analyses done for the 2030 Climate Target
Plan [8]. The analysis shows that increased energy efficiency as well as the rapid up-
take of renewable power continues to be strong driving forces to reduce greenhouse
gas emissions in the period up to 2030. However, at the same time, it recognizes that
to allow industry to truly decarbonize after 2030, zero or very low-carbon technolo-
gies and business concepts, including system integration, access to sustainable re-
sources and increased circularity, medium and high heat electrification, hydrogen
and carbon capture, utilization and storage, will need to be developed and tested at
scale in this decade.

The analysis underpinning the 2030 Climate Plan shows that from a cost-
optimization perspective, the role of hydrogen remains relatively limited with 12-13
GW of electrolyzers needed by 2030, compared to the 1.5 GW of electrolyzers projected
in the baseline scenario. However, to achieve the climate neutrality objectives, all pol-
icy scenarios foresee a rapid ramp up of installed electrolyzer capacity between 40
and 70 GW by 2035 and between 528 and 581 GW in 2050 [8].

Other analyses have similar results, although the overall scale of hydrogen con-
sumption differs substantially across the different scenarios. An overview of 11 differ-
ent climate-neutral scenarios show that the majority of studies foresee the use of
hydrogen in the transport sector and in industrial applications, with smaller amounts
of hydrogen used to support the electricity sector. Only 3 out of the 11 scenarios fore-
see a significant role of hydrogen in the buildings sector. The level of hydrogen
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consumption highly depends on assumptions about the overall energy consumption
in 2050. The scenarios with the lowest energy demand have also the lowest hydrogen
demand in 2050, although the share of hydrogen in the energy mix could still reach
5% to 20% [10].

At the same time, current hydrogen production in Europe amounts to only 325
TWh, primarily produced by natural gas or as by-product, and used as feedstock in the
chemical industry [11]. Hydrogen production through electrolyzers accounts for less
than 4% of current hydrogen consumption. Hydrogen is not being used to decarbonize
energy consumption yet, because it is a more expensive decarbonization option com-
pared to the direct use of renewables or through electrification with renewable power
and thus requires significant changes in industrial processes or vehicle technology.

Whilst around 280 companies are active in the production and supply chain of elec-
trolyzers and more than 1 GW of electrolyzer projects are in the pipeline, total European
production capacity for electrolyzers is currently below 1 GW/year [12]. Increasing
production would require a sustainable industrial ecosystem, which would include
strengthening a skilled workforce, industrializing key components, and scaling-up
technologies for creating new businesses opportunities across the full supply chain.

Based on this analysis, the European Hydrogen Strategy identified industrial appli-
cations in existing demand centers such as large refineries, steel plants, and chemical
complexes a key application area for scaling up renewable hydrogen production. In this
respect, several demonstration projects have already come online or are in final stages
of development. Existing projects include a 6 MW renewable hydrogen electrolyzers at a
steel plant in Austria, a 10 MW renewable hydrogen electrolyzer to be completed close
to a refinery in Germany, and a 20 MW renewable hydrogen electrolyzer for the produc-
tion of methanol in the Netherlands [13]. In addition, specific transport applications,
such as heavy duty transport applications, could be fueled through hydrogen refueling
stations supplied by local renewable hydrogen production. Already, more than 125 hy-
drogen refueling stations exist within the EU with 87 located in Germany, whilst there
are around 66 fuel cell busses and 300 fuel cell commercial vehicles on the road [14].

In a second phase, the European hydrogen strategy foresees industrial demand
to gradually include new applications, including steel-making, trucks, rail and some
maritime transport applications, and other transport modes. In the steel sector, sev-
eral producers have already put demonstration projects in place to use hydrogen for
the production of sponge iron, and the first large-scale projects for the production of
green ammonia have been announced in Spain. Furthermore, several European truck
manufacturers have announced the production of fuel cell trucks and an Italian ship-
builder has announced the delivery of the first fuel cell ships.

In this phase, renewable hydrogen will start playing a role in balancing a re-
newables-based electricity system by transforming electricity into hydrogen when
renewable electricity is abundant and cheap and by providing flexibility. Several proj-
ects, including a 1.2 MW electrolyzer in Denmark, have already demonstrated the
possibilities for renewable hydrogen in this perspective. Furthermore, the European
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Commission supports under its Union cohesion policy innovative small- and medium-
size enterprises and the creation of new firms, growth start-ups and accelerators to pro-
mote the development and actual use of hydrogen innovative solutions across the
value chain, including through the Hydrogen Valleys partnership launched in 2019.

3 Policy support for hydrogen

To facilitate this phased development, the European hydrogen strategy also introduces
a number of policies to support the deployment of hydrogen. These policy instruments
can be broken down into four categories: 1) financial instruments; 2) terminology, certi-
fication, and targets; and 3) market and infrastructure regulation.

First, the European hydrogen strategy does not expect the production of both low-
carbon hydrogen and renewable hydrogen to be cost-competitive with fossil-based hy-
drogen. As such, the hydrogen strategies identify a number of financial instruments as
well as political decisions that could be considered to support the production of renew-
able and low-carbon hydrogen. As such, the European Commission has already ana-
lyzed the investment needs in the EU Member States [15], and has proposed a flagship
project under its Recovery and Resilience Facility to support the production of renew-
ables and renewable hydrogen within its Member States. Furthermore, the European
Commission is developing its financing instruments under the newly agreed budgets
for the period from 2021 to 2027, including support for the development of infrastruc-
ture as well as leveraging private sector investments through grants and loans.

Second, the strategy proposes to develop a comprehensive terminology and Eu-
ropean-wide criteria for the certification of renewable and low-carbon hydrogen.
Such a certification scheme would also have to be compatible with certification of
other renewable and low-carbon fuels that could be used by end-consumers. Such
certification could draw from the existing requirements for renewable fuels and
fuels of non-biological origin that exist under the Renewable Energy Directive to
support renewables targets in the transport sector [16] as well as industry initiatives
to track life-cycle greenhouse gas emissions for the production of renewable and
low-carbon hydrogen from “well-to-gate.”

At the same time, the strategy also considers different instruments to promote
the production of renewable and low-carbon hydrogen, including through the revi-
sion of the EU Emissions Trading Scheme and the possible introduction of carbon
contracts for difference. Finally, the strategy is also considering direct market based
support schemes and quotas specifically for renewable hydrogen. Such measures
are currently considered for the impact assessments for the revision of the existing
renewable energy directive [16].

Third, the strategy proposes to examine the need for new regulation for hydro-
gen. This may include new regulation to ensure the interoperability of markets for
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pure hydrogen, common quality standards (e.g. for purity and thresholds for con-
taminants), or cross-border operation rules. At the same time, the rules for operat-
ing and financing hydrogen infrastructure will have to be examined as well as the
process for ensuring the full integration of hydrogen infrastructure in the infrastruc-
ture planning for electricity, gas, heat in addition to transport infrastructures.

4 Research and innovation

Europe has a long history of research and innovation in hydrogen, culminating in the
integrated European strategy on hydrogen in 2003, which led to the establishment of
the Hydrogen and Fuel Cells Technology Platform in 2003, the Fuel Cells and Hydro-
gen Joint Undertaking (FCH JU) in 2008, and its successors in 2014 and 2019.

Since its launch in 2008, the FCH JU has been a public-private partnership sup-
porting research, technological development, and demonstration activities in fuel cell
and hydrogen energy technologies in Europe. It has supported more than 260 proj-
ects, for over 900 million euros from public money (matched on an equal basis by the
industry), in the areas of transport, green hydrogen production, heat and electricity
production, critical raw materials, and energy storage [17].

The FCH JU has succeeded to establish a European leadership for technologies
such as electrolyzers, and the latest projects aim at demonstrating multi-MW instal-
lations, several projects on micro-CHP, medium size fuel cells, and MW-scale fuel
cells, including projects on hydrogen injection in the gas grid.

To ensure a full hydrogen supply chain to serve the European economy, further
research and innovation efforts are required, spanning a variety of technologies and
maturity levels. This is the case for upscaling to larger size electrolyzers in the range
of the GWs that, together with mass manufacturing capabilities, is needed to serve
sustainable industrial areas as well as ports and airports at scale. Projects such as
the Port of Rotterdam MULTIPLHY illustrate the leadership and dynamism in Eu-
rope: it will become the world’s first commercial-scale solid oxide electrolyzer at a
bio-refinery, producing 960 tonnes of renewable hydrogen by the end of 2024 [18].

Infrastructure also needs further development in order to distribute, store, and
dispense hydrogen at large volumes and possibly over long distances. A particular
question is the possibilities to repurpose large parts of the existing gas infrastructure
for the use of pure hydrogen flows, with already some positive experiences in the
Netherlands [19]. In the area of hydrogen storage, the Hestor research project in Po-
land [20] is investigating the storage of hydrogen generated from renewables in salt
caverns and use it as a fuel for gas turbines during peak demand periods, in refineries
and for transport purposes.

At the same time, the development of low-carbon industrial clusters equipped
with highly efficient CO, capture and compression solutions, such as the H-vision
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project [21] in the port of Rotterdam that aims to capture CO, stored in depleted gas
fields deep below the North Sea seabed, would be necessary to support a transi-
tional low-carbon hydrogen role in the path toward renewable hydrogen.

Solutions at lower technology readiness level need also to be incentivized and devel-
oped such as, hydrogen production from marine algae, from direct solar water splitting,
or from pyrolysis processes with solid carbon as side product, while paying due attention
to sustainability requirements. Further research is needed to support policy making, in
particular to enable improved and harmonized (safety) standards and monitoring.

At the same time, continued research and innovation is needed to create a full eco-
system around hydrogen. Reliable methodologies have to be developed for assessing
the environmental impacts of hydrogen technologies and their associated value chains,
including their full life-cycle greenhouse gas emissions and sustainability. Importantly,
critical raw material reduction, substitution and recycling needs a thorough assessment
in the light of their future expected increasing deployment, with due account being
paid to ensuring security of supply and high levels of sustainability in Europe.

To address all these challenges, the Commission has proposed the continuation
of the FCH JU under Horizon Europe as an institutionalized Clean Hydrogen Partner-
ship, expected to have a stronger focus on renewable hydrogen production, transmis-
sion, distribution, and storage, alongside the focus on fuel cell end-use technologies.
The partnership will engage Member States efforts and collaborate with other pro-
posed partnerships under Horizon Europe, and focusing specifically on the decarbon-
ization of end-use sectors (e.g. on clean steel, circular and climate neutral industries,
zero-emission transport) [4].

Beyond the partnership, the Commission will mobilize a wide range of support
instruments, including capacity building initiatives, to cover the entire innovation
cycle and to foster cooperation and synergies between relevant hydrogen research
programs. The cooperation with research and innovation efforts of Member States
in the context of the Strategic Energy Technologies (SET) Plan priorities [22] will
also be ensured. Synergies with other instruments such as the Innovation Fund or
Structural Funds will be sought in order to bridge the valley-of-death through first-
of-a-kind demonstration projects. The first call for the Emissions Trading Scheme
(ETS) Innovation Fund closed in October 2020, with its example list of projects in-
cluding more than 20 different hydrogen projects.

5 International cooperation

International cooperation among countries started as early as 1977, when the first col-
laborative frameworks on hydrogen were established under the International Energy
Agency. In 2003, the International Partnership for Hydrogen and Fuel Cells in the
Economy (IPHE) was established as an additional international research cooperation,
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with close cooperation between the United States, Japan, and the EU, addressing dif-
ferent segments of the hydrogen value chain.

The 2015 Paris Agreement and the national governments, determination to move
toward climate neutrality in 2050 are regaining the momentum for hydrogen at an
international level. Besides governments of both energy exporting and energy import-
ing countries, today’s coalition in favor of clean hydrogen includes a variety of stake-
holders, including from industry and transport sectors that increasingly are aligning
their businesses toward climate neutrality in 2050. The rapid decline of the costs of
renewable power, electrolyzers, and fuel cells contribute to repositioning the role of
renewable hydrogen at European and global level.

The foundation of the Hydrogen Council — an industry initiative launched under
the World Economic Forum — and the First Hydrogen Energy Ministerial Meeting,
hosted by Japan in 2018 all added to the political attention for hydrogen. This was
followed by hydrogen-focused G20 Ministerial Meeting on Energy Transition in 2019,
the launch of a Hydrogen Initiative under the Clean Energy Ministerial, and the estab-
lishment of a collaborative framework on green hydrogen under the International Re-
newable Energy Agency in 2020.

As a consequence, international cooperation on hydrogen is rapidly moving be-
yond research activities to discussions on hydrogen policies, the setting of interna-
tional standards for hydrogen, as well as cross-border cooperation on hydrogen.
The European hydrogen strategy foresees three areas of actions in this respect.

First, the European hydrogen strategy foresees increased cooperation with its
with neighboring countries and regions. This increased cooperation could range
from research and innovation to regulatory policy, direct investments and trade,
and focus on compatible policy frameworks for the energy transition, and associ-
ated infrastructure in addition to the opportunities for trade.

Second, the European hydrogen strategy foresees increased cooperation with other
third countries on the setting of international standards, the development of the re-
quired infrastructure and setting up common definitions and methodologies to define
overall emissions from each unit of hydrogen produced and carried to final use. The
development of global standards for hydrogen will be facilitated by cooperation under
G20, as well as with the International Energy Agency (IEA), the International Renew-
able Energy Agency (IRENA), and the Clean Energy Ministerial (CEM) initiatives.

Third, the European hydrogen strategy also foresees opportunities in the crea-
tion of a global market of hydrogen, including providing support to the energy tran-
sition and climate commitments by third countries. These activities include raising
awareness of clean hydrogen opportunities amongst public and private sectors, ca-
pacity building to effectively address regulatory barriers, transfer of knowledge,
and identification of business opportunities for market ready clean hydrogen solu-
tions, for instance, for industrial uses, transport applications, or as energy storage.
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6 Conclusions

The article shows that both the internal European situation as well as the interna-
tional setting is rapidly changing, and that the European hydrogen strategy has to be
placed within this specific context. The simultaneous publication of both the Energy
System Integration strategy and the Hydrogen strategy provides the right framework
within which to examine the different decarbonization options and their contribu-
tions to a transition toward a climate-neutral economy. At the same time, the Euro-
pean Green Deal as Europe’s economic growth strategy as well as the need for a post-
COVID recovery plan provides an unique opportunity to scale up investments in the
development and deployment of renewable and low-carbon hydrogen. The article
shows that it is important to separate out three objectives. First, renewable and low-
carbon hydrogen can contribute to the objective of increased greenhouse gas emis-
sion reductions as well as economic recovery in the short term. Second, renewable
hydrogen can support the creation of a competitive industrial ecosystem and contrib-
ute to economic development in the medium-term, including strengthening EU’s posi-
tion globally. Third, renewable hydrogen can become an indispensable part of a
decarbonized energy system to support the climate neutral economy in the long term.
None of these policy objectives can be met in isolation, and that is why it is so impor-
tant that the hydrogen strategy brings together the different policy instruments to en-
sure a coherent approach.
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Abstract: Hydrogen produced from renewable energy represents the most important
chemical energy carrier storing renewable energy. It can be produced by water split-
ting with electricity or thermal energy. The storage of hydrogen, that is, the reduc-
tion of the volume, is the challenge of the direct application of hydrogen as an
energy carrier. While the density of hydrogen molecules is limited to the density of
liquid hydrogen, hydrogen atoms bond to other elements exhibit densities up to
greater than twice the density of liquid hydrogen, for example, metal hydrides. The
storage of hydrogen at elevated densities requires a sophisticated storage system,
which makes the storage more expensive and technically challenging. Hydrogen in
hydrocarbons is stored by well-established technology and significantly less expen-
sive than pure hydrogen storage.

1 The post fossil era

It is 200 years after the steam engine has formed the basis for the industrialization
and the energy for the engines was found in fossil fuels. Before the only engines
available were wind turbines used in the Netherlands to pump water and to run the
mills and hydropower moving the hammer for the black smith all based on renew-
able energy. After the Second World War, the western world heavily industrialized,
the mobility increased, and the houses became much more comfortable. With the
analysis and modeling of the depletion of oil fields by M. King Hubbert [1], it was
realized that the global reserves on fossil fuels are limited. His model was validated
by the oil crisis in 1973 and the report “Global 2000” by the Club of Rome [2]. The
climate change due to the combustion of fossil fuels and release of CO, was first es-
timated by Svante Arrhenius in 1896 [3]. However, only a hundred years later it be-
came generally accepted that the increase of the average temperature correlates
with the increase of CO, in the atmosphere [4] and that the climate change is going
to have a severe impact on the environment [5]. The limited resources, the climate
change together with the growing population and the economic dependence on the
energy consumption are the main driving forces for the global energy turnaround.
The goal is to limit the increase of the CO, concentration in the atmosphere and in-
troduce closed materials cycle for energy as well as closed cycles for all materials
in order to provide more energy and materials with less impact on the environ-
ment. However, the growth of photovoltaic (PV) and wind power in Germany in
the last ten years from 5 to 40 and 20 to 40 GW,, of installed peak power [6], re-
spectively, demonstrated that within a decade the installed peak power of renewable
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energy can exceed the average electric power consumption (61 GW annual aver-
age in Germany).
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Fig. 33: Global produced power from renewable energy converters (hydroelectric power in blue, solar
thermal in red, wind power in green and PVs in yellow) and extrapolation assuming the exponential
growth continues [7]. The sum “Total” grows more than exponential with >58%/year [8].

The global installed peak power for PV is growing exponentially since 20 years, with
a growth rate of approximately an order of magnitude every five years (+58%/year).
The growth rate of wind power is smaller. The installed peak power of PV bypassed
the one of wind two years ago. Extrapolating the exponential growth of renewable
energy production (Fig. 33) leads to 18 TWp (the current average global energy de-
mand is estimated to be 18 TW) in the year 2025. In order to cover the world energy
demand hypothetically by renewable energy, the peak power needs to be approxi-
mately two to ten times larger than the average power and will be reached in an addi-
tional five years of continuous growth, that is around 2030. However, the growth is
slowing down as can be seen in the figure for the recent years the fitted line is above
the actual installed power for PV, wind, and solar thermal.

The intermittent character of solar and wind power requires to store a signifi-
cant amount of the annually produced energy because of the seasons. Close to the
equator are no seasons observed and no seasonal storage is needed, however, if the
energy is produced and converted it has to be transported and distributed. Therefore,
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the main challenge is no more to produce electricity from renewable energy but to
store the energy in a usable form, which is to technically realize the conversion of re-
newable energy into an energy carrier and to build up the necessary storage capacities
as well as the energy distribution network.
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Fig. 34: Cost of energy storage versus gravimetric energy density.

Currently Europe and the United States have a focus on electrifying the residential
energy demand and the mobility with storage of electricity in batteries, while in
Asia, for example, Japan and Korea develop a hydrogen economy especially for mo-
bility. From Fig. 34, it is obvious that battery storage is the most expensive and ex-
hibits the lowest energy density. As a consequence, the battery electric cars become
heavier and more expensive with a much smaller range. The consequences and effi-
ciency of the energy system for the transport by electric car is a debated topic and
still not proven, if it will lead overall to a reduction of the CO, emission.

Hydrogen can be produced by electrolysis from renewable energy and water
and is the direct product from water splitting. Nature closes the hydrogen cycle be-
cause water precipitates from the atmosphere in contrast to CO, that remains di-
luted in the atmosphere.
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2 Hydrogen as an energy carrier

Hydrogen can be produced from renewable energy and with the highest energy density
of all combustibles and an abundant material source, that is water, represents the most
appealing energy carrier for renewables. Furthermore, energy storage in batteries [9]

Fig. 35: Natural carbohydrate cycle on the left where the plants do photosynthesis i.e. synthesize
carbohydrates from CO, and water, the biomass spontaneously decomposes into hydrocarbons or
degrades or digested to CO, and H,0. The hydrogen cycle on the right starting with electrolysis of
water with renewable (solar) energy, followed by hydrogen storage and finally the combustion of
hydrogen in a fuel cell.
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costs 200 US$/kWh, in hydrogen 5 US$/kWh and in a hydroelectric power station 0.05
US$/kW [10], therefore, hydrogen offers a cheap way to store energy and is a mobile
energy carrier. The hydrogen cycle consists of three sectors: hydrogen production, hy-
drogen storage, and hydrogen combustion. Nature closes the hydrogen cycle by precip-
itation of the evaporated water.

The main challenge of the realization of the hydrogen cycle is the efficient and
cost-effective production of hydrogen from renewable energy and the dense hydro-
gen storage. Hydrogen can be produced from any hydrogen containing compound,
however, the most sustainable process is water splitting with renewable energy. Hy-
drogen production from renewable electricity by electrolysis is the most efficient
method known for the conversion of renewable energy to an energy carrier. Electro-
lyzers work with current densities of 0.2-3 A/cm? that corresponds to 3-60 kW/m?
and, therefore, the production of 1 kg H,/hour requires approximately 1 m? of elec-
trode surface. An electrolyzer with a nominal power of 1 MW (380 V) consists of 200
cells in series with 1 m? of geometrical electrode surface each. Beside electrolysis,
hydrogen can be produced by thermal water splitting, oxidation with water (e.g.
steam reforming of methane) and photo-electrochemical water splitting. The main
cost of hydrogen production is the electricity cost, the investment today is around
1500$/kW that corresponds to less than 1 cts./kWh, if the electrolyzer lasts for more
than 20 years.

Hydrogen exhibits the highest gravimetric energy density (heating value) of all
combustibles but, due to its physical properties, takes a very large volume. The goal of
hydrogen storage is to reduce the volume as much as possible with adding as little
weight as possible. The maximum hydrogen density is found in metal hydrides with
150 kg/m’>, more than twice the density of liquid hydrogen (70.8 kg/m?) and hydrogen
at atmospheric pressure and room temperature exhibits a density of only 0.089 kg/m".
The ratio of the factor of volume reduction to the factor of weight increase (Tab. 8)
allows to qualify the storage beside the efficiency and the cost of the material.

Liquid hydrogen has a volume factor of 877, that is, in a volume of liquid hydro-
gen, there is 877 times more hydrogen than in the same volume at standard conditions
(p=10° Pa at T=298 K). Compressed hydrogen gas (Fig. 36), liquid hydrogen, and
physisorbed hydrogen are described by the Van der Waals interaction, while hydrides
and hydrogen containing compounds are chemical bonds between the hydrogen and
the other elements. Hydrides exhibit a volume factor of >1500 and are, therefore, the
densest form of hydrogen beside hydrocarbons with 1504. Complex hydrides exhibit
the highest ratio fy/f,, that is, allows to reduce the volume the most with adding the
lowest amount of mass and are, therefore, an ideal hydrogen storage media.

Hydrogen is a very versatile fuel and is used as a rocket fuel for propulsion, in
catalytic combustions for heat or in fuel cells to produce electricity and heat.
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Tab. 8: Hydrogen storage materials with the storage parameters mass, volume, volume factor,
mass factor, and ratio volume to mass ratio.

[mass%] [kg/m3] fy fm fy/fm
Compressed hydrogen 200 bar 1 13.9 172 100 2
Compressed hydrogen 350 bar 5 21.7 269 20 13
Compressed hydrogen 700 bar 5 34.1 422 20 21
Liquid hydrogen at 21 K 20 70.8 877 5 175
Physisorption 77 K 7 7.0 87 14 6
Metal hydrides 1.4 150.0 1858 71 26
Complex hydrides 18 140.0 1734 6 312
Carbohydrate 7 46.7 578 14 40
Hydrocarbon 15 121.4 1504 7 226
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Fig. 36: Volume factor (factor of standard volume at pressure p) of compressed hydrogen gas
Versus pressure.

2.1 Synthetic fuels

Synthetic fuels are beside pure hydrogen compounds of hydrogen, nitrogen, or car-
bon and oxygen, preferably liquid at room temperature or at least condense to lig-
uid at ambient temperature and reasonable pressure. Synthetic fuels have the great
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advantages that they are easier to store, that is, less material dependent than hydro-
gen, and they exhibit a high gravimetric and volumetric energy density. The com-
bustion products of synthetic fuels with oxygen (0,) are preferably gaseous, for
example, H,0 vapor, CO,, and N,. The synthesis of the fuels starts directly or indi-
rectly from hydrogen providing the element and also the energy and nitrogen (N,)
or carbon dioxide (CO,). The concentration of nitrogen in air is close to 80% while
the concentration of CO, is increasing but currently only 0.04%, therefore, the CO,
capture is approximately 32 times more energy demanding than capture of N,.

The synthesis of ammonia (NH;) is a well-established industrial process and the
mechanism has been investigated in great detail [11]. Ammonia is stored in liquid form
at 20 °C below 10 bar of gas pressure and exhibits a density of 607 kg/m> with a higher
heating value of 6.25 kWh/kg similar to methanol. The stem-methane-reforming-fed
Haber-Bosch synthesis is more or less at its technical limit and demands 7.8 kWh/kg
NH; depending on the source of energy. The theoretical electric input required to pro-
duce hydrogen by the electrolysis of water is 7 kWh/kg ammonia [12]. Carbon dioxide
reduction allows to produce a large variety of hydrocarbons, carbon hydrates, alco-
hols, and ethers. The capture of CO, from air requires theoretically 0.12 kWh/kg CO, at
400 ppm and 4 times less energy at 12 Vol.% CO, concentration in the exhaust of a
combustion process. The CO, reduction is an exothermic reaction with a negative en-
tropy change, therefore, the equilibrium is at low temperature on the product side and
at higher temperature moves toward the reactants. This makes the catalyst crucial for
a high yield of the reaction. More than 70% of the energy in the hydrogen is conserved
in the hydrocarbon product.
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Fig. 37: Energy transferred in the CO, reduction reaction from H, to the product (left) and higher
heating value of the products (right).
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While the Sabatier reaction, that is reduction of CO, to methane, is selective and
reaches a very high yield with Ruthenium catalysts, all the other products are formed
with less selectivity and lower yield. The Fischer—Tropsch synthesis, where the CO, is
first reduced to CO bound on the surface of the catalyst and subsequently a random
number of CO form a chain before the intermediate is completely reduced and the
product desorbs. This reaction represents a feasible process in large-scale refineries
where the desired product is extracted and all other compounds are recycled. The syn-
thesis plant Pearl GTL facility in Qatar [13] produces 140,000 barrels oil/day (8 GW)
and has cost 18 B$. This unique example shows that on large scale the synthesis of hy-
drocarbons (Fischer-Tropsch Synthesis) requires an investment of close to 2300 $/kW.
Therefore, synthetic oil is just slightly more expensive than hydrogen, and the cost of
the final product is mainly determined by the cost of the electricity.

The production of hydrogen from renewable energy only requires electrolysis and
the storage is the main challenge depending on the application. The storage of hydro-
gen in synthetic hydrocarbons is an interesting alternative that requires a more so-
phisticated process to produce the hydrocarbon but allows the storage of the product
in simple barrels. Furthermore, the combustion of the hydrocarbons delivers energy
from the oxidation of hydrogen as well as the carbon, that is, the host material; there-
fore, hydrocarbons exhibit an energy density greater than 10 kWh/kg.

References

[1]  King Hubbert M, “Nuclear energy and the fossil fuels”, Drilling and Production Practice
(1956).

[2] The global 2000 [two thousand] report to the President of the U.S. — Entering the twenty-first
century. A report. Prepared by the Council on Environmental Quality and the Department of
State. Gerald O. Barney. Pergamon Press, New York, DNB 550695664.

[31 Arrhenius S, “On the Influence of Carbonic Acid in the Air upon the Temperature of the
Ground”, Philosophical Magazine 41, (1896), 237-276.

[4] Petit JR et al., “Climate and atmospheric history of the past 420,000 years from the Vostok
ice core, Antarctica.” Nature, 399 (1999), 429-436.

[5]  Mann ME, Bradley RS, Hughes MK, “Northern hemisphere temperatures during the past
millennium: Inferences, uncertainties, and limitations”, Geophys Res Lett 26:6 (1999),
759-762.

[6] BMU (2008): Erneuerbare Energien in Zahlen. Bundesministerium fiir Wirtschaft und Energie
(BMWi), Offentlichkeitsarbeit, 11019 Berlin, www.bmwi.de

[71  http://cleantechnica.com/2016/08/17/10-solar-energy-facts-charts-everyone-know/

[8] http://cleantechnica.com/2016/08/17/10-solar-energy-facts-charts-everyone-know/

[9] Goldie-Scot L, BloombergNEF, March 5, 2019 (https://about.bnef.com/blog/behind-scenes-
take-lithium-ion-battery-prices/)

[10] https://de.wikipedia.org/wiki/Pumpspeicherkraftwerk

EBSCChost - printed on 2/14/2023 1:05 PMvia . All use subject to https://ww.ebsco.conlterns-of-use


http://www.bmwi.de
http://cleantechnica.com/2016/08/17/10-solar-energy-facts-charts-everyone-know/
http://cleantechnica.com/2016/08/17/10-solar-energy-facts-charts-everyone-know/
https://about.bnef.com/blog/behind-scenes-take-lithium-ion-battery-prices/
https://about.bnef.com/blog/behind-scenes-take-lithium-ion-battery-prices/
https://de.wikipedia.org/wiki/Pumpspeicherkraftwerk

EBSCChost

Introduction to the hydrogen books =— 125

[11] Hellman A, Baerends EJ, Biczysko M, Bligaard T, Christensen CH, Clary DC, Dahl S, Van
Harrevelt R, Honkala K, Jonsson OH, Kroes G, Luppi XM, Manthe U, Ngrskov JK, Olsen ORA,
Rossmeisl X, Skulason,0 OE, Tautermann CS, Varandas AJC, Vincent JK, “Predicting
Catalysis: Understanding Ammonia Synthesis from First-Principles Calculations”, J. Phys
Chem B 110 (2006), 17719-17735

[12] Giddey S, Badwal SPS, Munnings C, Dolan M, “Ammonia as a Renewable Energy
Transportation Media”, ACS Sustainable Chem Eng. 5, 11 (2017), 10231-10239

[13] https://en.wikipedia.org/wiki/Pearl_GTL

- printed on 2/14/2023 1:05 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use


https://en.wikipedia.org/wiki/Pearl_GTL

EBSCChost - printed on 2/14/2023 1:05 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Vaclav Bartuska

Geopolitics of hydrogen

Abstract: Successful implementation of hydrogen strategy by the EU needs to solve
two geopolitical constrains: Technology (nowadays mostly invented in the United
States and built in China) and Raw materials (avoiding new dependencies on unsta-
ble/unfriendly countries). The impact of Europe’s energy transition on present oil
and gas exporters is another angle the EU has to take into account.

Introduction

What a difference a single year can make. Twelve months ago, a book published in
the EU to promote hydrogen energy would probably not include a chapter on geopo-
litical risks. Nowadays, no serious publication can ignore the security implications
of our energy transition. Increasing dependency on technologies invented in the
United States and built in China, shrinking European industrial capacities, growing
need of imported raw materials — the year 2020 did not create any of these risks,
they have been with us for quite some time. COVID-19 forces us to see them.

Our direction has not changed. The European Union is doubling down on re-
newables and new technologies, including hydrogen. Post-Covid recovery offers
unique opportunity to build whole new industries, rather than repair faltering
ones. What has changed is our broader view of security. At the height of the pan-
demics, European governments learned the hard way that our continent stopped
making many basic things. We have spent weeks and months waiting for deliver-
ies of medical material (both elementary and hi-tech) from other parts of the world.
Much of the needed equipment did not arrive in time, because the producing coun-
tries blocked/postponed export to us.

We need to decrease our present dependencies, not to create new ones. That is
why the next two parts are called Technology and Raw Materials. We also have to
understand that our energy transition threatens the livelihood of present oil and gas
exporters. We are not going to abandon our effort because of them, but we have to
think how to mitigate the new perils. The final part is called Losers for a reason.

Technology

In September 2017, as Hurricane Irma neared Florida and the authorities ordered
mass evacuation, Elon Musk made a gesture: He increased the range of some models
of Tesla cars in Florida for a week. “That’s due to Tesla using an unforeseen feature of

https://doi.org/10.1515/9783110596274-008
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their over-the-air software update system,” the article innocently reported in Electrek
magazine [1]. The anecdote did not make headlines — mass media, as usual, showed
pictures of torn roofs, bent palms, and flooded streets. They missed the story of Hurri-
cane Irma.

Yet, we should pay close attention. For in that moment, we got a glimpse of not-
so-distant future. Or, as they found out in Florida, the future has already arrived.

Here is a serious warning for Europe: we are introducing technologies, whose
authors (and source codes) are beyond the EU borders. Our data, our privacy, even
the functioning of our machines and industries increasingly depends on outside
players. They may be friendly today. They also may turn against us in the next cri-
sis. Thus the broader context of energy transition is positioning Europe in the world
of new technologies.

In the past thirty years, personal computer, internet, and mobile communica-
tion transformed our industries and our workplaces beyond recognition; they also
changed us in the process, while giving immense amount of profit and control to a
handful of companies. None of the Googles and Facebooks of today is a European
company — and we are only slowly coming to realize how powerful these firms became.

Next decades will bring widespread use of artificial intelligence, big data, and
quantum computing. Owners of these technologies could dwarf the giants of today.
For Europe to succeed, the less vulnerable we will be the better.

The connection between new energy systems and advanced software is not al-
ways visible at first sight. A case in point is the wind energy. Intermittent by its na-
ture: The wind blows when it wants to. We have no way of predicting whether a
particular wind turbine will produce electricity an hour from now, hence the need for
back up sources. Yet this is not the whole picture. Over the years, with amassed data
about weather patterns from around the globe, our predictions have become more
and more precise: There is only limited amount of cloud configurations and pressure
differences in the atmosphere, while our computing power is becoming limitless. The
truly important question remaining is whether the computers running wind farms in
Europe’s coastal waters will have our know-how, or depend on outside knowledge.

The greatest opportunity for hydrogen comes in the area of energy storage. This
is the weakest point of the whole energy transition so far: We can harvest a lot of
Sun’s energy — the problem is how to keep it from day to night, let alone from summer
to winter. The same applies to wind energy — apart from pumped-water hydropower,
we lack means to stockpile the excessive electricity made on weekends or during
nights. Hydrogen could be the answer.

These systems will be based on technologies often not yet developed: From new
processes to produce hydrogen to novel ways of storage, we need European know-
how. It will not be easy to get there: The Commission’s Hydrogen Strategy [2] is a
good start when it comes to investment and government policies; however, we also
need to scale up our scientific capacities. Our best universities are lagging behind
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their US counterparts. We are only slowly creating an European response to the
American network of US National laboratories [3]. We need many more CERNs to
become truly competitive. The list of present Nobel laureates in physics is mostly an
American affair — especially in the “Affiliation at the time of the award” column [4].
It may sound strange from a security guy, but the major recommendation to our
Governments and the Union as whole is to significantly increase funding for science
and research — not only in the area of hydrogen or broadly energy transition.

In recent years, we started to talk about EU’s strategic sovereignty: It is about
guns and intel and foreign policy, but increasingly also about science and research
capabilities. Since many conflicts in this world originate from struggle for resources,
here is a great opportunity for European science — not to allow the energy transition
to fall into the trap of new dependencies on outside resources.

Raw materials

Discussing raw materials may seem unnecessary in a book about hydrogen en-
ergy. After all, hydrogen is the most common element in the universe. Yet har-
vesting its potential here on the Earth’s demands the use of other elements, many
rather scarce.

One area where hydrogen may play very important role is energy storage. Here
are the limitations of other technologies already visible. A good example is the pres-
ently most common batteries of the Lithium-ion sort (Li-ion). Lithium is not a prob-
lem; there are many deposits in different parts of the world. Crucial component for
Li-ion batteries is cobalt — and here lies a trio of issues: War, child labor, and China.

In 2019, more than 70% of global cobalt production came from Democratic Re-
public of Congo (DRC) [5]. A country tormented recently by two conflicts, dubbed
Africa’s First World War (1996-1997) and Great African War (1998-2003). The latter
claimed 5.4 million lives, the biggest bloodshed since WW2. Diamonds, gold, and
cobalt were the main spoils of war. The slogan “No blood for 0il” is a great one, yet
switching to present electric cars (using Li-ion batteries) makes these words hollow.

Child labor is another aspect of cobalt production we do not want to hear about.
One third of DRC cobalt is mined by children [6]. A recent lawsuit filed by human
rights’ non-profit accuses five major computer and Internet companies (Tesla, Apple,
Alphabet, Dell, and Microsoft) of being complicit in death/crippling of 14 children in
cobalt mines of Congo [7].

The final problem with cobalt is dominance by a single country: In 2019, half
of global production was refined in China [8]. Increasing our dependency on the
“systemic rival” (term used in recent EU strategy document [9]) is not a smart
thing to do.
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This is even more true in case of the rare earth metals, vital elements for much
of modern technologies. Here, the Middle Kingdom simply calls the shots: “As of
2019, China still produced roughly 85 percent of the world’s rare earth oxides and
approximately 90 percent of rare earth metals, alloys, and permanent magnets,”
sums up the report from US think-tank CSIS [10].

We are only at the beginning of the road to fully use hydrogen. We can still
make the right choices — and the crucial ones will be how to avoid technologies and
processes that would tie us to things we can not live with. I believe in European
energy transition, but do not want one based on child labor.

Here is a suggestion to the hydrogen community: Avoid, whenever possible,
raw materials linked to human suffering. Sure, money is important and costs are
fundamental, but momentum for the whole energy transition is not economy-based.
If money was our highest objective, we would keep burning coal for another cen-
tury. Leaving fossil fuels is based on the fundamental willingness of Europeans to
suffer a bit of discomfort today for the benefit of future generations. People feel
good about it. Should they find out that their feel-good technologies are based on
massive abuse of human rights elsewhere, they might turn against the whole proj-
ect. You can neither put a price tag on climate change nor on child labor.

Beyond morality, there is also a hard security angle. To put it very bluntly, one
of the reasons we are undertaking journey away from CO, is to get rid of our reliance
on oil and gas producers. We are leaving Persian Gulf. It would make no sense to
leave the Gulf for Congo. And even less sense to leave Riyad for Beijing.

Losers

When I tell students at the College of Europe that our energy transition will bring
huge economic loss to many countries, their first reaction is disbelief. European
Union is Angelus pacis, the biggest peace project in history — surely no harm can
come from our good intentions?

Yes, it can. Not deliberately, of course; but that does not make it any less real.
And the sooner we realize this, the better.

When deciding to leave oil and gas behind, one of the key factors were costs— in
normal times, the EU spends roughly 400 billion euros/year on imports of fossil fuels
[11]. Moving to domestic and renewables sources will save us a lot of money. By the
same token, these 400 billion euros/year will be sorely missed by those who supply
us with oil and gas today. What should they do? Our usual response is to tell them
“diversify your economy, get rid of dependency on oil and gas.” It’s a great advice —
if you are in Berlin or Lisbon or Prague. However, it ignores the size of the problem.
The TOP 20 oil and gas economies are [12] as follows:
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- Iraq

— Libya

— Venezuela

— Algeria

— Brunei

— South Sudan
—  Kuwait

— Azerbaijan

— Qatar

— Nigeria

— Saudi Arabia
— Oman

— Russia

— Kazakhstan
— Iran

— Colombia

— Norway

— United Arab Emirates
— Bahrain

— Bolivia

From Iraq to Saudi Arabia, these countries have more than 85% of state income from
oil/gas; the rest a bit less (e.g. Russia “only” 75%), but still more than half. Telling
them to diversify their economy away from oil is easy; we should be more concerned
what happens to those who fail to do so (because of laziness, incompetence, or civil
war). Most of these states unfortunately are not like Norway with its stable democ-
racy, clean politics, and ability to save today’s income for future generations.

Throughout history, severe decline in living standards often resulted in eco-
nomic collapse, which in turn led to collapse of the state. The European Union is
surrounded by countries which view Green Deal as a major security threat. From
Algeria and Libya to Middle East and post-Soviet space (Azerbaijan, Kazakhstan,
Russia), these are all our neighbors; their problems can quickly become ours.
Looking at a global scale, there is a certain irony here: From the above-mentioned
TOP 20, China has in its proximity a single country (Brunei), while the United States
has three (Venezuela, Colombia, Bolivia). It is Europe who has a real problem — yet
does not want to acknowledge it.

The present pandemics provide an unexpected insight: The global demand for
oil dropped 30% in spring of 2020 and the overall yearly contraction will be around
10%. Such decrease was expected by the greenest scenarios in fifteen years; it is
here already (albeit probably not permanently). The negative rate event (-40 dol-
lars/barrel, Cushing, Oklahoma on April 20, 2020) was one-off, limited to a single
location and a specific type of contract [13]. Nevertheless, the slowdown of global

printed on 2/14/2023 1:05 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



132 — Vaiclav Bartuska

economy and subsequent diminished need for oil is here to stay for at least a couple
of years. We can study in real time what the plunging income from oil will do to oil-
dependent economies. And what steps will be needed to keep Europe prosperous
and safe. Most likely, they will include hard security (both as detergent against fail-
ing states and to protect our borders), as well as more emboldened diplomacy.

A year ago, we thought we have time to think about those security consequen-
ces later: It seemed that “peak oil” is decades away and threat to oil/gas exporters
from our policies is a long-term one. With global economic trouble due to COVID-19
comes a realization that trouble for oil economies is here — and might not go away.

Coda

Our endeavor to drastically alter energy landscape is one of the biggest projects
ever of the European Union. Its success is far from guaranteed: We will need tech-
nologies not yet existing and processes not yet developed, with costs not yet fully
known. It is in moments like this that I like to quote Vaclav Havel: “Hope, in this
deep and powerful sense, is not the same as joy that things are going well, or will-
ingness to invest in enterprises that are obviously headed for early success, but
rather an ability to work for something because it is good, not just because it stands
a chance to succeed.” [14].
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Gabriele Centi, Siglinda Perathoner
1 Applications of hydrogen technologies
and their role for a sustainable future

1.1 Introduction

Hydrogen technologies still maintain a strong momentum for their role in decarboniz-
ing economy. Hydrogen plays multiple roles. It can be used as a feedstock, a fuel, or an
energy carrier and storage, although this is still a critical aspect. Furthermore, hydro-
gen has many possible applications across industry, transport, power, and buildings
sectors. Although H, uses avoid to emit CO, and has almost zero impact on air pollu-
tion, H, production (and transport, storage, etc.) is different, and even for greener meth-
ods such electrolysis, the effective impact on greenhouse gas (GHG) emissions largely
depends on how green is the electrically energy used for the continuous production.
The term “continuous” is the crucial one, because, for example, in energy-intensive in-
dustries (like steel manufacture) a continuous supply of hydrogen is required, while
clean energy sources such as wind and photovoltaic are intermittent. If electrical en-
ergy is provided from the grid, on the average only about one third derives currently
from non-fossil sources.

Thus, in analyzing the role of hydrogen, care is necessary to consider all the
pros and cons, and that hydrogen is one element, but not the only one, to construct
a sustainable energy future and economy. Nevertheless, hydrogen technologies will
undoubtfully be part of the solutions to decarbonize society, including industrial
processes and economic sectors where reducing carbon emissions is both urgent
and hard to achieve. However, often its use is not so straight in these sectors. There
is a growing effort worldwide to realize a hydrogen economy, although there is still
a large debate and interests whether in the short term gray or blue H, should be
introduced, or rather go directly to green H, solution.

This introductory chapter aims to present a status of the ongoing discussion and
trends in application of hydrogen technology and their role for a sustainable future. It
is a viewpoint, rather than a state of the art, specific aspects being analyzed in the
following chapters. For this reason, reference is made to personal papers together
with selected literature references as examples to sustain discussion, even if this does
not imply that these references are the only valuable in the area.

1.1.1 Gray, blue, and green hydrogen

Gray hydrogen is produced using cleaner, but still fossil fuels based sources such as
natural gas; blue hydrogen is generated using non-renewable energy sources, for

https://doi.org/10.1515/9783110596274-009

printed on 2/14/2023 1:05 PMvia . Al use subject to https://ww.ebsco.confterms-of-use


https://doi.org/10.1515/9783110596274-009

EBSCChost -

138 —— Gabriele Centi, Siglinda Perathoner

example, nuclear, while green hydrogen meets low-carbon thresholds and is generated
using renewable energy sources such as solar or wind. Blue hydrogen includes also
that still produced from natural gas but avoiding theoretically CO, emissions by using
carbon capture and storage (CCS) technology. So the question is whether to pass pro-
gressively first from a bit cleaner productions of H, (gray hydrogen from natural gas),
then blue hydrogen (but avoiding the use of nuclear energy for the great societal oppo-
sition but also for the costs of the new nuclear plants that are largely above those de-
clared, and the still unsolved problem of nuclear waste) and finally to green hydrogen.

Demand for H, in 2019 was about 70 Mt, while forecasts for 202021 were strongly
influenced by the Covid-19 crisis which has largely affected the clean energy progress
[1]. A decrease in H, demand between 10% and 20% is estimated and a negative impact
also on low-carbon production projects, mostly for oil refining and chemical production.
This hydrogen currently is produced from natural gas and coal, and the associated CO,
emissions are significant. Low-carbon hydrogen production was 0.36 Mt in 2019, thus
about 0.5% of the total. The projected production capacity of green H, (according to In-
ternational Energy Agency (IEA) estimations [2]) is 1.45 Mt in 2023, thus an almost 400%
increase in just a few years, even remaining at the level of few percentage of the overall
H, consumption.

In the area of “low-carbon hydrogen” the following two points show the present
main production routes typically considered, as mentioned in the IEA report on hy-
drogen [2]:

(i) coupling conventional technologies with CCS (sometimes using the alternative
CCUS acronym, where U indicates utilization, presented as a more sustainable
alternative, although the solution presented as utilization is often enhanced oil
recovery, which has not these characteristics), for example, blue hydrogen;

(ii) generating hydrogen through water electrolysis, that is, green hydrogen.

In addition, shifting from the use of oil (heavy) fractions or coal to natural gas is
still considered an important technology pathway for near-term hydrogen produc-
tion, although in many countries (e.g., the United States) already over 90% of pro-
duction derives from natural gas reforming in large central plants.

The number of projects combining conventional technologies with CCS is on the
rise. At the end of 2019, 6 projects, with a total annual production of 350 kt of H,,
were in operation, and more than 20 new projects have been announced [2].

Some numbers are necessary to understand better the advantages or not of these
solutions. On the average emissions of CO, deriving from H, production are about 100,
80, and 55 kg CO,/GJ, from coal, oil fractions, and natural gas, respectively. However, if
the impact related to production and distribution of these fossil fuels is also accounted,
even higher CO, equivalent emissions should be considered. Especially for natural gas,
having methane up to 100 times higher (depending on the timescale considered) global
warming potential than CO,, its fugitive emissions due to production/transport are criti-
cal. Klemun and Trancik from MIT reported recently [3] that CH, emissions from the

printed on 2/14/2023 1:05 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

1 Applications of hydrogen technologies and their role for a sustainable future =— 139

power sector would need to be reduced by 30-90% from today’s levels by 2030 in
order to meet a CO, equivalent climate policy target while continuing to rely on natural
gas as clean fuels.

If production of H, from fossil fuels is combined with CCS, the increase of energy
(and thus CO, emissions) related to CO, capture and storage should be first accounted.
On the average, for coal the CO, equivalent emissions increase to about 170 kg CO,/G]J,
which thus reduce to about 70 and 35 kg CO,/GJ, if a capture rate of 60% and 80% is
considered. This may appear not very high but increasing the capture rate also in-
creases largely the costs and issues related to storage. In addition, besides the several
environmental concerns related to storage of large amounts of CO,, most of the stor-
age are far from the place where H, is produced for the local utilization. Additional
costs and CO, equivalent emissions for transporting carbon dioxide at long distance
should be added. Thus, today the increase of costs related to CCS in relation to the
relatively low benefits in terms of effective impact on CO, reduction, and, in addition,
the many environmental concerns present in storing CO, make the coal + CCS solution
not attractive. In terms of numbers, the situation is better for natural gas + CCS situa-
tion, with about 30 and 15 kg CO,/GJ for a capture rate of 60% and 80%, respectively.
Thus, on average 45% and 70% reduction of CO, emissions, but if the impact of meth-
ane losses related to production and transport are also considered, these values de-
crease significantly. Thus limited reduction of carbon footprint in front to relatively
high costs for this solution. Reliable effective costs for CCS are difficult to find, and
often effective costs are larger than estimations. Even specific recent studies, such as
that by the Hydrogen Council [4], report indications to total costs for H, to become com-
petitive for various applications, rather than precise indications on CCS added costs.
Nazira et al. [5], in evaluating recently gas switching reforming as a cost-effective tech-
nology for natural gas reforming with inherent CO, capture, concluded with CO, avoid-
ance cost of 15 $/ton. This is an estimated cost, and in practice it will be higher, and
will depend on case to case, but reasonably in the 30-50 $/ton of effective CO, reduc-
tion (thus considering also that the CCS technology has energy costs). With these costs,
it may be questioned whether it is realistic to make the large investments necessary to
pass through blue (or even before from coal to natural gas and then natural gas + CCS,
i.e., blue H,) or it is better to directly pass to green H,. This is still an unsolved question
in roadmaps such as that recently presented in EU [6] or dedicated studies [2, 4, 7].

We do not consider the use of fossil fuels to produce H,, with sequestration of
the produced CO,, a sustainable solution. The CSS is a costly and energy-intensive
operation. It is thus not a long-term solution and expected technological and cost
reduction for better solutions (green H,) is faster than the time to recover the cost
for the investment necessary to have this intermediate transition. We could expect
that by year 2030 green H, technologies will be ready for large-scale use, while their
implementation would be shifted to around 2045, if an intermediate technology
step is introduced.
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In addition, CO, sequestration causes many environmental issues and hazards
still largely not well understood. There are many CO, equivalent emissions related
to production, storage, and transport of fossil fuels, not only their use. And finally,
to produce H, from fossil fuels is an energy-intensive operation. These intermediate
technologies, even if readily available on a large scale, cannot be considered as a
low-carbon production of H, that meet criteria for sustainable H, economy, even in a
short- and medium-term option. While creating a realistic trajectory for novel technol-
ogies introduction is always necessary, a significant risk is that to invest on this tech-
nology (use of conventional H, production from fossil fuels combined with CCUS)
would delay, rather than make faster, the transition.

The main justification for the need of an intermediate transition rather than to
pass directly to a cleaner next generation technology of production of H,, such as by
electrolyzers, is economics. However, IEA [7] estimated costs for fossil-based hydrogen
with CCS to be around 2 €/kg, while that of renewable hydrogen (such as from electro-
lyzers) in the 2.5-5.5 €/kg range (assuming natural gas prices of 22 €/MWh, electricity
prices between 35 and 87 €/MWh, and capacity costs of 600 €/kW). However, costs for
renewable hydrogen are rapidly decreasing. For example, electrolyzer costs have been
reduced by 60% in the last ten years and are expected to decrease further. Other tech-
nologies for direct production of H, (by photocatalysis or photoelectrocatalysis, from
waste sources, etc.) are also fast growing. There is thus not the effective need to have
an intermediate step of maintaining current technologies based on fossil fuels but
combined with CCS. It may be eventually a solution for the existing processes but not
for the forecast expansion of the market.

1.1.2 Transport and storage of hydrogen

An important aspect to discuss in the scenario for future H, is the role of injecting
hydrogen into the gas grid. This is another point that is indicated that could signifi-
cantly boost low-carbon hydrogen demand. In fact, injecting hydrogen into the gas
distribution grid is often pushed as a valuable option for increasing low-carbon hy-
drogen demand for domestic and industrial heating, which is considered, together
with transport, the other main sector where H, could contribute to decarbonization.
Blending hydrogen up to 20% on a volumetric basis into the gas grid requires mini-
mal or potentially no modifications to grid infrastructure or to domestic end-user
appliances. Various projects have demonstrated the technical feasibility of this ap-
proach for domestic use, although aspects related to the larger volatility of H, with
respect to methane and thus the losses from the grid were not fully considered. In-
jecting hydrogen into the gas transmission grid (rather than the distribution grid) is
more challenging due to material incompatibilities at high pressures and a lower
hydrogen concentration tolerance in the blending that industrial users can accept.
Some pilot experiments showed the feasibility of blending hydrogen up to 10%.
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As a hydrogen delivery method, blending can defray the cost of building dedi-
cated hydrogen pipelines or other costly delivery infrastructure during the early
market development phase. However, there are intrinsic limits in adding H, to meth-
ane and thus this is again a transition technology rather than a longer-term vision.
There are, in addition, many critical issues, for which still not fully convincing indi-
cations exist. Among these [8] are: i) the safety aspects, the probability of ignition
and the severity of explosion of the pipeline systems being higher, ii) leakage, H,
being more mobile than methane in many polymer materials including the plastic
pipes and elastomeric seals used in natural gas distribution systems, iii) durability
of the steel of pipelines, being susceptible to hydrogen-induced brittle cracking and
iv) integrity of the transmission pipelines subjected to hydrogen-induced cracking.

Thus, again it may be questioned whether there is the need of this transition tech-
nology (whose main impact is to justify further the use of natural gas) or rather
maybe better to pass directly to cleaner methods. There is an analogous recent ques-
tion about the possihility to use biomethane, produced from anaerobic digestion of
wastes, to produce H, by catalytic decomposition. One kg biomethane would produce
0.75 kg carbon and 0.25 kg H,. The carbon remains on the catalyst and should be peri-
odically removed, although this is not a so-simple process. In addition, each kg bio-
methane deriving from biogas produces about 1.5 kg CO, (considering that typically
biogas is formed by 65% methane and 35% CO,, but there is a ratio of about 2.75 in
molecular weights). Thus, this also does not appear as a rational strategy for the fu-
ture of H,. Nevertheless, this is one of the four necessary actions identified by IEA [7]
to boost hydrogen on the path toward its clean widespread use. Thus, a more open
discussion with a longer term vision pushing to overcome the use of fossil fuels is
necessary. In agreement the EU Hydrogen Strategy for a Climate-Neutral Europe [6]
stresses caution in relation to the blending of hydrogen into the natural gas network.
The International Renewable Energy Agency remarked that “a strategic use of natural
gas infrastructure in the energy transition can benefit large, established energy com-
panies,” to evidence that it is part of the strategies to preserve the use of fossil fuels
rather than to develop an hydrogen future.

Hydrogen storage particularly necessary for the transport at long distance is an-
other critical question, but surprising not considered with the necessary attention
in recent roadmaps and evaluation studies [2, 4, 6, 7]. Related to this is the use of H,
to produce what is called “e-fuels” (or electrofuels), that is, liquid fuels produced
using H, and other reactants (CO,, N,, etc.), which can be directly used in many ap-
plications or used as hydrogen-transport energy vectors. Among the different bene-
fits of hydrogen-based e-fuels, the following may be indicated [7]:

— Easier storage than for hydrogen

— Easier integration with existing logistic infrastructure (e.g., use in gas pipelines,
tankers, refueling infrastructure)

— Ability to enter new markets (e.g., aviation, shipping, freight, building heating,
and petrochemical feedstocks)
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There are at the same time disadvantages: further costly processing is needed, a cli-
mate-neutral CO, source is needed, and further efficiency losses occur. One of the
hidden questions is the worry that these solutions with straightforward integration
stifles efforts to introduce enabling changes for radical solutions, as necessary for
use of H, in several cases. On the other hand, there is an undoubting question that a
100% economy based on renewable energy sources in substitution of fossil fuels
cannot be enabled without having fuels (and chemicals) that are the equivalent of
liquid fuels in terms of easy transport to long distance, energy density, and easiness
of storage. H, cannot meet this requirement and it is necessary to integrate its direct
use with other solutions where H, is the intermediate to produce other fuels or
chemicals that can be directly used. In some cases, these compounds could be sim-
ply necessary to transport/store H, (chemical energy vectors), but in various other
cases, these products are those which allow to enlarge the solutions to substitute
the fossil fuels use. As initially commented, H, is a part, but not the only solution,
for the transformation to an almost fossil fuel-free society. A more balanced debate
to analyze this context would be certainly necessary.

Note also that it is usual to consider that H, as molecule is necessary to produce
fuels/chemicals, for example, to produce methanol from CO.. This is the current tech-
nology which foresee to produce H, by (photo)electrolysis from water and then use the
hydrogen molecule for the further step of catalytic conversion of CO, to methanol (two
step process). The actual alternative is to use the hydrogen equivalents (H*/e”) which
are produced in the (photo)electrolysis process to convert directly CO, to methanol (one
step process). In this way, the question that additional costs (also energetic) are needed
to convert further H, is largely overcome.

To transport/store H, in a liquid form, with reversible generation of H, at the end
of the transport/storage, different possibilities exist. The storage and thus transport
over long distances is the major hurdle to overcome. Liquid organic hydrogen carriers
(LOHC) have been developed to solve this issue, and they are already commercially
implemented for niche applications in Japan (Chiyoda’s SPERA Hydrogen Technol-
ogy), but the energy density by weight is low (<8 wt% in terms of gravimetric H, con-
tent), the product needs to be transported back, and there is a small but not negligible
irreversible transformation. All these aspects make this solution costly and not fully
effective. An alternative solution, commercialized by HySiLabs and based on the gen-
eration of a Si-hydride, has been also proposed, but is suffering from similar limita-
tions as LOHC. H, storage is about 8 wt% only also in this case.

Formic acid (HCOOH) is another possibility. Among its virtues are: a hydrogen
carrier; its low toxicity, nonflammability, and biodegradability; and being a liquid
at ambient temperature. However, the energy density by weight is low, around 4 wt
%, and requires capturing CO, and transport back at the end of the process. Further-
more, only relatively costly catalysts have been developed for formic acid produc-
tion and decomposition.
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Therefore, it is important to have a carbon-free energy vector, liquid at room
temperature and with high energy density, which should avoid the need to create a
closed loop for its use. Ammonia has these characteristics. The H, content by weight
is about 18%, thus over twice with respect to that of the other mentioned H, carriers,
and about 4-5 times higher than formic acid. By catalytic decomposition, it gener-
ates H, and N,, with nitrogen as the clean waste product that can be released into
the atmosphere. Ammonia is currently produced catalytically from N, and H, in
very large amounts worldwide (over 150 Mt/y) with hydrogen deriving from fossil
sources (methane, typically). Both high temperature and high pressure are currently
needed to overcome the catalytic barrier for breaking of the N, triple bond and have
good kinetics, while the equilibrium formation of NH; requires low temperatures of
operation. The consequence is that the process is highly unfavorable from a thermo-
dynamic perspective with large entropy generation. A cleaner decarbonized route is
to produce H, from electrolysis and then produce ammonia using an advanced cata-
Iytic approach operating at lower pressure to be compatible to those of maximum
pressure operations for electrolyzers. The ammonia synthesis process itself by oper-
ating in current industrial conditions would consume 40-50% of the electric power
generated by renewable energy sources, and thereby electric power available for H,
production is quite limited. Thus, a sustainable, low-carbon process for ammonia
production would require developing innovative catalysts able to operate effectively
at low temperatures/pressures [9], overcoming also the issue of strong inhibition of
current catalysts at low temperature of operations, due to the formation of stable
species between the catalyst (Fe) and dissociated N, molecule. The further step is the
direct (photo)electrocatalytic production of ammonia from N, and H,O over earth-
abundant materials [10]. This solution could produce potentially ammonia at compet-
itive costs with respect to H, but enabling a simpler transport/storage and a larger
spectrum of uses. However, still significant improvements in the technology and elec-
trocatalysts are necessary, but this could be achieved by an intensified R&D. Thus,
the objection that further transformation of H, adds costs is in principle not true; the
current limit is the technology gap to reach the needed performances. This is a gen-
eral current indication. There is a technological gap to move to new generation tech-
nologies based on renewable energy sources to produce fuels and chemicals, which
is the main currently limiting factor of the energy transition.

Several chemicals and fuels can be also produced in a first step via H, as inter-
mediate, but in the future directly from CO, and H,0, offering in addition the possi-
bility to use waste CO, sources. In many biorefineries and bioenergy plants, CO, is a
relevant waste product, which can be valorized in a first step through conversion
with H, and in a longer-term perspective via direct photoelectrocatalytic conversion
with H, equivalents (H*/e") as the intermediate (so-called artificial leaf devices) [11].
Biorefineries and bioenergy plants produce large amounts of CO, from anaerobic
(biogas) and fermentation processes (e.g., 1 ton CO, per ton bioethanol is produced),
and thus the possibility to use these emissions to produce fuels/chemicals using
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sun light is a major current frontier. Many commodities can in principle be pro-
duced in this way, extending the limited possibilities form the use only of H,.

1.1.3 Green hydrogen production routes

The period 2019-2020 recorded a very large increase in electrolysis units becoming

operational, even if low-carbon production capacity remained relatively constant.

Still major issues are present in hydrogen production and use, such as:

— scale-up and cost reduction;

— development of effective technologies to replace high-carbon processes with those
based on green hydrogen use, minimizing investment costs for the transformation;

— reliable use of H, in fuel cell vehicles (which include long-term costs, storage
and transport, infrastructure for distribution), notwithstanding the fuel cell elec-
tric vehicle market almost doubling in the last 2 years (2019-2020), and

— iv) expansion of hydrogen use to new applications [2].

A large expansion of green hydrogen production is expected in the 2020-2030 de-
cade according to the various roadmaps and position papers [2, 4, 6, 7, 9]. The “A
hydrogen strategy for a climate-neutral Europe” [6] indicates in the very short term
(2020-2024) and medium term (2025-2030) for EU only the installation of at least 6
(short term) and 40 GW (medium term) of renewable hydrogen electrolyzers and the
production of up to 1 and 10 Mt of renewable hydrogen, for short and medium term
respectively. Thus, an impressive expansion of the production. The IEA analysis [2],
similarly, expects a growth for low-carbon hydrogen from 0.46 Mt/year in 2020 to
7.92 Mt/year, thus lower than what indicated for only EU, but equally impressive,
being an increase of almost 17 times in a decade.

The difference in the numbers is related to the fact that in EU strategy, besides to
be more optimistic, it is considered that “other forms of low-carbon hydrogen are
needed, primarily to rapidly reduce emissions from existing hydrogen production and
support the parallel and future uptake of renewable hydrogen.” Thus, production of
H, from fossil fuels having reduced CO, emissions with respect to those of actual gray
H, (therefore cleaner technologies and in a medium term combined with CCS) is con-
sidered necessary (although indicated only in indirect terms) in the short and medium
term, justified to facilitate the transition and obtain immediately some benefits. Given
that a CCS plan should have at least 15-20 years amortization time and requires large
investments also in infrastructure to transport CO, (in EU the sites for storage are lim-
ited), likely this will retard rather than accelerate the transition to green H,. Wood
Mackenzie (an investment consulting society) [12] reported that green hydrogen proj-
ects doubled in the last half year and on March 2020, already about 8.2 GW of novel
electrolyzer capacity are planned. The effect of Covid-19 [1], as mentioned, will im-
pact these projects, and probably only in part they will be realized. Nevertheless, it
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is of no doubt that the outlook for hydrogen is getting more and more attractive, and
larger integrated energy, industrial, and financial players are following this strategy
of “net-zero” carbon policy, with projects spanning multiple segments and being in-
tegrated across various sectors of the economy.

Hydrogen from electrolyzers will be thus an important element for decarboniza-
tion, but the EU strategy [6] indicates that the share of hydrogen in Europe’s energy
mix is projected to grow from the current less than 2% (including the use of hydro-
gen as feedstock to 13-14% on the average by 2050 [13]). Thus, hydrogen deriving
from electrolyzers will remain an important component, but still covering a minor
fraction of the energy mix.

An important element to create a hydrogen eco-system is cost of production. The
EU strategy document [6] indicates estimated costs (based on elaboration of IEA
data [2]) with the year 2020 as reference for fossil-based hydrogen of around 1.5 €/kg
(highly dependent on natural gas prices), for fossil-based hydrogen around 2 €/kg
(thus around 30% increase in costs) with CCS, while costs for green hydrogen from
electrolyzers are estimated to be about 2.5-5.5 €/kg. Thus, the estimation indicates
that only by applying carbon prices in the range of 55-90 €/tcg, lower carbon footprints
routes for H, would become attractive, and in the current perspective, fossil-based hy-
drogen with CCS will be competitive. The issue is whether these cost estimates are reli-
able, especially in a longer term strategy, and what is the degree of possible cost
reduction by electrolyzers. IRENA estimated [7] that electrolyzer (alkaline) CAPEX (capi-
tal expenditure; fixed costs) will decrease from 840 to 200 US$/kW, but other relevant
elements for cost are the cost of the renewable electricity to be used in the process and
the number of operating hours (load factor) on a yearly basis. IRENA [7] thus estimated
that the levelized hydrogen costs from a 2018 year range of 2.7-5.0 US$/kg H, for wind
electrical energy and 3.4-6.4 US$/kg H, for photovoltaic electrical energy will decrease
to 0.9-1.2 and 1.2-2.6 US$/kg H, for wind and photovoltaic, respectively, in the year
2050. However, this estimation does not consider the still large possible improvements
in photovoltaic technology (still quite large, if we consider only the possible improve-
ment in efficiency), differently from the eolic case where further improvements are lim-
ited. Based on thse indications, may be thus reasonable to consider that the target of
average 1.5 US$/kg H, could be reached earlier, around 2035.

On the other hand, the cost for fossil fuel + CCS solution is not expected to de-
crease below the 30% additional cost, and thus will largely depend on cost of fossil
fuels. Long-term forecast in this field is very difficult. However, an important ele-
ment to consider is that the cost of fossil fuels is not really related to their produc-
tion costs, but to the market demand and on a factor that is not often considered;
for example, the producers of fossil fuels have an economy largely based on the eco-
nomic return they have from marketing fossil fuels. The current economy structure
in these countries will not allow to significantly decrease these incomes, and thus
even if the market will contract, it may be estimated that the cost of fossil fuels will
increase in the medium term.

printed on 2/14/2023 1:05 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

146 —— Gabriele Centi, Siglinda Perathoner

Thus, revising from these perspective the current estimations, it may be indi-
cated that a green technology from electrolyzers would become competitive around
2030-2035 and would be preferable to fossil fuels + CCS combination, on the basis
of cost for effective amount of CO, emissions saved. These considerations further sup-
port previous indications that it is preferable to directly invest in green H, technologies,
rather than dilute the effort with an intermediate production of H, from fossil fuels com-
bined with CCS.

The status of electrolyzers is summarized in various reports, among which the re-
cent one may be the EU report “Current status of Chemical Energy Storage Technolo-
gies” [14]. Alkaline electrolyzers are currently the preferable technology, particularly
in the case of stationary hydrogen generation in an industrial environment. A main
issue is when they should operate under dynamic or discontinuous conditions, which
will be necessary, for example, for coupling with dynamic energy sources such as
wind or solar. Electricity consumption is expected to slowly decrease from current 50
kWh/kg (year 2020) to 48 kWh/kg in year 2030, reflecting the advanced nature of this
technology. However, CAPEX costs will decrease in the next decade by about one
third (from 600 to 400 €/kW) and also operational and maintenance (O&M) costs of
about 40%. Density of current is also expected to increase from 0.7 to 0.8 A/cm?.

PEM electrolyzers have the advantage of operational flexibility and thus better
coupling with intermittent renewable energy sources which can deliver H, under pres-
sure with high overload capability. The current issues are related to material degrada-
tion and high capital cost. In the next decade (2020-2030) it is expected that electricity
consumption will decrease from 55 to 50 kWh/kg, current density increase from 2.2 to
2.5 A/cm? CAPEX costs decrease from 900 to 500 €/kW and also O&M nearly halves.
Substitution of the use of noble metals is another relevant target to achieve.

Solid oxide electrolyzers, which operate at temperatures of 500-850 °C, are at a
much earlier stage of development, and there are still significant problems of reli-
ability. They are more efficient, with electricity consumption expected to decrease
in the 2020-2030 period from 40 to 37 kWh/kg, but CAPEX and O&M are currently
about 3-5 times higher than other electrolyzers, even with significant progresses ex-
pected in the next decade. However, still it is expected that it will remain on the
average 2 times higher. Commercial developments are thus mainly focused on alka-
line and PEM electrolyzer technologies.

The point that is remarked in the cited EU report [14] is that production and direct
use of hydrogen (indicated respectively as power to hydrogen, and hydrogen to power
technology) can account only for a part of the complex panorama of energy transition
(indicated with a yellow area in Fig. 1.1). Some industry applications can also be feasi-
ble with direct use of green H,, but due to the need of continuous and often large-scale
operations, they cannot be effective without a reliable distribution and storage of H,
that to be effective requires having chemical energy storage technologies (highlighted
with blue area in Fig. 1.1). Chemical uses and conversion options, indicated with a
green area in Fig. 1.1, require transformation of H, to products that are better suited for
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these uses. These are defined with the generic indication power to X, where X could be
G, for example, a gas such as methane, or L, for example, a liquid such as methanol.
These technologies could be direct (one stage) or two-stage via intermediate H, forma-
tion in a separate unit, but directly integrated on-site for further utilization. As com-
mented earlier, the future challenge, which can largely decrease the costs, is to make
reliable the direct power-to-X technologies, which include also artificial photosynthesis
devices.

In a short term, however, production of H, by electrolyzers and then use of H, to
produce chemicals or fuels (hydrogen to X) is the feasible solution, which adds value
to hydrogen rather than add costs, as commented earlier. The cited EU report [14] pro-
vides an updated status of these technologies. Current focus is on how to combine
hydrogen with other molecules to produce ammonia, methanol, formic acid, or other
hydrocarbons (electrofuels, or e-fuels). However, the range of application is broader,
and may include other relevant chemicals, for example, light olefins or aromatics [15]
which are the building blocks for petrochemistry.

Hydrogen to methane (power to gas) is one of the solutions explored to store excess
renewable energy with several demonstration plants built to investigate this possibility.
Today attention, however, is moved to power-to-liquid technologies, with methanol
being one of the preferred liquid fuels. There are a range of possibilities also to prepare
more valuable e-fuels, in particular for aviation and shipping transport.

The level of development of the conversion pathways varies, with the processes
aimed at obtaining liquid and gaseous synthetic fuels having the lowest development
level. The reduction of the cost of all these technologies is a common issue. However,
the results demonstrate that chemical energy storage technologies are a necessary
component for the integration of renewable electricity and decarbonize various end-
use sectors. Thus, going beyond hydrogen production and its direct use, integrating
hydrogen with downstream technologies to produce fuels and chemicals from H, and
other molecules (CO,, N,) should be a part of the roadmap for hydrogen’s future.

Note that H, should be not considered only as a molecule produced separately
(even if in an integrated process) but also as the H, equivalent, that is, protons/elec-
trons that are the first element produced in many photo-processes where solar light is
directly used in the technology, or in co-electrolysis processes, where water oxidation
occurs in parallel to CO, or N, electrocatalytic reduction. The direct use of these “H,
equivalents” could save energy (about 30%) related to produce from them H, and
then activate H, for its reaction with the other molecules that are typically of low reac-
tivity (CO,, N,). In addition, it could save CAPEX costs, and when coupled with direct
use of solar energy (the general area of photoelectrochemical devices) could also re-
duce the costs for producing renewable electrical energy. Thus, the future is in this
direction, even if many scientific and technological issues must be solved before ap-
plication. Today, solar to chemical conversions of 5-10% and in the future of >15%
are possible, making promising the development in this area if enough investments
will be made.
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A final relevant remark is that in this scenario, often the possibility to produce H,
from waste resources is not considered, while a relevant possibility, also taking into
account that it can be actually produced at competitive costs and with a carbon-
neutral or even slightly negative impact can be an important element toward a circu-
lar economy [16].

1.1.4 Future of hydrogen in roadmaps

Many roadmaps have been reported recently to define these aspects and the role of
hydrogen to reach carbon neutrality. Among these, the EU roadmap “A hydrogen
strategy for a climate-neutral Europe” [6], very recently presented (July 2020), is one
of the relevant ones with being hydrogen an important pillar for the EU European
Green Deal, a roadmap with a related large investment plan for transforming the EU
into a modern, resource-efficient, and competitive low-carbon economy, with net-
zero GHG emissions by 2050. Another relevant recent roadmap is that prepared by
the IEA for the G20 meeting in 2019 in Japan [7]. This landmark report analyzed the
situation for hydrogen technologies and their role to achieve a clean, secure, and
affordable energy future and how its potential could be realized.
There are three key indicators to monitor progresses for green hydrogen:

1. the degree of replacing conventional H, with green hydrogen in existing indus-
trial applications;

2. the market expansion, for example, the demand in new sectors where the use of
H, allows meeting requirements of sustainability and avoiding other costs such
as carbon taxes;

3. the rate of increase of demo (or larger scale) units for cross-cutting technologies
to produce green H, (such as electrolyzers) or to use it (such as fuel cells).

These and other position papers or documents [1, 2, 4, 6, 7, 13, 14] converge in defining
hydrogen as part of the solution to achieve the necessary societal decarbonization.
However, these documents remark that to enable hydrogen’s key building-block role it
is necessary to support research and innovation in the end-use of hydrogen. Realizing
this objective requires investing in hydrogen’s further transformation to products di-
rectly usable in these key sectors (hydrogen-derived commodities and fuels) and
to realize an efficient long-distance transport (hydrogen chemical storage). Build-
ing a coherent framework for future hydrogen is a key necessary action, but a
right balance among all the possibilities has still to be achieved having a longer-
term perspective, with the necessary more in-depth reflection whether some tran-
sition technologies are necessary and worth of the large investment necessary. In
addition, emerging technologies must be better considered in the future scenario, not-
withstanding the difficulties in understanding their effective potential impact. An ex-
ample is given by the direct production of green H, by photo- or photoelectrochemical
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methods, including their possibility for direct (one step) production of higher added
value fuels and commodities.

A cost perspective is a key factor. However, it is necessary to have a clear view of
the technology’s advances (and their impact on cost reduction) and of the dynamics
of costs at a worldwide scale. Otherwise, the reliability of these estimations may be
questioned. Nevertheless, it is relevant to have a view of the current state of the art,
which was analyzed in detail recently by the Hydrogen Council [4]. Their report indi-
cates that hydrogen is “already surprisingly competitive as a low-carbon option” by
analyzing 35 hydrogen applications in transport, buildings, industry heat, and in-
dustry feedstocks, overall responsible for about 60% of the world’s energy- and
process-related emissions. Figure 1.2 summarizes the hydrogen applications in re-
lation to their overall impact on CO, global emissions.

Other applications for hydrogen include the mobility sector (container ships, tank-
ers, tractors, motorbikes, tractors, off-road applications, and fuel cell airplanes) and
other sectors (auxiliary power units, large-scale CHP for industry, mining equipment,
metals processing (non-DRI steel), etc.), but those listed in Fig. 1.2 were the main con-
sidered. Figure 1.3 reports the competitiveness of hydrogen applications versus low-
carbon and conventional alternatives as indicated in the report [4].

A series of considerations can be made from data summarized in Fig. 1.3, even if
some of the indications of the reports may be questioned. Limited to only some spe-
cific sectors of transport, H, is identified as the more competitive option (compared to
conventional) and the most competitive low-carbon solution (thus in the top right
part, highlighted with a yellow background, of Fig. 1.3). There are a good range of
options that meet the criteria for being the most competitive low-carbon solution, al-
though still not (fully) competitive from an economic perspective to the alternatives.
Some of these fields of H, use (top left part), however, are preferable (as low-carbon
solution) only when in combination with CCS. Among this group of the most competi-
tive low-carbon solutions, those for industry feedstocks are preferable. Several areas,
including for transportation, on the contrary, belong to those neither advantageous
as low-carbon solution nor from an economic perspective. Thus, care should be made
in considering generically the use of H, for mobility as the solution.

Another relevant information in this “Path to hydrogen competitiveness” report [4]
regards the estimated breakeven hydrogen costs at which hydrogen application be-
comes competitive in 2030 against low-carbon alternative in a given segment (the four
categories indicated in Fig. 1.2). Four main regions (China, the United States, EU, and
Japan/Korea) were analyzed. It can be noted that in several segments, transportation
and distribution add significant costs.

Hydrogen can unlock approximately 8% of the global energy demand with a hy-
drogen production cost of USD 2.50 per kg, while a cost of USD 1.80 per kg would un-
lock as much as roughly 15% of global energy demand by 2030. Thus, a target of H,
production cost in <1.5 USD per kg (in 2030) should be the objective for hydrogen to
account >15% of final energy demand. Note, however, that these cost estimates
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consider the need of CCS as a feasible and accessible option to include in costs,
and that, on the other hand, no carbon taxes will be applied and conventional
fuels such as natural gas and coal will remain abundant and with a low cost. This
estimation, as discussed before, may be questionable. It should be better consid-
ered that i) the fast developments in producing green H, (with related impact on
costs), ii) fossil fuel costs will likely increase (as discussed before), and iii) incen-
tives will likely be introduced in avoiding rather than sequestrating CO,. Thus,
these factors may change the estimations presented in Fig. 1.4. In addition, other
technological developments pushed from the energy transitions should also be
better considered, for example, the fast development of electrically heated boil-
ers/furnaces and industrial reactors rather than the use of H, to heat these process
units. Therefore some of the options for heat and power for industry indicated in
Fig. 1.4 should be reconsidered.

1.1.5 Conclusions

This introductory chapter has the aim to present a critical analysis of the applica-
tions of hydrogen technologies and their role for a sustainable future, particularly
from the perspective of the various recent roadmaps and position papers published,
due to the growing relevance of hydrogen in regional strategies and development
plans all around the world. While in general there is an undoubtfully role of hydro-
gen in the transition to a low-carbon future, but also in increasing competitiveness
and innovation, some aspects of the strategy defined in these documents should be
questioned. In particular, the following aspects were highlighted:

— the need of investing in the intermediate blue hydrogen (production from fossil
fuels combined with CCS),

— the possibility that cleaner and more economic novel technologies (based on the
direct use of solar energy) could become feasible in a shorter-term than expected
(when sufficient investments in R&D will be made),

— the need to broaden the approach to include more extensively the transforma-
tion of H, to other fuels and commodities that integrate straighter in the indus-
trial production and energy infrastructure,

— the necessity of a better integration of technologies for H, conversion to liquids
for long-distance transport (hydrogen vectors) to enable a worldwide trading
economy on hydrogen, and

— a broader view with revised considerations in terms of both economics perspec-
tives (particularly on costs of fossil fuels) and capability of technology develop-
ment (with related impact not only in terms of cost reduction, but especially of
opening new directions) in defining future cost-competitiveness, and thus inher-
ently the area when investments in R&D is necessary.
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We hope that this discussion could give “food for thought” to analyze from a broader
perspective the other technical contributions presented in this volume and in the
other two volumes on this “Hydrogen Technologies for Sustainable Economy™ series.
This is expected to be a massive area of investment in R&D all around the world, and
especially in regions such as EU making decarbonization and substitution of fossil
fuels a priority. For this reason, together with a detailed analysis of the status and
perspectives from a technological view, it is necessary also to have a longer term vi-
sion able to prioritize the different options and determine those that can have a better
ratio between investment costs and effective contribution to targets. We hope that
this chapter could provide some indication or at least elements for a discussion in
this direction.
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2 Perspectives of hydrogen in trucks

Abstract: Given the per vehicle effect, zero-emission long-haul trucks would be a mea-
ningful starting point for decarbonizing mobility, since a limited refueling or charging
infrastructure along main transit routes could power a significant fleet of zero-emission
trucks. Three options of technologies are regarded the most promising candidates to
power zero-emission trucks: electric trucks with catenary overhead line system, battery
electric trucks with high-capacity onboard batteries and fuel cell hybrid electric trucks
with moderate batteries as well as a fuel cell and hydrogen storage systems to generate
electric power onboard the vehicle. All three candidate technologies come with differ-
ent requirements on fueling infrastructure, with a different carbon footprint balance
as well as at different cost. Hydrogen trucks using “green hydrogen” may eventu-
ally become a leading technology approach, since they promise the best compro-
mise between carbon footprint reduction, cost of technology, and infrastructure.

2.1 Perspectives of hydrogen trucks

Diesel trucks represent less than 10% of the overall world’s vehicle population, but
are responsible for almost 40% of the greenhouse gas emission [1]. For a long time,
this relation had been ignored by regulators all over the world, since the market of
good transportation is extremely competitive. Since 2019, significant changes can
be observed driven by the societal awareness of climate change as well as the regu-
lators’ efforts to stay on track with the target to limit global warming to 1.5 °C. Regu-
latory frameworks in many of the world’s key truck markets enforce stricter rules on
greenhouse gas emissions. In 2020, the California Air Resources Board has set in
power the Advanced Clean Truck Directive that requires 50% of all diesel trucks in
the state to convert to zero-emission technologies until 2035, while in 2045 Califor-
nia will only allow zero-emission trucks on its roads [2]. In Europe, the EU Council
and Parliament have passed the “Regulation setting CO, emission performance stand-
ards for new heavy-duty vehicles” [3], which prescribes cutting down carbon dioxide
emissions from new trucks on average by 15% from 2025 and by 30% from 2030
onward, compared with 2019 levels. In the strongly regulated market of China, a
one-million fuel cell vehicle target has been set for 2035 with up to 50% involving
trucks [4].

Given the regulatory shift toward zero emission, many truck manufacturers have
revised their internal technology strategies recently; some are still working on their
new strategic frameworks. The world’s largest truck manufacturer Daimler has made

https://doi.org/10.1515/9783110596274-010
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the decision to focus on battery as well as hydrogen fuel cell trucks [5]. Moreover, a
joint venture between Daimler and Volvo, the world’s largest and third-largest truck
manufacturers, respectively, has been set up to accelerate the development of fuel
cell technology for long-haul heavy-duty trucks. Other European manufacturers fol-
low, such as Traton, number seven in the world’s truck manufacturers’ ranking, coop-
erating with Hino in Japan to roll out fuel cell trucks [6]. In China, the world’s largest
fuel cell R&D and manufacturing joint venture, United Fuel Cell System R&D (Beijing)

Co. Ltd. around Toyota, has been established. The world’s second and fourth largest

truck manufacturers, FAW and Dongfeng from China, respectively, are key partners

and shareholders of the newly formed joint venture [7].

The reasons why truck manufacturers have decided to put their focus on hydro-
gen powertrains, mainly fuel cell powertrains, are evident:

— Hydrogen fuel cell and battery electric powertrains with or without catenary line
access are the only zero-emission tailpipe technologies; natural gas and even hy-
drogen internal combustion engine drives are currently not recognized as zero
emission in key markets.

— Overhead line applications seem to be far out given the infrastructure challenge
of building an overhead catenary line system covering thousands of kilometers,
while the pantograph adds significant additional weight and cost to the truck.

— Compared to battery electric trucks, hydrogen fuel cell trucks allow a similar
range as diesel trucks as well as a quick refueling option, which complies best to
today’s business models in transportation.
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Fig. 2.1: Carbon footprint of different truck technologies including vehicle production and
500,000 km mileage [8].
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— Given an expected significant drop in fuel cell technology cost while battery cost
reductions starting to slow down, projected total costs of ownership 2030 and
later speak for long-haul fuel cell trucks.

A key argument for fuel cell trucks that does currently not get high attention, but may
become the origin of future societal dispute and eventually affect future regulatory
frameworks, is the lifecycle carbon footprint advantage of fuel cell trucks using green
hydrogen. The carbon footprint of a battery truck with 1 MWh Li-ion battery as de-
rived from Sternberg et al. [9], featuring a range of around 800 km on a single charge,
produced and operated in Germany, would lead to a significant carbon footprint from
vehicle production and operation. Such truck would need to be operated more than
500,000 km to only meet the total carbon footprint of a modern diesel truck. While a
fuel cell truck driven with hydrogen from steam methane reforming would not show
a significant advantage either, filling a fuel cell truck with green hydrogen could re-
duce the overall carbon footprint of the truck from the first year of operation.

2.2 The source of green hydrogen for zero-emission
hydrogen trucks

Green hydrogen for hydrogen trucks may be only partially produced in Europe, since
the costs of renewable energy in many areas are too high to electrolyze water to hy-
drogen in a cost-effective way. Since today Europe imports a significant amount of
fuel feedstocks as oil and gas, a substitution of those fossil fuels by green Power-to-X
fuels is subject to various studies. To fuel hydrogen trucks, gaseous hydrogen transfer
by pipeline and shipping of liquefied/liquid hydrogen (LH,) from overseas have been
identified as the two most promising pathways to provide hydrogen fuel to hydrogen
stations. Other carriers with hydrogen bound in chemical or organic liquids need
to be dehydrogenated in the destination country. Dehydrogenation in Europe leads to
additional cost and increases carbon footprint, which makes carriers less favor-
able for direct hydrogen fuel as recent studies from the Hydrogen Council [10] or
Fraunhofer ISE [11] suggest.

The green LH, pathways as projected in Fig. 2.2 for 2030+ derived from [10, 11]
would result in the cost of 3—4 €/kg for green LH, at the import terminal arriving from
the Kingdom of Saudi Arabia (KSA) or Morocco, where it could be electrolyzed and lig-
uefied with low-cost renewable energy from wind and solar power. Distributing such
LH, to LH,-based hydrogen stations would enable compressed gaseous hydrogen
(CGH,) the cost of hydrogen at the pump can be even lower if 4.5 and 5.5 €/kg in a
range of 500 km around the import terminal; the cost of hydrogen at the pump can be
even lower if LH, at the station would be pumped into the truck directly or compressed
to cryogenic gas (CcH,, cryo-compressed hydrogen) before being filled in the truck. In
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the years until 2030, when the import pathway is still on the way to be implemented,
large LH, carrier ships built, and green electrolyzer and liquefiers installed overseas,
first liquefaction units could be implemented in areas with abundant wind and solar
power in Europe as well to power first fleets of long-haul heavy-duty trucks in selected
transit corridors.

2.3 Design requirements for long-haul
hydrogen trucks

The majority of truck manufacturers put their focus on fuel cell powertrains. A few
others prefer to bridge the time to a hydrogen economy with hydrogen internal com-
bustion engines, ideally converted from diesel engines. A difference in consumption
of 20% to 40% between a fuel cell-powered electric truck and a hydrogen internal
combustion engine—driven truck with or without hybrid electric powertrain design
is likely to be expected in favor of the fuel cell. Long-haul fuel cell electric heavy-
duty hydrogen trucks will require fuel cells with a continuous nominal power be-
tween 200 and 300 kW and additional batteries of 75 kWh up to more than 100 kWh
to provide continuous power for high-load operation during steep climbing events
when it is challenging to provide enough cooling power to the fuel cell.

To match an acceptable convenience similar to a diesel truck, a hydrogen truck
would need to reach a driving range of minimum 600-800 km, preferable above
800 km per fill. With a projected consumption of 8 kg/100 km for a fuel cell electric
long-haul heavy-duty truck, around 70-80 kg usable capacity should be installed
onboard the tractor, 20-40% more on a hydrogen internal combustion engine—
driven truck. In existing platforms that will likely be used for integrating hydrogen
powertrains until 2030, such capacities can best be stored behind the truck cabin or
mounted along both sides of the vehicle frame.

The new European length directive on the maximum length of lorries [12] will
give truck manufacturers an additional freedom to extend the length of trucks up to
900 mm. Originally meant to design more efficient tractors with improved aerody-
namics, this regulation can also be used to package more hydrogen storage behind
the cabin allowing vessel diameters of 500-900 mm in some cases. With a package
diameter of 600 mm, a usable capacity of 75 kg could be integrated in four 70 MPa
CGH, storage vessels (70 MPa). With CcH, storage [13], up to 79 kg could be stored
in a three-vessel package. With 35 MPa CGH, storage technology, less than 45 kg us-
able capacity could be reached in the full package and would not comply with the
minimum range target of long-haul heavy-duty logistics.

A frame-mounted hydrogen storage integration with package space of 700 mm
times 2,650 mm at each side of the frame would limit the onboard capacity to less
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Frame-mounted Hydrogen Storage Hydrogen Storage Behind the Cabin

Fig. 2.3: Mounting options for hydrogen storage vessels in a hydrogen tractor.

than 60 kg with CGH, 70 MPa and less than 40 kg with CGH, 35 MPa. LH, onboard
storage would match the target of 75 kg closely. With CcH, storage technology, the
80 kg barrier may be exceeded even in a frame-mounted hydrogen storage package.

2.4 Design requirements for a hydrogen truck
refueling infrastructure

Direct filling of gaseous hydrogen, LH,, or CcH, so far seems to be the only viable base-
line for a long-haul hydrogen truck infrastructure. The daily demand of a future truck
station may pose significant challenges on the supply logistics. A large hydrogen truck
station may require 8,000 kg of hydrogen per day to fill a hundred trucks and more.
Such stations either require a pipeline connecting the station to a continuous gaseous
hydrogen supply or truck-in of liquid hydrogen in insulated LH, trailers. A pipeline con-
nection to each hydrogen station will hardly be a short-term option and certainly come
with a larger station space, energy, and carbon footprint than a station with trucked-in
green LH,. Besides these advantages, LH,-based stations can supply CGH,, LH,, or CcH,
and, thus, offer a flexible solution to support any type of onboard truck storage.

2.5 Summary

Hydrogen trucks offer a significant opportunity to accelerate the decarbonization
of transportation in Europe. A smart combination of battery as well as hydrogen
trucks complementing distribution and long-haul applications may pave the way
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to a zero-emission truck logistics in Europe. Green hydrogen plays a key role,
since it could contribute to reduce carbon intensity of trucking fast and in a signif-
icant manner. The supply of green hydrogen will eventually decide about the fu-
ture of hydrogen trucks. A combination of green hydrogen generation in Europe as
an integrated part of a European renewable energy system and intercontinental
import to Europe from countries with low-cost abundant renewable energy seems
the only practical way to fully replace diesel and natural gas in trucking until
2050. The time to act is now. So do most truck manufacturers in Europe who have
started to develop hydrogen truck powertrains and first hydrogen truck vehicle
platforms with a target to roll out long-haul hydrogen heavy-duty trucks starting
from 2025 onward.
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3 Hydrogen for transport

3.1 Background and history of chasing fuel cell
and hydrogen for transport

Transport is consuming about 20+% of world energy and thus it is responsible for
emitting 20+% of greenhouse gas (GHG, 23% in 2010 in IPCC report [1]). This is ex-
pected to grow further by economic growth and by increase of people’s travel (see
Fig. 3.1 [2]). In the early days of fuel cell development, hydrogen was important since
hydrogen was alternative fuel to replace oil before the “End of Oil”. Hydrogens role
was to replace oil rather than reducing carbon emissions so that hydrogen from other
than oil such as natural gas was promised too, thus it was considered as the one of the
solutions for future mobility fuel. In California, FCEV(Fuel Cell Electric Vehicle) is de-
veloped to solve the local emission since local emissions from automobiles were so
serious there.

These two main purposes (oil alternate and emission free) propelled the develop-
ment of hydrogen FCEV in the beginning of the twenty-first century. Then, more and
more climate change issue initiated more serious discussions and led to be seeking
actions and solutions. The total de-carbonization of the society has been discussed
seriously and target date of carbon neutrality is 2050 not far away from now. Hydro-
gen’s potential to decarbonize the society in total has been re-recognized. Hydrogen
has very important role for decarbonization from power generation to heating and in-
dustrial activities. Hydrogen’s use for transport has extended beyond the road trans-
port to the total transport sector [3].

Hydrogen technologies in transport are widespread both in scale and in matu-
rity. Some applications like forklift and bus are already significantly important for
commercial use. The passenger vehicles are changing phase from remonstration
(tens of hundreds) to commercial phase (hundreds of thousands) the other hand
heavy duty tracks are still early demonstration phase. Other surface transport such
as train and ship is also in the demonstration phase. Hydrogen in aviation is at a
very early stage. Aviation was