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“Saudi Arabia is leading the implementation of green hydrogen worldwide,
a remarkable feat. This book provides valuable strategic insights into domestic
hydrogen governance and its key stakeholders. It analyses the role of Saudi Arabia
in future global hydrogen markets. It also shows how targeted research and devel-
opment can serve the large-scale penetration of clean hydrogen in the Kingdom.
These three key aspects provide an essential context for anyone who wants to better
understand the nascent global clean hydrogen economy”.
—Dolf Gielen, Senior Energy Economist and Hydrogen Lead,
The World Bank

“Should the global market for clean hydrogen develop, the Saudi ‘energy Kingdom’
is well positioned to gain a first-mover advantage. But many questions remain un-
answered as our knowledge of the market, economics, and technicalities of hydro-
gen, to name but a few is still at an infant stage. The value of this book resides in
answering these questions; it is the first comprehensive and detailed repository ad-
dressing the subject from its main facets; within Saudi Arabia and internationally”.

—Dr Carole Nakhle, Chief Executive Officer, Crystol Energy
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This book provides a first-of-its-kind analysis of the emerging global hydrogen
economy from the vantage point of one of the world’s biggest energy providers:
Saudi Arabia. In 2021, and within the context of the Circular Carbon Economy
framework, Saudi Arabia announced its goal to reach net-zero carbon emissions by
2060 and produce a substantial amount of clean hydrogen annually by 2030. The
Kingdom is optimally situated geographically between the major demand markets
in Europe and North Asia, from where it can leverage clean hydrogen exports as
a potential tool to become a player of strategic importance and successfully diver-
sify its economy under its Vision 2030 program. More broadly, the book charts a
course for fossil fuel-exporting countries such as Saudi Arabia to carve a competi-
tive position for themselves over the forthcoming decades using clean hydrogen as
a catalyst for the energy transition.

With contributions from global energy experts, the chapters in this book pro-
vide a multifaceted analysis of the “who,” “what,” “where,” and ‘why’ related to
clean hydrogen development within and beyond Saudi Arabia. Collectively, the
contributions analyze the countries and regions relevant to Saudi Arabia in terms
of dedicated hydrogen policies, projects, and approaches that aim to incentivize
production and demand in an increasingly carbon-constrained world. The book
is a timely, unique and an indispensable resource for practitioners and students of
energy, geopolitics, and climate policy working on hydrogen in academia, applied
research, national government bodies, and international organizations.
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tion and Economic Development at the King Abdullah University of Science and
Technology. Kevin is a leader in global innovation with expertise in both economic
development and industrial engagement. As Vice President of KAUST Innovation,
he leads the University’s intellectual property portfolio, helping create and support
new businesses, joint ventures, and collaborations with industry partners and con-
tinues to foster a strong culture of entreprencurship at KAUST. Dr. Cullen has over
20 years of experience in academic innovation and business development. Prior to
joining KAUST, Kevin spent six years as CEO of Innovations at the University of
New South Wales (UNSW), Sydney, Australia.

Mark D’Agostini (author): Mark D’Agostini is the Global Combustion Technol-
ogy Manager for Air Products and Chemicals, Inc. Mark received his B.S., M.S.,
and Ph.D. degrees in Mechanical Engineering from Lehigh University and has 35
years of experience with design and operation of industrial combustion systems,
with a principal focus on burner design. He holds over 30 combustion-related US
patents and has published several dozen papers on these topics.

Jiaquan Dai (author): Dr. Jiaquan Dai is the Director of the Oil Market Depart-
ment of the CNPC Economic & Technology Research Institute (ETRI). He grad-
uated from the Department of Applied Mathematics of the Dalian University of
Technology and received his doctorate in Operations Research and Cybernetics.
Dr. Dai is a professor-level Senior Economist. At present, he is primarily engaged
in research on energy supply and demand, pricing of the domestic and foreign oil
market, and oil market policies and strategies.

Bassam Dally (author): Prof. Bassam Dally is a Professor at Clean Combustion
Research Center (CCRC), King Abdullah University of Science and Technology
(KAUST). Before joining KAUST, Bassam was a Professor and Deputy-Director
of the Centre for Energy Technology at The University of Adelaide. He is a
Co-Convenor of the International High-Temperature Mineral Processing (HiTeMP)
Forum, examining industry, academia, and authorities’ perspectives on heavy in-
dustry and decarbonization. He is also a Co-Convenor of the Hydrogen Production
Technology (HyPT) Forum, exploring hydrogen production technologies and their
potential to mitigate hydrogen’s energy cost. Bassam has more than 28 years of
energy research experience and specific combustion expertise, renewable energy,
solar fuels, mineral processing, and propulsion. Bassam holds a Ph.D. in Combus-
tion Science from the University of Sydney, Australia, and a B.Sc. in Mechanical
Engineering.
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Robert Dibble (author): Dr. Robert Dibble is a distinguished academic and
researcher in the field of Chemical Engineering. Dr. Dibble earned his Ph.D.
in Chemical Engineering from the University of Wisconsin in 1975 and subse-
quently pursued postdoctoral research at Imperial College in London in 1976.
He served as a Professor at the Clean Combustion Research Center at KAUST
(King Abdullah University of Science and Technology) in Saudi Arabia from
2015 to 2020, where he actively contributed to research in clean combustion.
His work not only expanded his expertise but also made significant contributions
to the scientific community. Since 1990, Dr. Dibble has been a faculty member
in the Mechanical Engineering department at the University of California,
Berkeley. He teaches undergraduate and graduate courses on Thermodynamics,
Combustion, and Thermofluids Laboratory, sharing his extensive knowledge
and expertise with students. His research interests encompass a wide range of
areas, including engines, biofuels, alternate fuels, supercritical water gasifica-
tion and oxidation, as well as batteries and other energy storage technologies.
Dr. Dibble’s contributions to the field of Chemical Engineering are reflected
in his extensive publication record, with over 200 publications in reputable
journals. His research findings and insights have been widely recognized and
disseminated within the scientific community. Additionally, Dr. Dibble has ob-
tained 14 patents, demonstrating his innovative approach and valuable discover-
ies in the field.

Christopher M. Fellows (author): Dr. Christopher M. Fellows is a Senior Expert at
the Desalination Technologies Research Institute (DTRI) of the Saline Water Con-
version Corporation and an Adjunct Professor at the University of New England
(Australia). Dr. Fellows has a background in polymer chemistry and has numerous
research interests in relating to processes occurring at surfaces and interfaces: the
main focus of his work at DTRI is the development and testing of novel polymeric
inhibitors for inorganic scale formation. However, he is involved in a broad range
of current projects relating to physical, analytical, and organic chemistry. Dr. Fel-
lows has published over 100 peer-reviewed papers since 1998. He earned a Ph.D.
in Physical Chemistry under the supervision of A/Prof. Ernest Senogles at James
Cook University (Australia) and worked at the University of Sydney and the Uni-
versity of New England before joining DTRI in 2019.

Hussein Hoteit (author): Hussein Hoteit is an Associate Professor and Program
Chair of Energy Resources and Petroleum Engineering at KAUST. His research
areas are related to Enhanced Oil Recovery (EOR) using chemicals and CO,, mod-
eling naturally fractured reservoirs, geological CO, storage in deep aquifers, and
depleted gas reservoirs. Before KAUST, Prof. Hoteit worked for about 15 years in
the oil and gas industry in Houston, USA. He was selected as SPE Distinguished
Lecturer in 2009 and serves as an Associate Editor for SPE Journal since 2006.
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Hicham Idriss (author): Hicham Idriss received his B.Sc., M.Sc., Ph.D., and
Habilitation (Dr. Science) from the University of Strasbourg, (France). Presently,
he is a group leader at the Institute of Functional Interfaces (IFG), Karlsruhe Insti-
tute of Technology (KIT) in Germany and Professor (Hon.), Department of Chem-
istry (UCL) in the UK. He was a Fellow at SABIC Corporate R&D (KAUST),
Saudi Arabia, until 2021. Before joining SABIC in 2011, he was Aberdeen Energy
Futures Chair and Professor of Chemistry at the University of Aberdeen and Robert
Gordon University, UK. He started his academic career (1995-2008) at the Uni-
versity of Auckland, New Zealand, where he was an Associate Professor and Head
of the Structural and Computational section at the Department of Chemistry. His
primary research expertise is in catalysis and surface reactions of metal oxides, and
he has been focusing his research on hydrogen production from renewables for the
last two decades.

Nezar H. Khdary (author): Professor Nezar H. Khdary holds a Ph.D. in Analyti-
cal Nanochemistry from the University of Southampton in 2005. In 2010, he was
appointed as an Assistant Professor at the King Abdulaziz City for Science and
Technology. In 2012, he joined Northwestern University as a Visiting Research
Professor working with Professor Stoddart’s group. In 2016, he was awarded the
Fulbright Research Scholar Award. In 2017, he joined the University of Central
Florida as a Visiting Professor. He is a member of the American Chemical Society,
the Royal Society of Chemistry, the New York Academy of Sciences, and the Saudi
Toxicological Society. He was Co-Director of the Joint Center between King Ab-
dulaziz City for Science and Technology and Northwestern University, Supervisor
of the Center of Excellence in Bio-Nanotechnology, and Assistant Supervisor of
the National Center for Environmental Technologies.

Ralph Kleinschmidt (author): Ralph Kleinschmidt has a chemical background
and has been working in R&D for more than 20 years. Today he is heading the
Technology and Innovation activities of thyssenkrupp Uhde and the green hydro-
gen development activities of thyssenkrupp Uhde Chlorine Engineers. Ralph stud-
ied chemistry at the University of Diisseldorf/, Germany and holds a Ph.D. from
the Max Planck Institute for Coal Research in Miilheim, Germany.

Bart Kolodziejczyk (author): Bartlomiej Kolodziejczyk is a polymath and innova-
tor whose portfolio includes three technology companies and three not-for-profit
organizations. Bart holds eight degrees, including a Ph.D. in Materials Engi-
neering, Ph.D. in Microelectronics, Master’s in Renewable Energy Science, and
Master’s in Political Science. Over the last 15 years, Bart has worked in the solar
and wind sector as well as hydrogen and cleantech startups. Most recently, Bart
served as Chief Scientist for Fortescue Metals Group Ltd., the fourth largest iron
ore producer globally. Previously, he has held roles including Visiting Professor
and Chief Technology Officer. Bart has also advised the United Nations, NATO,
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OECD, G20, World Energy Council, World Economic Forum, SAE International,
and European Commission on Science, Technology, Innovation, and Policy. He
was named one of MIT Technology Review’s Innovators Under 35 for his work
on conductive polymers and biosensors and received Advance Award in Sustain-
ability. In 2022, Kolodziejczyk was awarded the Order of Australia for service
to science in the field of hydrogen energy. Dr. Kolodziejczyk has several patents
to his name. Bart has appeared in numerous publications, including SBS, BBC,
ABC, Forbes Magazine, Business Insider, and many more. Kolodziejczyk is an
alumnus of the Global Young Academy, an active [IUCN Commission Member, a
Fellow of the Royal Society of Arts, a Fellow of the Institution of Engineering and
Technology, a Fellow of the Explorers Club, and a Fellow of the Royal Society of
Chemistry, among others.

Jim Krane (author): Dr. Jim Krane is the Wallace S. Wilson Fellow for Energy
Studies at Rice University’s Baker Institute for Public Policy in Houston. He spe-
cializes in energy geopolitics, with a focus on oil-exporting countries and the chal-
lenges they face from energy subsidies, internal demand, and climate change. He
teaches classes on energy policy and geopolitics at Rice University. Dr. Krane’s
scholarly articles have been published in Nature Energy, Energy Policy, Energy
Journal, Georgetown Journal of International Affairs, MRS Energy and Sustain-
ability, the British Journal of Middle Eastern Studies, the Bulletin of the Atomic
Scientists, as well as numerous edited volumes. Jim was a longtime correspondent
for the Associated Press based in Dubai, Baghdad, and New York, and has written
for myriad other publications including the Washington Post, Wall Street Journal,
Financial Times, and the Economist Intelligence Unit. Jim received his Ph.D. from
the University of Cambridge, Master’s from Columbia University, and Bachelor’s
from City College of New York.

Manuel E. Marquez (author): Manuel holds a Ph.D. degree from the King Abdul-
lah University of Science and Technology. Manuel joined the Clean Combustion
Research Center as a Ph.D. student in 2018 upon completing his B.S. and M.S.
from Universidad de Antioquia, Colombia. He works in the development of new
vehicle powertrains based on neutral carbon fuels. His current research activities
focus on pre-chamber combustion, working at the moment on the optical diagnos-
tic of this novel combustion mode. Additionally, he is working on the modeling
and economic analysis of different powertrain technologies such as fuel cells and
hybrid internal combustion engines for land transportation powertrains.

Yury Melnikov (author): Yury Melnikov is an independent analyst and researcher
in the energy sector, specializing in hydrogen policy and technology. He has been
a member of the Task Force on Hydrogen at the UNECE, since 2019. Over the
past five years, Yury Melnikov has focused on research in the field of international
hydrogen policy in collaboration with IRENA, UNECE, UNIDO, and dena. He has
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been part of the most authoritative non-governmental think tank in the energy sec-
tor in Russia, the SKOLKOVO Energy Centre. Prior to that, he spent over ten years
in R&D, engineering, and technical consulting in the Russian power sector. He
holds a Ph.D. in Power Engineering.

Shashank S. Nagaraja (author): Dr. Shashank S. Nagaraja obtained his M.Sc. in
Energy Engineering and Management from Instituto Superior Tecnico, Lisbon un-
der the aegis of the European Institute of Innovation and Technology, and his Ph.D.
in Chemistry from NUI Galway in Ireland. He specializes in the domain of fuel
chemistry and the application of artificial intelligence to fuel design. Dr. Shashank
also manages projects related to sustainable energy technologies including green
hydrogen production, e-fuels, and energy storage. He is a member of The Combus-
tion Institute, Institute of Mechanical Engineers, American Chemical Society, and
Royal Society of Chemistry.

Victor Nian (author): Dr. Victor Nian is a Senior Research Fellow at the Energy
Studies Institute (ESI), National University of Singapore (NUS). He is also a Visit-
ing Fellow at Hughes Hall, University of Cambridge, and an Adjunct Professor at
the Tianjin University of Commerce. He holds a Ph.D. in Mechanical Engineering
and a Bachelor’s in Electrical Engineering with a Minor in Management of Tech-
nology, all from NUS. His expertise is in energy and nuclear policy, energy systems
analysis, technology assessment, and digital system integration. His research port-
folio includes many interdisciplinary projects supported by government depart-
ments and industries. In the spirit of “research and innovation without borders,” he
established and served as Executive Director of UNILAB on Integrated Systems
Analysis Tools, which hosts a global network of experts and research organiza-
tions. He leads “Programme X” with institutional and commercial collaborators
to develop an intelligent decision-making platform for a more innovative energy
future.

Erika Niino-Esser (author): Erika Niino-Esser relocated to Abu Dhabi as a Busi-
ness Developer and Technical Specialist for Hydrogen and Green Chemicals at
thyssenkrupp Industrial Solutions. Previously, she was a Product Development
Engineer for Water Electrolysis at thyssenkrupp Uhde Chlorine Engineers. In this
position, she was also a technical advisor for the 2 MW water electrolysis plant of
the public-funded research project Carbon2Chem®. Erika earned her Master of
Science degree in Energy and Chemical Engineering from Ruhr-University Bo-
chum, Germany.

Tianduo Peng (author): Dr. Tianduo Peng is a Market Analyst at the Oil Market
Department, CNPC Economic & Technology Research Institute (ETRI). He gradu-
ated from the Institute of Energy, Environment and Economy, Tsinghua Univer-
sity, and received his doctorate in Management Science and Engineering in 2019.
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Dr. Peng is mainly engaged in research on energy and transport systems modeling,
comprehensive benefits of the new energy industry, and life cycle assessment on
vehicle fuel pathways.

Deoras Prabhudharwadkar (author): Dr. Deoras Prabhudharwadkar is a Research
Scientist in the Clean Combustion Research Center at KAUST. Deoras received his
Ph.D. in Mechanical Engineering from the Indian Institute of Technology Bombay
in 2008. He worked as a Postdoctoral Research Associate in the School of Nu-
clear Engineering at Purdue University before joining General Electric Company
in 2011 in its Global Research division. At GE Global Research, he led multiple
next-generation gas turbine technology projects. In 2017, he moved to the Gas
Power division of GE in Dubai, where he led the technology development program
on Waste Heat-to-Power, customized for the Middle East region. He has authored
25 peer-reviewed publications, filed ten patents, and held two trade secrets for GE
in the area of gas turbine design. Deoras is currently acting as the Technical Lead
for the Cryogenic Carbon Capture project at KAUST.

William Roberts (author): William Roberts has been a Mechanical and Aerospace
Engineering faculty for 26 years, both in the USA and KSA. His research areas
include high-pressure combustion, propulsion, laser-based diagnostics, and soot
chemistry. He is the author of more than 200 archival journal articles and is a Fel-
low of the Combustion Institute and an Associate Fellow of the American Institute
of Acronautics and Astronautics. He currently serves as the Clean Combustion Re-
search Center Director at the King Abdullah University of Science and Technology
(KAUST). William holds a Ph.D. in Aerospace Engineering from the University
of Michigan.

Jitendra Roychoudhury (editor and author): Jitendra Roychoudhury is a Fellow
at King Abdullah Petroleum Studies and Research Center (KAPSARC), Riyadh,
Saudi Arabia. His ongoing research portfolio in KAPSARC covers various eco-
nomic, energy, and policy developments and the impact of policies on global com-
modity markets. Before joining KAPSARC, Jitendra was the Director and Chief
Consultant at HDR|Salva, India, where he worked with clients worldwide. He has
worked extensively as a commodity consultant within India’s energy and infra-
structure sectors, advising on developing market entry strategies. He has authored
and contributed to numerous consulting studies related to coal and coal policy in
India, Indonesia, and China. Jitendra has a Bachelor’s degree in Mechanical Engi-
neering from the University of Pune, India.

S. Mani Sarathy (author): Dr. S. Mani Sarathy is an Associate Professor of Chemi-
cal Engineering and Associate Director of the Clean Combustion Research Center
(CCRC) at KAUST. He is currently also a Senior Manager of Technology and In-
novation at NEOM Hydrogen and Green Fuels. He received his Ph.D. and M.Sc.
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degrees in Environmental and Chemical Engineering at the University of Toronto
and his B.Sc. in Environmental Engineering Chemical Specialization from the Uni-
versity of Waterloo. In 2015, 2017, and 2018, Dr. Sarathy was named a Clarivate
Analytics Highly Cited Researcher. His research interest is developing sustain-
able energy technologies with decreased net environmental impact. His research’s
primary thrust is using chemical kinetic simulations to design fuels, engines,
and reactors.

Saumitra Saxena (editor and author): Saumitra Saxena is a Research Scientist
at the Clean Combustion Research Center (CCRC) at the King Abdullah Univer-
sity of Science and Technology (KAUST), Saudi Arabia. Saxena holds over 20
years of experience in academia and industry encompassing multifaceted research
and technology environments. Previously, he worked for General Electric Global
Research (GRC) as a combustion and pollutant chemistry expert. His research em-
phasizes carbon footprint reduction through technological and fuel innovations for
fossil-fired power plants and engines. He is actively involved in projects and initia-
tives to translate low-TRL research into viable technologies suitable for industrial
applications. He holds an M. Tech. in Energy Studies from the Indian Institute of
Technology (IIT), Delhi, and a Ph.D. in Chemical Engineering from the University
of Illinois at Chicago (2007). He worked as a Postdoctoral Fellow at the Energy
and Environmental Engineering Division, part of the University of Dayton Re-
search Institute (UDRI), Dayton, US (2007-2011).

Michelle Schoonover (author): Michelle Schoonover is the Syngas Technol-
ogy Team Manager at Air Products and Chemicals, Inc. Michelle leads a group
of research engineers who work on new technology development for hydrogen
and syngas processes in this role. Michelle has been with Air Products for over 23
years and has spent much of her career as a Process Engineer working on various
hydrogen production and purification technologies. Michelle has a Master’s degree
in Chemical Engineering from Villanova University and a Bachelor’s degree in
Chemical Engineering from Worcester Polytechnic Institute.

Zlata Sergeeva (author): Zlata Sergeeva is a Senior Research Analyst at King
Abdullah Petroleum Studies and Research Center (KAPSARC). Before joining
KAPSARC, Zlata worked in the Energy Center of the Skolkovo Business School
in Moscow (Russia), where she researched natural gas and LNG markets and or-
ganized the international Energy Summer School for several hundred participants
all over the world. Later, she joined the Business Strategy Department in NO-
VATEK, the leading independent gas producer in Russia. Her focus was on stra-
tegic development and international cooperation in LNG, hydrogen, and CCUS.
Since 2020, Zlata has also been a member of the Future Energy Leaders Program
of the World Energy Council and has been involved in its Energy Trilemma and
Hydrogen working groups. Zlata is pursuing a Ph.D. in Political Science. She holds
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an ML.A. in Urban Planning and a B.A. in Political Science from the Higher School
of Economics in Russia.

Rami Shabaneh (editor and author): Rami Shabaneh has over 15 years of re-
search and industry experience analyzing energy markets and energy policy. He is a
Fellow at the King Abdullah Petroleum Studies and Research Center (KAPSARC),
focusing on global gas markets and hydrogen. Before joining KAPSARC, Rami
worked at Cenovus Energy as a market fundamentals analyst, providing analytical
support on North American energy markets. Before working at Cenovus Energy,
Rami spent three years as a Canadian Energy Research Institute. He holds a B.Sc.
in Actuarial Science and an M.Sc. in Sustainable Energy Development from the
University of Calgary.

Yoshiaki Shibata (author): Yoshiaki Shibata is Manager of New and Renewable
Energy Group at The Institute of Energy Economics, Japan (IEEJ). Yoshiaki is a
member of the policy committees regarding hydrogen and gas utility under the
Ministry of Economy, Trade, and Industry and is also a member of the screening
and evaluation committees for the demonstration projects on hydrogen and decar-
bonization technologies supported by the New Energy and Industrial Technology
Development Organization and the Ministry of Environment. Yoshiaki’s research
activities focus on technology and policy evaluation on renewable energy, grid
integration, energy storage, hydrogen, synthetic fuels, and carbon capture utiliza-
tion. Yoshiaki holds an M.S. in Aeronautics and Astronautics from the University
of Tokyo and an M.S. in Energy Engineering from Ecole Nationale Supérieure des
Mines de Paris.

Gireesh Shrimali (author): Gireesh Shrimali is the Head of Transition Finance
at the Center for Green Finance and Investment at Oxford University. He is also
a Visiting Scholar at the Center for Climate Finance and Investment at Imperial
College as well as the Singapore Green Finance Center at Singapore Management
University. Previously, he was the Director of Climate Policy Initiative’s India Pro-
gram, and a Research Fellow at the Sustainable Finance Initiative as well as the
Steyer-Taylor Center for Energy Policy and Finance at Stanford University. He has
taught at Johns Hopkins University, Middlebury Institute of International Studies,
Indian School of Business, and Indian Institute of Management. He holds a Ph.D.
from Stanford University, an M.S. from the University of Minnesota, Minneapolis,
and a B.Tech. from the Indian Institute of Technology, New Delhi. Prior to his
academic/research career, he has over nine years of industry experience designing
high-speed networking and computing systems.

Pieter ). Smeets (author): Dr. P.J. Smeets has a Ph.D. in Chemical Engineer-
ing from K.U. Leuven in Belgium and joined SABIC after his postdoctorate at
Stanford University. He started his career in SABIC as a process development
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engineer in the Technology and Innovation Department. In 2015, Dr. Pieter joined
the Corporate Sustainability Department in SABIC’s H.Q. Riyadh as senior man-
ager of Industrial Sustainability. Among others, his team’s scope includes execut-
ing SABIC’s renewable energy program, developing the SABIC Climate Change
strategy, and carrying out ESG-related disclosures. He has also supported the Saudi
Ministry of Energy in G20 Climate and Energy working groups and other interna-
tional engagements like the UN HLPF, CSLF, and COP.

Jinsok Sung (author): Dr. Jinsok Sung is a Researcher at the Hallym University of
Graduate Studies and Lecturer at the Korea University of Foreign Studies, both in
South Korea. He is also an Expert and Member of the Expert Council at Russian
Gas Society, the industrial union for oil and gas companies in Russia. He is a mem-
ber of Russia LNG Research Group, where he participates in LNG market research
projects. Before his university career, he was a Visiting Researcher at BOFIT, In-
stitute for Emerging Economies at Bank of Finland. Dr. Sung has been conducting
various research projects on global energy markets. Dr. Sung has over ten years of
experience in energy market research and specializes in the global natural gas mar-
ket, Asia Pacific, and Eurasian energy market. He holds a Ph.D. in Economics and
an M.Sc. from Gubkin Russian State University of Oil and Gas. Dr. Sung received
a B.A. from Hanyang University in South Korea.

James W. Turner (author): James W. Turner is a Professor at the King Abdullah
University of Science and Technology (KAUST). He has over 30 years of inter-
nal combustion engine experience and specializes in spark-ignition combustion,
pressure charging, alternative fuels, and engine concepts. In addition to his areas
of specialization, he is interested in renewable energy and its application to the
transport sector, emphasizing the use of and possibilities afforded by alcohol fu-
els and now hydrogen. Before joining KAUST, he was at the University of Bath
for six years. Before that, he spent over 21 years working for Lotus Engineer-
ing, leading their powertrain research group for ten years. Dr. Turner holds an
M.Eng. degree from City University of London, and a Ph.D. from Loughborough
University.

Ad van Wijk (author): Ad van Wijk is Emeritus Professor Future Energy Systems
at TU Delft in the Netherlands. He is also a guest professor at KWR Water Re-
search Institute where he developed and implemented the research program Energy
and Water. Van Wijk is special advisor to Hydrogen Europe, a member of the ad-
visory board of DII Desert Energy, and holds several supervisory board positions.
Van Wijk studied physics and completed his Ph.D. in Wind Energy and Electricity
Production at Utrecht University. He worked as a Researcher and an Associate
Professor between 1983 and 1997 in the Department of Science, Technology, and
Society at Utrecht University.
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Sebastian Verhelst (author): Sebastian Verhelst is an Associate Professor of
Combustion Engines at Lund University in Sweden and Ghent University in
Belgium. His research interests are focused on realizing sustainable transportation
and the role of combustion engines therein. He has led multiple national and inter-
national projects on alternative fuels, in-cylinder heat transfer, and medium-speed
diesel engines; and currently coordinates the EU H2020 “FAST WATER” project.
Dr. Verhelst is the former President of the Belgian Society of Automotive Engineers
(UBIA). He has been awarded the 2005 VDK Prize for Sustainable Development
for his Ph.D., the 2013 CIMAC President’s Award for a paper he co-authored, and
the 2014 SAE Forest R. McFarland Award.

Lining Wang (author): Dr. Lining Wang is the Deputy Director of the Oil Market
Department, CNPC Economic & Technology Research Institute (ETRI). He holds
a Ph.D. degree in Management Science and Engineering from Tsinghua University.
His main research fields include domestic and international oil market analysis,
energy outlook, and systemic analysis of energy and climate change issues. He has
joined in many high-level projects, written plenty of internal reports for CNPC and
the government sector, and publicly published over 40 high-level papers and reports.

Kirsten Westphal (author): Dr. Kirsten Westphal is a member of the executive
board of the German Association of Energy and Water Industries, where she is
responsible for markets and efficiency. Prior to this, Dr. Westphal was an Execu-
tive Director at the H2Global Stiftung where she led the independent Analysis &
Research Division. Between 2008 and 2021, she worked as a Senior Analyst at the
German Institute for International and Security Affairs (SWP) in Berlin. Among
other tasks, she headed the project “Geopolitics of Energy Transformation —
Hydrogen” funded by the German Federal Foreign Office, where she served as an
external advisor. She was also a member of the Expert Panel to the Global Commis-
sion on the Geopolitics of Energy Transformation in 2018-2019 and contributed
to the Commission’s Report “A New World”, published in 2019. Dr. Westphal is
also a member of the German National Hydrogen Council and Deputy Head of the
Advisory Council for the Hydrogen Roadmap of the State of Baden-Wiirttemberg.

Frank Wouters (author): Frank Wouters has been leading renewable energy pro-
jects, transactions, and technology development for more than 30 years and played
a lead role in the development of renewable energy projects all over the world. He
served as Deputy Director-General of the International Renewable Energy Agency
(IRENA) from 2012 to 2014. Mr. Wouters has served on the board of energy com-
panies in Europe, Asia, the USA, and Africa and currently serves as a Senior Vice
President of New Energy at Reliance Industries Limited. In addition, he serves
among others as Co-President of the Long Duration Energy Storage Council,
Chairman of the MENA Hydrogen Alliance, Chairman of the Dii Advisory Board,
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Board Member of the Ammonia Energy Association, and Non-Executive Board
Director of Gore Street Capital. Frank has authored several books on renewable
energy and green hydrogen and lives in Abu Dhabi. He has a Master of Science in
Mechanical Engineering from Delft University.

Xun Xu (author): Dr. Xun Xu is a Research Lead at the King Abdullah Petroleum
Studies and Research Center (KAPSARC). He is the Team Lead of KAPSARC’s
Future Freight Transport Energy Demand for China project. Before joining
KAPSARC, Dr. Xu worked at the East-West Center and the University of Hawaii’s
NREM Department. As a trained population economist, he is also a National Trans-
fer Accounts (NTA) network member. Dr. Xu’s research focuses on macroeconom-
ics, big transport data, and the Chinese economy. He holds both an M.A. and a
Ph.D. in Economics from the University of Hawaii at Manoa.
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FOREWORD

As the world navigates the energy transition, it has become abundantly clear that
there is no single pathway to net zero. All low-carbon technologies must be ex-
plored and deployed to reach carbon neutrality while limiting tradeoffs in economic
growth, energy security, and affordability. Clean hydrogen and its derivatives are
being recognized as one of the solutions, particularly for sectors of the economy
that are hard to electrify. The use of hydrogen as an energy carrier has garnered
unprecedented support, and many countries have released or are developing hydro-
gen strategies and roadmaps to explore how hydrogen fits into their existing energy
systems. Its future deployment, however, is highly contingent on the proper regula-
tion and policies to be implemented and the cost trajectory of hydrogen production
and end-use technologies.

The Kingdom of Saudi Arabia aspires to be asignificant player in the fast-evolving
clean hydrogen market. The Kingdom has started implementing priority actions
across the clean hydrogen supply chain by forging government-to-government and
corporate partnerships, developing demonstration and commercial supply projects
and piloting domestic end-use cases. Other countries are also stepping up efforts
to look at hydrogen as an energy carrier to meet their national climate targets. This
could lead to a globally traded commodity bringing with it monetization of new lo-
cal resources, new cross-border trade relationships, knowledge-based competition,
and opportunities for job creation.

Given their mandate and expertise, the King Abdullah Petroleum Studies &
Research Center (KAPSARC) and King Abdullah University of Science and Tech-
nology (KAUST) have initiated this first-of-its-kind book which brings together
international experts to analyze the developments in the potential clean hydrogen
market and what it means for the Kingdom. It provides a technical assessment of
hydrogen-related technologies and underscores the important role of technology
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and technical institutions in advancing the hydrogen economy. The collaborative
approach between different think tanks, academic institutions, and the public and
private sectors reflected in this book exemplifies the collaborative efforts needed to
reach net-zero targets in a timely and cost-effective manner.

Fahad Alajlan & Dr. Tony F Chan



1

THE CLEAN HYDROGEN ECONOMY
AND SAUDI ARABIA

Introduction

Jan Frederik Braun, Rami Shabaneh, Saumitra Saxena,
and Jitendra Roychoudhury

Clean hydrogen (i.e., renewable, nuclear, and fossil gas-based hydrogen variants
with extremely low methane emissions and high carbon capture rates) is generally
regarded as an essential piece of the energy transition to meet the world’s climate
goals set in the 2015 Paris Agreement. Since the Paris agreement, hydrogen has
garnered unprecedented support from governments and industries as a primary so-
lution to complement electrification and reduce emissions in hard-to-abate sectors.
Japan was the first to pursue a national hydrogen strategy and integrate hydrogen
into its existing energy system when it adopted its Basic Hydrogen Strategy in
2017. Since then, dozens of countries have followed suit and a substantial number
of others are currently preparing strategies.

As Saudi Arabia and the other Gulf Cooperation Council (GCC) countries con-
tinue their ambitious plans to diversify their economies away from oil and gas,
the Gulf region is showing a growing interest in developing a clean hydrogen sec-
tor. Saudi Arabia is well positioned to become a global producer, consumer, and
exporter of clean hydrogen and its derivatives. The Kingdom has the natural re-
sources, existing industrial capacity, and geographical proximity to growing energy
markets to scale up its clean hydrogen infrastructure and markets (Box 1.1).

Fully leveraging clean hydrogen to sustainably power the global economy
would give Saudi Arabia a competitive edge in an increasingly carbon-constrained
world in which net-zero greenhouse gas emissions are both a requirement and a
condition for survival. This should be combined with the large-scale electrifica-
tion of the key sectors of the economy and carbon capture, utilization, and storage
(CCUS); hydrogen is therefore one of the Kingdom’s main pillars in meeting its
net-zero emissions pledge by 2060.

This book provides a first-of-its-kind analysis of the emerging global hydro-
gen economy; further, it presents the opportunities and challenges for a range of
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BOX 1.1 SAUDI ARABIA’S CLEAN HYDROGEN RESOURCES

Renewables-based hydrogen

* Lowest global renewables electricity prices and ample solar and wind in the
Kingdom.

® Large availability of non-arable land areas suitable for the development of renew-
able projects.

Natural gas-based hydrogen

® Around 233.8 trillion cubic feet (or 6.6 trillion cubic meters) of low-cost natural gas
available, suitable for producing blue hydrogen.

® Storage capacity potential of 25 Gt of CO, (with 90% of the deep saline formations
in the Middle East), suitable for producing blue hydrogen (Ward and Heidug 2018).

Hydrogen export

® Existing infrastructure to export hydrogen in the form of ammonia and other hy-
drogen derivates globally.

® Strategic location with trade routes for energy products from Saudi Arabia to Euro-
pean and Asian markets.

Potential domestic uses

® Decarbonize the existing base of ammonia and methanol plants.
® Usein heavy-duty transport and high-utilization public transport vehicles.
® Produce green steel via hydrogen-based direct reduced iron.

Source: Authors.

potential exporters and importers from the vantage point of Saudi Arabia. The
Kingdom is already one of the world’s largest energy providers. With contributions
from key national and international stakeholders, including governments, industry
partners, and academia, this book aims to answer the following central questions:

*  What are the challenges and opportunities for Saudi Arabia in the domestic and
international fields of clean hydrogen?

* Which countries and regions relevant to Saudi Arabia are working on clean
hydrogen and for what purposes?

* How can the technological gaps in the commercial-scale penetration of clean
hydrogen in Saudi Arabia be bridged by targeted research, development, dem-
onstration, and innovation (RDD&I)?
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Based on several strategic advantages and resources, Saudi Arabia could carve out
a competitive position as a premier producer, consumer, and exporter in the nascent
global clean hydrogen market. This ability provides the Kingdom with the option
to leverage its high-quality resources for low-cost production, diversify its energy
and commodity exports, attract investment in hydrogen projects, and create struc-
tural economic value at home. In pursuing this unique opportunity, it has its work
cut out to fully capitalize on its potential. Major challenges include the fact that
some technologies for making clean hydrogen are mature but expensive; therefore,
they need to be deployed on a large scale to lower costs and compete with tradi-
tional fuels. In addition, the development of new applications and infrastructures
for hydrogen must be ramped up to meet the uptake in hydrogen demand and ac-
celerate market formation.

Internationally, the multiple pathways through which clean hydrogen can be
produced allow countries to increasingly become energy self-sufficient. Moreover,
such pathways also facilitate countries, including traditional energy importers, to
join the race for international export markets, thereby adding a different level of
competition. However, a global standard for clean hydrogen is yet to be estab-
lished; this includes a universally accepted methodology for accounting and veri-
fying CO, emissions. This may pose investment risks for large potential exporters
such as Saudi Arabia and a barrier to market entry. Domestically, the government
must strive to formulate clean hydrogen policies, regulations, infrastructure plans,
and technological and financial enablers.

The remainder of this Introduction is structured as follows. The first section as-
sesses the hydrogen economy, including its state-of-the-art within and beyond the
Kingdom. This section also provides conceptual clarity by defining the hydrogen
topics central to this book. The second section describes clean hydrogen’s momen-
tum and how this differs from early instances in the 1970s and early 2000s. In terms
of approach, ambitions, opportunities, and challenges, the third section focuses on
Saudi Arabia’s current and possible future role in the hydrogen economy. The fourth
section offers insights into the statement of the aims of this book to provide a general
clean hydrogen economy roadmap that is central to our analysis. The final section
introduces the structure of the book, mentioning its three parts and various chapters.

Definition of the hydrogen economy

The term ‘hydrogen economy’ was introduced in the literature in 1972 by a Profes-
sor of Chemistry, named John O’Mara Bockris (Bockris 1972). In the paper titled
The Hydrogen Economy: An Ultimate Economy?, Bockris and his co-author John
Appleby explained how hydrogen is made and its costs at the time; they further
described a system in which the world could depend on hydrogen, similar to how
it depended on gasoline at the time (Bockris and Appleby 1972). Bockris later de-
fined the hydrogen economy as a system within which the industry, transportation,
and households could depend on ‘piped hydrogen’ as a fuel that can be transported
over long distances from ‘large atomic or distant solar sources’ (Bockris 1977).
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Bockris’ definition of the hydrogen economy was clearly presented in the context
of the macro- and geo-economic circumstances of that time. Indeed, he argued that
the use of atomic and solar-produced hydrogen would reduce energy costs; this
would further start a journey toward overcoming the high price of hydrocarbons
from Middle Eastern sources, following the first oil crisis in 1973 (Bockris 1977).

More recently, the term ‘hydrogen economy’ has expanded to cover the com-
mercial use of low-carbon hydrogen in all suitable economic sectors, including
such end-use applications as heavy-duty road transport, ships, trains, and aircraft
(The Economist 2020; Kufeoglu 2023). This definition suggests that clean hydro-
gen can also be used as a source to heat buildings, store surplus electricity from
solar and wind, and reduce iron ore for steelmaking. The society-wide implementa-
tion of hydrogen as an energy carrier (i.c., a way to store, move, and use the energy
extracted from other sources), feedstock, or storage medium could help establish a
hydrogen economy. This hydrogen economy will come to dominate daily life in the
way that fossil fuels currently do.

These basic definitions provide a good starting point to explain what we under-
stand by the term ‘hydrogen economy’ in this book. First, this book explores the
variety of clean hydrogen production pathways. It thus extends the transport focus
from pipelines to include different modes of transporting hydrogen such as ship-
ping, either in its pure form, or in liquid organic hydrogen carriers (LOHCs), and
hydrogen-based derivatives such as ammonia and methanol. Second, this book ar-
gues that hydrogen will not be the new oil or gas, as it is a conversion and not an ex-
traction business and can be produced anywhere in the world via electrolysis. Third,
government support is required to kickstart the development of hydrogen; addition-
ally, public funding is needed to create the necessary infrastructure and promote use
cases via financial incentives. Simultaneously, major projects and large-scale pro-
duction and consumption hydrogen hubs concentrated in specific geographical areas
will push governments to implement suitable policies and regulations. The market
will initially be determined by long-term contracts and scaling up production capac-
ity. There is significant room for cost efficiency gains and RDD&I in hydrogen-based
services and applications along the value chain. The hydrogen value chain broadly
covers production; supply, distribution, and storage; and end uses (Figure 1.1).

Fourth, hydrogen policy will be defined by specific greenhouse gas emissions
and sustainability criteria (i.e., gCO, per kWh of hydrogen). These criteria, cap-
tured in standards and certification schemes, will define and ensure that the hydro-
gen produced adheres to the definitions and labels assigned to it.! In the case of
hydrogen, a standard is needed to provide the accounting guidance and criteria to
assess renewable and low-carbon credentials. Moreover, certificates for hydrogen
and its derivatives would contain information on compliance with these standards
and regulatory requirements. This would enable verification by independent third
parties (or agencies) using data on sustainability criteria such as carbon footprint
and renewable energy content; this would allow differentiation from less green
products (IRENA and RMI 2023).
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FIGURE 1.1  The hydrogen value chain.
Source: Hasan and Shabaneh (2021).

Fifth, synergies with electricity will be strong, as hydrogen will complement
electricity in the energy transition. This means that hydrogen has a range of potential
applications within the industrial, transport, energy storage, and heating sectors in
which electrification is either too costly or impossible to apply. However, hydrogen
is not the only solution to climate change and will have to compete with the other
decarbonization solutions in each sector, such as direct electrification and biomass.

Finally, for the major demand centers in the United States and Europe, the in-
centives for clean hydrogen are framed in the broader policy narratives of the en-
ergy transformation, economic growth, diversification, innovation, and adaptation
to new global competitive requirements. Clean hydrogen is narrowly defined, not
only in terms of scaling up its production and demand as a feedstock or energy car-
rier but also as part of a range of options, including increasing energy efficiency,
electrification, and circularity.

Based on these assumptions, we argue that the hydrogen value chain will retain
some of the features of liquefied natural gas and electricity. At the outset, govern-
ments will play an important role in formulating the hydrogen policy and financing
the basic hydrogen infrastructure. However, the value chain will eventually evolve
to have unique characteristics, with pricing and quality signals emanating from
end-use customers, as the hydrogen market gets established (i.c., end-use-related
services and applications). This could mean that in an established hydrogen mar-
ket, the hydrogen value chain will be demand-driven, with energy end-use consum-
ers playing an important role (Figure 1.2).

This does not mean we ought to disregard or deny the value of hydrogen pro-
duction. Recent discussions have focused on scaling up hydrogen production and
demand to establish economies of scale and reduce costs. In the long run, however,
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FIGURE 1.2 Customer-centered hydrogen economy supply chain.

the differences in the cost of producing a kilogram of hydrogen will become mini-
mal between countries. A country or region’s ability to carve out a competitive
position and capture value in the hydrogen economy will lie in its capacity to pro-
duce high quality, cost-competitive, and innovative hydrogen equipment and com-
ponents along the value chain. The estimation of the market potential for hydrogen
equipment and components by 2050 shows that value creation will largely lie in the

Source: Wa‘el Almazeedi.

end-use sector such as transport and industry (Box 1.2).

BOX 1.2 ESTIMATED MARKET POTENTIAL FOR
HYDROGEN EQUIPMENT AND COMPONENTS BY 2050
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Calculations are based on the International Energy Agency’s IEA’s Sustainable Devel-
opment Scenario, which models a rapid and deep transformation of the global energy
sector consistent with all the net-zero goals contemplated today and being reached
on schedule and in full. Values are for the annual capex market size for equipment
and components needed to switch to green or blue hydrogen applications (including
retrofits), not including revenues that companies may achieve by operating hydrogen
equipment or providing green energy as an input for electrolysis. *) Assumes that
5% of hydrogen that is not produced onsite is converted to ammonia, methanol, or
LOHCs.

Source: Authors based on Ludwig et al. (2021).

Although hydrogen is a colorless and odorless gas, the hydrogen produced via
different methods has been informally color coded to differentiate the intensity of
carbon emissions, as explained in Figure 1.3. However, while this color coding is
generally accepted, no universal convention has evolved yet.

Hydrogen production G ]
. - ray Hz
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Methane pyrolysis ]—0[ Solid carbon capture ]— -[

[ Renev:::rl:eesnergy Electricity H Electrolysis of freshwater J—

Nucl .
[ ucieal eRergy Electricity ]—'[ Electrolysis of freshwater ]‘"[ Pink H, ]

sources

Fossil energy sources

*) ATR — Auto Thermal Reforming; SMR- Steam Methane Reforming; *¥) CCUS — Carbon capture, utilization and sequestration.
POX- Partial Oxidation.

FIGURE 1.3  Colors of hydrogen.

Source: Authors.

For the purpose of this book, we use these color codes to signify the pro-
duction process. However, the proliferation of hydrogen colors is complicating
the discussion because of the increasing focus on carbon intensity and carbon
equivalence in addition to color (IEA 2023a). Carbon intensity, expressed in
tons of CO,-equivalent per ton of hydrogen produced, is a technology-neutral
criterion for assessing the hydrogen emission footprint. It focuses on tackling
fugitive emissions and opens the debate about the competition between vari-
ous hydrogen production approaches that meet the required carbon intensity
at the lowest cost. Thus, throughout this book, we define ‘clean hydrogen’ in
two ways. The first is the hydrogen derived from the electrolysis of water with
electricity coming from renewable sources and nuclear energy. The second is
the hydrogen derived from production processes in which CO, emissions are
captured (Box 1.3).
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BOX 1.3 HYDROGEN DEFINITIONS USED IN THIS BOOK

Definitions used in this book

* Clean hydrogen refers to renewable, nuclear, and fossil gas-based hydrogen
(with the latter’s methane emissions being extremely low and with very high car-
bon capture rates).

¢ Blue hydrogen refers to fossil gas-based hydrogen with CCUS and that meets
certain emission standards.

* Gray hydrogen refers to hydrogen produced from fossil fuels without capturing
greenhouse gas emissions in the process.

* Green hydrogen refers to hydrogen produced with renewable electricity via
electrolysis.

¢ Hydrogen derivatives refer to downstream molecules into which hydrogen can
be converted (e.g., ammonia, methanol, and synthetic fuels). When these prod-
ucts are produced with hydrogen from electrolysis, they are known as power-to-X
products.

* The hydrogen economy constitutes either a regional or a global energy market-
place that complements that of electricity and plays a role in decarbonizing those
parts of societies that electrification cannot. As a complement, the hydrogen sup-
ply chain will be linked closely to that of electricity, and most value will be created
in the end-use sector in the long term.

¢ Hydrogen hubs, or clusters or ‘valleys’ of large-scale demand, are local areas
in which various existing and potential hydrogen users from differing sectors are
co-located. The co-location within hubs can make it more cost-effective to develop
infrastructure (e.g., pipelines, storage, and refueling stations) by promoting econ-
omies of scale and synergies from sector coupling to help develop the value chain.

¢ Synthetic fuels refer to a variety of gaseous and liquid fuels produced from hy-
drogen and CO,, preferably captured from an emitting source or air, including
synthetic kerosene and synthetic diesel.

Source: Authors and World Energy Council (2021).

Hydrogen’s ‘third coming’ in a carbon-constrained world

Hydrogen has seen several waves of interest over the last 50 years. In the 1970s,
with oil price shocks, petroleum shortages, and rising attention to air pollution and
acid rain, hydrogen produced from coal or nuclear electricity was considered to
play an important long-term role in providing energy, particularly for transport.
This interest waned as oil and gas resources proved plentiful, oil prices stabilized,
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and nuclear power faced increasing public resistance. In the early 2000s, interest in
hydrogen resurfaced, which translated into renewed policy action in the transport
sector. By 2010, however, expectations had dipped again with the retreat of the
peak oil narrative, uncertainty about the strength of climate policy developments,
and progress with battery electric vehicles, which have less expensive initial infra-
structure needs than hydrogen vehicles (IEA 2019).

Hydrogen’s ‘third coming’ is markedly different from the two previous waves
of interest. Whereas the first and second waves focused largely on the use of fuel
cells in the transport sector, the current momentum is characterized by much
broader possibilities for hydrogen use and a depth of political enthusiasm for
those possibilities globally. Hydrogen is increasingly a staple of mainstream en-
ergy conversations in most regions, with diverse countries and industry stake-
holders seeing it as playing a potentially valuable and wide-ranging role in an
increasingly carbon-constrained world (IEA 2019). The broad coalition of stake-
holders includes the governments of most of the world’s largest economies (in-
cluding Saudi Arabia), renewable electricity suppliers, industrial gas producers,
electricity and gas utilities, automakers, oil and gas companies, and major engi-
neering firms.

The three main drivers of hydrogen’s current momentum are the

i Accelerating climate change
ii Declining cost of renewables
iii Improving national energy security

Regarding climate change (i), in the post-Paris Agreement world, there is broad
consensus that hydrogen will be needed to reach net-zero emissions and mitigate
catastrophic climate change. Hydrogen demand reached 94 million tons in 2021,
mainly for traditional uses such as a feedstock for making chemicals (e.g., ammonia
and methanol) and an input in the oil refining sector to desulfurize and upgrade
refined products. New applications, mostly in on-road transport, comprised only
0.04% of hydrogen demand in that year (40 thousand tons) (IEA 2022). Most of
this demand was met by gray hydrogen, which translated into emissions of about
900 million tons of CO,/year, equivalent to 2.2% of energy-related CO, emissions
globally (IEA 2022).

Cleaner production pathways for hydrogen are needed to lower its carbon foot-
print and become a genuinely low-carbon solution. Mature technologies for pro-
ducing low-carbon hydrogen are expensive and would need to be deployed on a
large scale to lower costs sufficiently to compete with traditional fuels. By contrast,
the development of new hydrogen applications and infrastructure must be ramped
up to meet the uptake in hydrogen demand and accelerate market formation. How-
ever, in the absence of a hydrogen price benchmark, government support through
various regulatory and financial interventions will be needed, along with sound
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business models, to de-risk investments and incentivize the adoption of hydrogen.
Moreover, estimations of how much hydrogen the world will need are mixed de-
pending on the prevailing decarbonization policies and cost of hydrogen technol-
ogy. Hydrogen demand is projected to be anywhere between 4% and 24% of the
final energy supply by 2050 (Figure 1.4a).

Organization

IEA (2022) global share in .2’5%

2021 H Current

H Range (low-high)
M Central estimate

Fraunhofer/HYPAT (2022)

freug pleg i) |
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""Rapid/Net-zero"

IEA (2021) NZE scenario @ 3%
IRENA (2022) (1.5 degre.es . 12,0%
scenario)
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Clean hydrogen as % of final energy demand in 2050.

FIGURE 1.4A  Global final energy supply and share of clean hydrogen (2021 vs. 2050).

Source: Authors based on IEA (2021, 2022), Riemer et al. (2022), Evans and Gabbatiss (2020), and
IRENA (2022b).

Regarding future demand in a net-zero world, governments and industry play-
ers worldwide currently consider clean hydrogen and its derivatives to play three
overarching roles:

* Decarbonize hard-to-abate segments of the energy value chain that cannot be
easily electrified.

* Enable sector coupling by integrating the electric power sector with the heating
and cooling, transport, and industrial sectors.

* Facilitate fuel switching, including retrofitting and modifying infrastructure,
and new use applications (i.e., where new infrastructure must be established).

With these roles in mind, hydrogen demand is expected to take off massively over
the next three decades (Figure 1.4Db).

From the vantage point of the 1.5°C scenario, if clean hydrogen could satisty
12% of final energy demand, it could reduce global emissions by 10% (IRENA
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Source: Authors based on World Energy Council (2021*). The BP numbers include the World Energy
Council’s estimates of non-energy demand.

2022b). In this scenario, Saudi Arabia would constitute the country with the sixth
highest domestic hydrogen demand by 2050, after China, India, the United States,
Russia, and Japan (Figure 1.4c).

Rest of the world:
16.6%

Global H2 demand (2050)
1.5 degrees scenario
(PJ/YR):
50.140
(or: 614 MtH/Y)

FIGURE 1.4C  Global hydrogen demand by 2050 in the 1.5°C scenario (excluding use
for power generation).

Source: Authors based on IRENA (2022b).
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Figure 1.4¢ points to the important role that clean hydrogen should play in de-
carbonizing the world’s major economies. In the case of Saudi Arabia and the other
countries mentioned here, clean hydrogen can decarbonize oil refining and ferti-
lizer production, make synthetic kerosene for planes and methanol for ships, and
replace natural gas in making steel from iron ore. These ‘hydrogen products’ are
easy to transport and have ready end-user markets.

In sum, Figures 1.4a—c examine global hydrogen demand and supply from
different angles, including from percentages and millions of tons as well as the
role that hydrogen could play in reducing emissions in a 1.5°C world. These fig-
ures show the massive range in the different scenarios designed by well-known
public and non-public actors and underline the vast uncertainty about this nascent
market.

Regarding the cost of renewables (ii), hydrogen’s ‘new wave’ broadly fo-
cuses on creating a link between renewable electricity and hard-to-electrify
end-use sectors (IRENA 2020). The competitiveness of renewables improved
exponentially from 2010 to 2021. As shown in Figure 1.5, the global weighted
average levelized cost of energy of newly commissioned utility-scale solar pho-
tovoltaic projects declined by 88% between these years. By contrast, that of on-
shore wind fell by 68%, concentrated solar power by 68%, and offshore wind by
60% (IRENA 2022d).
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FIGURE 1.5 Global levelized cost of energy of newly commissioned utility-scale solar
photovoltaic and onshore and offshore wind power, 2010-2021.

Source: Authors based on IRENA (2022c¢).
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The fall in electricity prices because of renewables is also complemented
by declining electrolyzer costs because of technology improvements and ef-
ficiency gains. Electrolyzer technologies are ripe both for innovation and for
economies of scale. They may well be the next technology to shoot down a
precipitous cost curve in the way that solar cells and batteries have. The re-
cent successes of solar photovoltaic, wind, batteries, and electric vehicles have
shown that policy and technology innovation have the power to build global
clean energy industries. With a global energy sector in flux, the versatility of
hydrogen is attracting stronger interest from the diverse group of stakeholders
mentioned earlier.

The global energy crisis sparked by the Russia/Ukraine conflict that began in
early 2022 has accelerated hydrogen’s appeal as an energy carrier that can improve
energy security (iii). This is defined as the uninterrupted availability of energy
sources at an affordable price (IEA 2023b). Long-term energy security mainly
deals with timely investments to supply energy in line with economic develop-
ments and environmental needs. On the contrary, short-term energy security fo-
cuses on the ability of the energy system to react promptly to sudden changes in
the supply-and-demand balance. Clean hydrogen could bolster energy security in
three major ways: (1) by reducing import dependence, (2) by mitigating price vola-
tility, and (3) by boosting energy system flexibility and resilience (IRENA 2022a).
Many governments, particularly in Europe, are looking at hydrogen to reduce their
dependency on fossil fuels. They also believe that hydrogen can diversify fuels to
improve the flexibility of the energy system and reduce its vulnerability to supply
disruptions as well as diversify supply to become significantly larger than that of
current fossil fuel suppliers.

A multitude of factors influence the assessment of the role of hydrogen as a
clean energy vector in improving energy security (IEA 2022). In regions in which
fossil fuel resources are limited and often imported, as in Japan and South Korea,
renewable hydrogen is well placed to improve energy security. Importing blue hy-
drogen, on the contrary, would raise fossil fuel imports as well as the dependency
on a limited portfolio of suppliers. In regions and countries with significant fossil
fuel resources such as Australia, North America, and the Middle East, the produc-
tion of low-carbon hydrogen is unlikely to pose a risk to their national energy se-
curity. In Europe, importing hydrogen from a range of diverse and reliable partners
to replace Russian fossil fuels would enhance energy security even if the imported
hydrogen had been produced from fossil fuels (with CCUS). Additionally, having
a strong national capability in hydrogen may be of significance to importers as in
Europe beyond the core focus on net zero. This need to import offers enormous
opportunities to clean hydrogen producers in the Gulf such as Saudi Arabia. In-
deed, the Kingdom has strengthened its political and economic ties with Europe in
this field through a range of government-to-government and business-to-business
agreements, for example with Germany (Braun et al. 2022).
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Saudi Arabia’s Circular Carbon Economy (CCE) and clean
hydrogen

Clean hydrogen plays a leading role in the Kingdom’s CCE framework. The CCE,
which was introduced by His Royal Highness (HRH) King Salman at the end of
Saudi Arabia’s 2020 G20 presidency, extends the idea of a circular economy but its
primary focus is on energy and carbon flows (Figure 1.6).

...to a Circular Carbon Economy (CCE)

Reduce EEE —— Reuse — Rec cle Remove

production of CO, and Capture COx and GHG without  COxar) GHGs through  COxand GG thatare

GHGs as by-products chemical alteration chemical alteration already emitted
Energy 1 Food and Carbon to poly- Direct air
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—_— energy 1CO, to fuels and sequestration
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fuels (e.g., H) 0il Recovery other materials solutions

FIGURE 1.6  Saudi Arabia’s CCE approach.
Source: Al-Ghareeb (2022).

Instead of removing carbon emissions altogether in the medium-to-long term, the
CCE approach focuses on commodifying carbon emissions. In other words, it aims
to reframe the discourse on CO, from being viewed solely as a negative externality
toward understanding the value that can be extracted from it. The CCE climate miti-
gation approach therefore focuses on managing the carbon inherent in human activi-
ties, industrial enterprises, and energy systems in a sustainable and cyclical manner.
Box 1.4 defines one of the conceptualizations of the CCE and its organizing principles,
namely, the four Rs of Reduce, Recycle, Reuse, and Remove (Al Shehri et al. 2022).

BOX 1.4 CONCEPTUALIZATION OF THE CCE
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The approach has, however, raised questions given Saudi Arabia’s past posi-
tions on global climate change (Depledge 2008). An early critical voice described
the CCE as ‘a renewed push’ for CCUS technologies. Schroeder, Bradley, and
Lahn (2020) argued that removing state support for fossil fuels and putting a price
on emissions is largely agreed as the most cost-effective way to ensure that CO, is
removed from the system permanently. Even the authors who raised this concern,
though, recognized that developing the capacity to remove CO, makes sense for
countries such as Saudi Arabia and the United Arab Emirates (UAE). As these na-
tions heavily depend on oil exports and have large vertically integrated industries,
they wish to make their exports as low carbon as possible. This is especially so
given growing market pressure from consumers, particularly in Europe, to reduce
lifecycle emissions. In this context, it is important that the CCE concept is imple-
mented by a clear and effective regulatory framework and policies that prove its
potential beyond CCUS as well as beyond political endorsement by international
organizations such as the G20. The launch of Saudi Arabia’s national CCE program
could demonstrate the concept’s application in practice. A clearly defined CCE
taxonomy and its consistent use in this program could also help provide concep-
tual clarity and a blueprint for other countries’ practical implementation (Al Shehri
et al. 2022).

The Saudi government views hydrogen applications as a critical and crosscutting
component of the CCE, especially as a key enabler in decarbonizing hard-to-abate
sectors:

* Reduce: Renewables-based hydrogen without directly emitting CO,.

* Recycle: Renewables-based hydrogen is used to produce e-fuels, thus recycling
CO, through chemical alterations.

* Reuse: CO, is captured during fossil fuel-based hydrogen production and reused
in applications such as carbon-cured concrete.

* Remove: CO, is captured during fossil fuel-based hydrogen production and re-
moved through geologic storage.

In 2021, Saudi Arabia announced its goal to reach net-zero carbon emissions by
2060 and produce 4 million tons of clean hydrogen annually by 2030 (Saudi Green
Initiative 2022). Furthermore, domestic oil giant Aramco has set a target to pro-
duce 11 million tons of blue ammonia by 2030. This would require 1.93 million
tons of blue hydrogen produced from fossil gas linked to carbon capture and stor-
age. Saudi Arabia has also developed a national hydrogen strategy that focuses on
the production, export, and domestic use of clean hydrogen (Braun et al. 2022), as
shown in Figure 1.7.
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FIGURE 1.7 Saudi Arabia’s target markets and use cases for hydrogen.
Source: Al-Ghareeb (2022).

By 2030, the strategy aims to:

I Establish the essential aspects of the green and blue hydrogen production
processes.
II Build domestic hydrogen demand use cases in transportation (e.g.,
heavy-duty and light-duty vehicles).
III Use hydrogen in products with export potential (e.g., synthetic fuels and steel).
IV Export hydrogen to potential markets in Europe, Asia, and the rest of the
world.

The Saudi focus beyond 2030 aims to build capacity through pilots and R&D,
including:

* Hydrogen-based green steel using the direct reduced iron process, including a
pilot plant and commercialization expected after 2030.

* Synthetic fuels for aviation that combine hydrogen with CO,, including R&D
(commercialization expected after 2035).

* Ammonia and methanol as marine fuels, which help decarbonize and meet
International Maritime Organization regulations, with commercialization ex-
pected after 2035.

To support the deployment of clean hydrogen across Saudi Arabia’s value chain
for domestic use and exports, several enabling mechanisms are being considered:

* Support and enforcement mechanisms for production and usage.
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* Investment in RDD&I.

» Standards and technical regulations.

* Awareness and global partnership building across the value chain with countries
and regions with major demand (e.g., Europe and Southeast Asia).

* Hydrogen hubs and valleys.

Given its resources, Saudi Arabia can theoretically pursue a solely green or blue
hydrogen strategy. Developing both pathways, however, may provide the opti-
mal solution because the Kingdom’s geographical spread of resources suggests
that the eastern region is better suited to produce and export blue hydrogen. By
contrast, green hydrogen production is well suited for areas far from oil and gas
clusters such as the western region in which the economic region of NEOM is
taking shape.

NEOM (Chapter 5), an acronym that combines the Greek neos (‘new’) and
the first letter of the Arabic word for ‘future,” mustagbal, will be a prominent
part of any future Saudi hydrogen ecosystem. As a hydrogen hub, its goal is to
provide the basis for the clean feedstock used in the global production of fertiliz-
ers, chemicals, and oil derivatives. The region’s electricity supply will be 100%
renewables-driven, including the multiple gigawatts required for the vast green
hydrogen production in the floating industrial city in the shape of an octagon
called ‘OXAGON".

Regarding Saudi Arabia’s hydrogen economy governance, Chapter 2 makes the
argument for the Kingdom to pursue parallel strategies or a balanced approach.
Most of the country’s production, demand, and infrastructure for blue hydrogen
are in its eastern and central provinces. By contrast, the area that holds the most
promise for green hydrogen (i.e., the northwest of the Kingdom) shows little to no
industrial-scale production, demand, and infrastructure requirements, which will
quickly need to be built from scratch. Instead of an exclusive focus on any one of
the production methods, a balanced approach between renewable and low-carbon
hydrogen production and demand can reduce the burden on land use and resources
and provide the time to overcome infrastructure challenges. A final argument for a
balanced approach is that Saudi Arabia possesses both low-cost renewable and gas
resources that could produce the volumes of hydrogen needed to both decarbonize
its sectors and have sufficient available for export.

In addition, this book foresees that the hydrocarbon-derived and low-emission
hydrogen pathway has salience in nations such as Saudi Arabia that have signifi-
cant hydrocarbon reserves and CO, injection/storage potential as well as an interest
in preserving the value of those resources. The challenge is to have low fugitive
methane emissions and a high CO, capture rate. Supplementary to costs, Saudi
Arabia has the capital and regulatory capability to compete on these highly impor-
tant decarbonization issues.

Finally, the opportunities from adopting a balanced approach extend beyond
Saudi Arabia’s borders. Along with other GCC countries, Saudi Arabia can at-
tain economies of scale and pool human, capital, and technical resources in a
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cost-efficient manner (e.g., via regional CCUS and hydrogen hubs). In this way,
it can benefit immensely from scaling up production, cooperation, national de-
mand, and cross-border infrastructure and focus (in the long run) on the produc-
tion of clean hydrogen-based end products. This will allow for the localization of
know-how and skills along the value chain.

Although Saudi Arabia is well positioned to become a significant global hydro-
gen player, it also faces several substantial challenges, including:

* Drastically scaling up clean hydrogen production and dedicated renewables
capacity.

* Creating the required sectoral demand by formulating an effective framework
of regulations and policies.

* Facilitating finance.

* Developing the required policies and regulations (e.g., infrastructure, certifica-
tion, and sustainability criteria).

* Bridging the knowledge gap in RDD&I and establishing a resilient domestic
capability in equipment manufacturing for energy customers in the end-use seg-
ment, including the demonstration of technologies for local and international
markets.

* Addressing geopolitical factors such as shifts in inter-state relations and the fact
that hydrogen rents (or ‘revenues’) may not be as lucrative as those of oil and
gas.

The Saudi government has already started to prioritize building government-
to-government partnerships, supporting large-scale projects, carrying out
feasibility studies for developing an infrastructure to export hydrogen or re-
newable energy, establishing a regulatory framework, and introducing ena-
blers to expedite hydrogen-related investment. These and other efforts that will
need to be scaled up rapidly over the forthcoming years could allow the King-
dom to establish the institutional capability required for two actions. The first
is to develop a competitive hydrogen economy at home and the second is to
allow the country to capture a substantial share of any future hydrogen market
overseas.

Statement of aims and conceptual framework

Collectively, the chapters in this book provide a multifaceted and impartial analysis
of the ‘who,” ‘what,” ‘where,” and ‘why’ related to clean hydrogen development
within and beyond Saudi Arabia. They analyze the countries and regions relevant
to Saudi Arabia in terms of dedicated hydrogen policies, projects, and approaches
that aim to incentivize production and demand. This will enable the design of fi-
nancing and business models, ensure a proactive role for the private sector, and
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facilitate the development of hydrogen hubs. Some of the key issues discussed in
this book include the following:

* Understanding domestic policy developments in Saudi Arabia that strengthen its
position in global hydrogen markets and that promote economic diversification.

* Explaining the hydrogen value chain in the Kingdom (i.e., production, CCUS,
storage and distribution, consumption, and exports) and its critical role within
the country’s CCE approach.

* Examining the potential of hydrogen demand beyond the industrial sector (e.g.,
transportation, power generation, and storage mechanisms for renewable en-
ergy) within the Kingdom.

* Understanding international developments, including potential competing
export and import markets in the context of global decarbonization policies
and technologies.

In addition to analyzing the hydrogen economy from the Saudi Arabian vantage
point, this book simultaneously presents analyses along all parts of a clean hy-
drogen economy roadmap. This roadmap charts a course for fossil fuel-exporting
countries such as Saudi Arabia to carve a competitive position for themselves in
the energy transition over the forthcoming decades using clean hydrogen as a cata-
lyst (Figure 1.8). The added value is that this roadmap can be applied to fossil
fuel-producing countries other than Saudi Arabia.
The roadmap is divided into seven pillars:

* Scaling up commercially proven state-of-the-art clean carbon hydrogen produc-
tion technologies.

* Creating local demand applications for clean carbon hydrogen.

* Rolling out the required infrastructure.

* Facilitating financing for clean hydrogen projects.

* Developing policies and regulations for efficient and well-functioning markets
for clean hydrogen and its derivatives that allow for trading and matching sup-
ply and demand.

* Demonstrating key pre-competitive technologies that could improve the sus-
tainability and reduce the costs of hydrogen applications along the value chain.

* Build a robust in-Kingdom RDD&I ecosystem to support institutional
growth, human capital, and academia—industry cooperation in technology
development.

Three-part structure of this book

Part 1: The clean hydrogen economy and Saudi Arabia: domestic develop-
ments (Chapters 2—6) examines hydrogen developments along the value chain,
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(i.e., production, export, transport, application, and RDD&I) in industries and aca-
demic institutions.

Chapter 2 by Rami Shabaneh and Jan Frederik Braun introduces Saudi Arabia’s
journey toward clean hydrogen in terms of stakeholders, policies, governance, and
socioeconomic developments. This chapter explains how renewables-based and
low-carbon hydrogen are coming to play a crucial role in the country’s decarboni-
zation efforts. It describes the range of governance opportunities and challenges for
the government and its various stakeholders. Opportunities include Saudi Arabia’s
low-carbon intensity petroleum value chain, world-class infrastructure, emerging
hydrogen hubs along its coastline, and logistical and seasonal advantages. Chal-
lenges include the need to implement the regulatory framework required for clean
hydrogen, including an inclusive certification scheme in line with the criteria set by
import markets. Further obstacles are scaling up renewables and creating demand
in the domestic market (post-2030). In line with the 1.5°C scenario, Chapter 2
indicates the massive role for hydrogen applications in the transport sector in the
Kingdom, especially after 2035.

Having introduced domestic governance matters in Saudi Arabia, Chapters 3, 4,
and 5 describe the three key players (or ‘pillars’) central to carrying out its hydro-
gen plans and achieving its ambitions: The Saudi Arabian Oil Company (‘Aramco’
or ‘the Company’), the Saudi Arabian Basic Industries Company (SABIC), and
NEOM.

Chapter 3 by Jim Krane and Jan Frederik Braun examines the role played by
clean hydrogen in Aramco’s economic diversification plans and its contribution
to the domestic and international credibility of the Kingdom’s climate actions.
Aramco is both the dominant revenue provider for the Saudi government’s fossil
fuel-driven governance model and a vital participant in delivering the Kingdom’s
ambitions to reach net-zero greenhouse gas emissions by 2060. The Company has
committed to reaching its own net-zero emissions within its Scope 1 and Scope 2
operations by 2050. To do so, it is heavily investing in researching and develop-
ing technologies and new business units to find climate-compliant uses and mar-
kets for hydrocarbon resources. Producing low-carbon hydrogen and products is
a prominent feature of this future diversified portfolio. Aramco’s hydrogen ap-
proach differs from that of other oil and gas supermajors that emphasize a narrow
blue hydrogen-dominated path. While blue hydrogen is the chief focus, Aramco’s
plans also include investment in renewables and green hydrogen technologies that
produce renewables-based hydrogen. The authors delve into hydrogen’s role in
Aramco’s economic diversification plans, which have been described as a hedg-
ing strategy for coping with the potential decline in demand for unabated hydro-
carbons. The main message from the chapter is that majors such as Aramco can
strengthen their long-term resilience and reduce the risk of revenue disruption by
expanding into clean hydrogen.
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The petrochemical sector constitutes the second pillar of the Saudi economy.
Chapter 4 by Abdulaziz Aljodai, Pieter Smeets, Fahad Al Shehery, and Hicham
Idriss introduces SABIC and discusses its institutional aims, relevance, and role
in Saudi Arabia’s hydrogen economy ambitions. SABIC is one of the largest pet-
rochemical manufacturers globally, with operations spread over 50 countries. It
views hydrogen’s role primarily as a chemical feedstock but recognizes that it
could serve as a decarbonizing fuel. Indeed, both blue and green hydrogen are set
to play a crucial role in decarbonizing SABIC’s carbon-intensive production pro-
cesses, including methanol production, ammonia synthesis, and steelmaking. Es-
tablishing short- and long-term goals for electrification and hydrogen is important
for SABIC’s move toward decarbonization and sustainability. The chapter argues
that SABIC could leverage its extensive experience in producing and supplying
ammonia to its consumers. With its proven expertise in managing the CCUS value
chain, SABIC stands to gain from exploiting its existing capabilities. The chapter
also states that its extensive technical knowledge and focus on transitioning to a
low-carbon future makes SABIC well placed to leverage its existing know-how.
This could allow it to become a globally leading competitor in future hydrogen and
ammonia markets and is a critical part of Aramco’s plan to produce 11 million tons
of blue ammonia by 2030.

NEOM, an economic region along the Red Sea coast in northwestern Saudi
Arabia, is the central topic of Chapter 5. NEOM is destined to be a part of any fu-
ture Saudi hydrogen ecosystem. Its abundant solar energy during the day and wind
power at night provide the optimal weather conditions for the high-load production
of low-cost green hydrogen. In this chapter, Frank Wouters describes NEOM’s hy-
drogen strategy, including the rationale behind its green hydrogen production and
potential use cases. He also discusses its research strategy and the development of
the region’s massive hydrogen facilities.

In Chapter 6, Saumitra Saxena, Bassam Dally, Kevin Cullen, and William
L. Roberts identify future technologies that are necessary for scaling up and imple-
menting the hydrogen economy. The chapter discusses the need to build an RDD&I
ecosystem and proposes a pragmatic approach to applying academic research to in-
dustrial deployment, which can strengthen Saudi Arabia’s goal of economic diver-
sification. The chapter also conveys the steps needed for policymakers and research
funders seeking to translate university research into public benefit more efficiently
and effectively.

Part 2: The clean hydrogen economy and Saudi Arabia: international
opportunities and challenges (Chapters 7-14) examines developments in
prominent hydrogen-importing and -exporting countries and regions relevant
to the Kingdom in terms of their economics and policies, geopolitics, and
technologies.

Chapter 7 by Wa‘el Almazeedi explores in-depth hydrogen developments
across the Middle East and North Africa (MENA) region. It argues that Egypt,
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Morocco, Oman, Saudi Arabia, and the UAE have taken the lead in respond-
ing to the hydrogen opportunity. All these countries have started renewable and
low-carbon hydrogen and ammonia projects, developed hydrogen strategies and
roadmaps, and entered into collaborative agreements with industrialized coun-
tries. Simultaneously, the chapter states that these MENA countries face numerous
mindset, industry, regulatory, and institutional challenges that could hinder them
from capitalizing on this opportunity. This is especially so in the context of the
narrow window of opportunity for CCUS-enabled hydrogen. A key challenge here
is whether MENA energy suppliers can capture a meaningful share of the global
energy market, as the energy transition compels countries, companies, and soon
individuals globally to reduce their carbon emissions to net zero by 2050. In re-
sponse, the chapter formulates a range of actions that will allow MENA countries
to overcome these challenges.

Chapter 8 by Jan Frederik Braun, Ad van Wijk, and Kirsten Westphal ana-
lyzes the ongoing hydrogen developments in the member states of the European
Union and the states outside this treaty-based organization. The overarching fo-
cus of this chapter is on current policy and regulatory developments, which have
been turbocharged by the Russia/Ukraine conflict and Europe’s rapidly developing
export relations with fossil fuel exporters. Gulf players such as Saudi Arabia are
long-standing energy partners of Europe. They have the capacity and know-how to
produce low-carbon hydrogen and ammonia as well as the additional geopolitical
and climate incentive to position themselves as reliable providers of clean energy
for Europe. The problem is that European policymakers and industries have yet to
formulate a coherent hydrogen import strategy. Moreover, Europe largely focuses
on removing carbon emissions altogether in the medium-to-long term. Saudi Ara-
bia’s CCE approach focuses on commodifying carbon emissions. In other words,
it aims to reframe the discourse on CO, from being viewed solely as a negative
externality toward understanding the value that can be extracted from it. These
different sustainability approaches and their end goals need to be reconciled in a
collaborative ‘modus operandi’ policy approach.

Chapter 9 by Tianduo Peng, Xun Xu, Lining Wang, and Jiaquan Dai reviews
the strategic, production, application, and research aspects of hydrogen develop-
ment in China, which is now Saudi Arabia’s largest oil customer and trade partner.
Hydrogen offers one of the key ways of achieving China’s climate change miti-
gation targets, and it has recently been at the forefront of China’s public policy
discussions. Significant resources have been invested to research its associated
technologies, showcase its potential for commercial applications, and develop
its market. With China’s recent commitment to reach peak carbon emissions by
2030 and achieve carbon neutrality by 2060, hydrogen has been gaining even
greater policy and market momentum. The chapter also explores the potential for
mutually beneficial collaborations between China and Saudi Arabia in the new
‘hydrogen era.’
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Chapter 10 by Naomi Boness and Gireesh Shrimali discusses hydrogen de-
velopments in the United States and considers the current policy and activities
of the federal government. Specifically, this is related to setting national targets
and providing funding to promote technology innovation and infrastructure scal-
ing, including the landmark Inflation Reduction Act. The chapter also explores the
deployment of hydrogen technologies at the state level, where policies, industries,
and state-specific goals are influencing the scale and speed of hydrogen adoption. It
examines California in detail because this state is the most advanced in developing
decarbonization targets and associated policies. This has resulted in the commer-
cial development and application of hydrogen in the transportation sector in Cali-
fornia. This chapter finally explores the status of commercial activities and projects
across the United States and compares its evolving hydrogen landscape with recent
developments in Saudi Arabia.

Chapter 11 by Bart Kolodziejczyk explores the role of hydrogen in Australia’s
decarbonization strategy and discusses future export opportunities. With its vast
renewable energy resources, long history of exporting commodities, and strong
government support, Australia is emerging as a forerunner of hydrogen production
and export globally. A range of industrial, technical, commercial, and entrepre-
neurial ecosystems are helping the country become one of the largest hydrogen
production and export hubs globally. The scale of its projects, excellent domestic
conditions for producing renewable energy on an industrial scale, and potential
and vast offtake markets could make Australia a major competitor to Saudi Arabia
in hydrogen exports. However, the chapter argues that numerous similarities and
synergies can be developed in a joint Saudi—Australian effort to serve their com-
mon benefits.

Chapter 12 by Yoshiaki Shibata, Victor Nian, Amit Bhandari, and Jitendra Roy-
choudhury describes the role of hydrogen in decarbonization, industrial develop-
ment, and energy security across India, Japan (Saudi Arabia’s second and third
largest export markets, respectively) and the Association of Southeast Asian Na-
tions (ASEAN) countries. The chapter focuses on how Japan is leveraging its early
start in developing a hydrogen ecosystem domestically. It also discusses how Japan
is using its outreach within ASEAN and India to share technology, finance energy
transition infrastructure, and help develop regional hydrogen markets. Developing
hydrogen markets enables Japan, a resource-poor country, to push its hydrogen
technology into these regions and secure supplies for its domestic market in return.
Japan has focused on developing strategic, technical, and commercial relationships
to help ensure its energy security. For the Kingdom, the advancement of regional
hydrogen markets in ASEAN and India could allow it forge new collaborations and
develop new business models. For ASEAN and India, hydrogen represents an op-
portunity to decarbonize their heavily fossil fuel-dependent sectors. However, they
face the challenges of developing a domestic hydrogen market and participating
in export markets. Hence, collaboration and cooperation on establishing hydro-
gen supply chains and developing applications would benefit Saudi Arabia, Japan,
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India, and ASEAN countries. The development of pilots and deepening of techni-
cal and commercial partnerships among these countries point toward progress in
meeting net-zero targets.

Chapter 13 by Jinsok Sung and Zlata Sergeeva explores the role of hydrogen
in South Korea, a major market in Asia with high demand for hydrogen. Because
South Korea has limited possibilities for producing clean hydrogen at home, it
is set to become a large-scale importer of hydrogen. The central message is that
South Korea needs to seek international cooperation to secure a stable supply of
low-carbon hydrogen and solve the technical challenges throughout the hydro-
gen value chain. International cooperation is required to guarantee a sufficient
hydrogen supply and create the required end-use markets for hydrogen vehicles
and fuel-cell products. Saudi Arabia and South Korea have a long history of
cooperation and establishing partnerships in various economic sectors, including
in multiple large-scale energy and construction projects. The authors state that
South Korea and Saudi Arabia therefore have vast potential for collaborating
along the hydrogen value chain. Recent steps between the two countries show
that their relations are now developing into a strategic partnership. Saudi Ara-
bia is increasingly playing an essential role in providing South Korea’s energy
security.

Chapter 14 by Yuri Melnikov delves into the strategic hydrogen opportuni-
ties in Russia (before the military conflict in Ukraine). The main message of this
chapter is that hydrogen development is likely to be determined by an export
focus and a technological strategic orientation than by demand in the domestic
market. The lack of a domestic market in Russia will become a serious obstacle
to achieving its ambitious export targets and developing know-how. Russian
export-oriented hydrogen projects depend on the (still) unforeseen external de-
mand for hydrogen in the future and (possibly) highly competitive global mar-
ket. The chapter therefore claims that Russian hydrogen technologies will not be
competitive internationally without any significant domestic hydrogen demand.
Demand for domestic low-carbon hydrogen can only increase significantly
by adopting more ambitious decarbonization policies. This seems unlikely in
the foreseeable future. In the meantime, domestic demand can be stimulated
by tightening transport emission standards, setting targets for public transport,
phasing in hydrogen content in gas distribution networks, and offering tax incen-
tives and subsidies.

Part 3: The clean hydrogen economy and Saudi Arabia: hydrogen tech-
nologies (Chapters 15-27) provides an in-depth analysis of the domestic and
overseas development of hydrogen technologies with relevance to Saudi Arabia’s
ambitions. Experts from research and industry examine the state-of-the-art of
critical technologies for Saudi Arabia’s hydrogen value chain. These contributions
also identify R&D gaps and devise roadmaps for the commercial-scale penetra-
tion of hydrogen into Saudi Arabia’s economy. The findings serve as a practical
guide for policymakers preparing long-term strategies and academic and research
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institutions targeting funding in selected research areas and building an enabling
world-class infrastructure.

Chapter 15 by Saumitra Saxena and William L. Roberts reviews the
state-of-the-art of climate change and air pollution research and considers
whether clean hydrogen can play an indispensable role in achieving climate
goals both globally and regionally. The authors explain possible pitfalls and their
overall argument is that holistic climate policies must include air pollution miti-
gation and consider the potential environmental impact of a large-scale hydrogen
economy.

Chapter 16 by Alexander John Cruz from Baker Hughes provides an overview
of the latest technical developments throughout the hydrogen value chain, focus-
ing on transport, storage, applications, and digital transformation. The engineer-
ing challenges for developing advanced materials and sensors as well as for the
cost-effective integration of legacy and newly built systems are highlighted.

Chapter 17 by Michelle Schoonover, Mustafa Alkhabbaz, and Mark D’ Agostini
from Air Products discusses the shift from the traditional steam methane reforming-
based gray hydrogen production to lower-carbon blue and renewables-based green
hydrogen production. The chapter describes the technical milestones for producing
net-zero blue hydrogen using Air Products’ autothermal reforming at its Hydrogen
Energy Complex in Alberta, carbon capture and storage at its Port Arthur plant, and
green hydrogen/ammonia project at NEOM.

Chapter 18 by Erika Niino-Esser, Malcolm Cook, and Ralph Kleinschmidt,
of thyssenkrupp Uhde discusses developing gigawatt-scale electrolysis as well as
technological innovation that combines desalination with offshore wind energy to
support flexible desalination production capacity for green hydrogen. The latest
research on seawater electrolysis and commercial developments in direct reduced
iron for greening the steel industry is also elucidated.

In Chapter 19, Deoras Prabhudharwadkar, William L. Roberts, Robert Dibble,
and Larry Baxter elucidate the pioneering cryogenic carbon capture technology
that allows cutting CO, and air-polluting emissions simultaneously. This technol-
ogy also has the potential for direct air capture at scale. The authors provide a
plausible path to decarbonizing Saudi Arabia’s power sector by merging two tech-
nologies: hydrogen in gas turbines and cryogenic carbon capture technology with
steam methane reforming. Hussein Hoteit and Abdulkader Afifi (Chapter 20) then
investigate the fundamental research enabling geological hydrogen storage in de-
pleted gas reservoirs and salt caverns.

In Chapter 21, Shashank S. Nagaraj and S. Mani Sarathy describe the devel-
opment in the crucial area of e-fuels produced from green hydrogen and carbon
capture and storage. They also explore their role in energy storage and power-to-X
to offset the intermittency of renewable energy.

In Chapter 22, Bassam Dally delineates the roadmap for hydrogen penetra-
tion and decarbonization in four key heavy industries: iron and steel, cement,
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aluminum, and phosphate. The author discusses the technology readiness levels of
a spectrum of potentially game-changing technologies and identifies the research
needed to reduce emissions from heavy industry in Saudi Arabia. Internal com-
bustion engines running on hydrogen or ammonia are logical options to rapidly
carry the energy transition forward given the hundred-plus years of know-how and
infrastructure.

In Chapter 23, James Turner, Sebastian Verhelst, and Manuel Echeverri Mar-
quez provide a concise exposition on the progress of research and argument for in-
ternal combustion engines burning hydrogen in heavy-duty transport and ammonia
in marine shipping, two hard-to-abate sectors.

Saudi entities such as the King Abdullah City for Atomic and Renewable Energy
(K.A. CARE) and the King Abdulaziz City for Science and Technology (KACST)
are engaged in wide-ranging applied research in strategically crucial areas for the
country. KACST pioneered the development of solar-powered hydrogen produc-
tion and utilization with the German-Saudi Arabian HYSOLAR program in 1986.
In Chapter 24, KACST’s Naif Alqahtani and colleagues summarize research on
potentially disruptive technologies, including hydrogen from photochemical water
splitting, plasma reforming, solid-oxide fuel cells, and the microwave-assisted con-
version of plastics to hydrogen.

K.A. CARE’s Sharaf Al Sharif, Abdulrahem Al Judaibi, and Saleh Al Harbi
(Chapter 25) examine the extent to which nuclear energy can play a pivotal role
in the hydrogen economy in Saudi Arabia. The current technology readiness levels
and research needs of critical technologies such as high-temperature water elec-
trolysis and advanced nuclear reactors are discussed.

Chapter 26 by Omar Behar, Saumitra Saxena, Deoras Prabhudharwadkar,
Bassam Dally, and William L. Roberts provides a techno-economic analysis of
producing, transporting, and cracking green ammonia; it suggests solar-based am-
monia cracking to reduce energy penalties.

Chapter 27 by Friedrich Alt and Christopher M. Fellows discusses the water
requirements for producing green hydrogen in Saudi Arabia. The chapter provides
a unique perspective on water desalination technologies for electrolysis, their re-
spective carbon footprints, and the need for the progressive implementation of
renewables. These chapters provide industrial case studies of the technology readi-
ness levels of emerging technologies, commercial-scale implementation of mature
technologies, and R&D needs for further advancement.

Together, these chapters offer a concise list of promising hydrogen technologies
and plausible roadmaps best suited to achieve Saudi Arabia’s climate goals, eco-
nomic objectives, and long-term environmental, social, and governance priorities.

The Conclusion summarizes the key points made in this book and draws key
lessons for the hydrogen economy and Saudi Arabia. In particular, it reflects on the
future hydrogen pathway for the Kingdom according to the pillars of the hydrogen
roadmap (Figure 1.8).
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Note

1 The technical components of a certification scheme are typically embedded in a stand-
ard, which is an agreed methodology for conducting a process.
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SAUDI ARABIA’S CLEAN
HYDROGEN JOURNEY

Past, present, and future

Rami Shabaneh and |an Frederik Braun

Introduction

For the past 75 years, Saudi Arabia has been at the helm of global oil markets and
a key and reliable supplier of energy. As the largest producer in Organization of the
Petroleum Exporting Countries (OPEC), with the most significant spare oil capac-
ity, it plays an influential role in meeting market supply imbalances and smoothing
price volatility (Pierru, Smith and Zamrik 2018). Domestically, despite implement-
ing new streams of non-oil revenues, oil exports still accounted for a large percent-
age of government revenues in 2019, approximately 67.5% (Fattouh 2021). Oil and
gas also comprise a significant share of the local primary energy mix, with heavy
incentives skewed toward their usage in the transport sector, electric power, water
desalination, and industrial applications. As economies shift to cleaner and more
sustainable sources of energy to meet their climate targets, the Kingdom’s product
portfolio must maintain stability in its balance of payments, generate employment,
and continue its economic growth in a sustainable manner.

Clean hydrogen and its derivatives are a golden opportunity for the Kingdom in
several ways. First, clean hydrogen constitutes a critical energy carrier that allows
for the domestic decarbonization of hard-to-electrify sectors. Second, the coun-
try benefits from its natural resources, existing infrastructure, low-cost renewable
electricity, geographic location for export routes, and availability of non-arable
land. Hence, hydrogen provides Saudi Arabia with an opportunity to enhance its
product offerings to maintain its position as a low-cost and low-carbon energy pro-
vider. Third, hydrogen can also rapidly scale up the deployment of carbon capture,
utilization, and storage (CCUS), a key suite of technologies to decarbonize its oil
and gas sector. Fourth, adding hydrogen to its manufacturing and export portfolio
could diversify the country’s economy, create jobs, and expand the use of its exist-
ing infrastructure, elements enshrined in Saudi Vision 2030."
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In October 2021, HRH Prince Abdulaziz bin Salman, Saudi Arabia’s Minister of
Energy, announced that the Kingdom is targeting the production of 4 million metric
tons per annum (mtpa) of clean hydrogen by 2030. The ambitious announcement
came during the first Saudi Green Initiative forum inaugurated by HRH Crown
Prince Mohammed bin Salman. The Saudi Green Initiative aims to provide a plat-
form for enhancing environmental protection and tackling climate change. During
this forum, the Crown Prince announced Saudi Arabia’s net-zero emissions target
by 2060. A short-term emissions reduction target was also set to cut greenhouse gas
(GHG) emissions by 278 million tons of CO, equivalent by 2030 (compared with
the base year of 2019). This was immediately reflected in the updated Nationally
Determined Contribution (NDC) for the United Nations Framework Convention
on Climate Change (Kingdom of Saudi Arabia 2021a). Both hydrogen and CCUS
will play crucial roles in achieving these targets, and plans are underway to develop
these technologies.

The successful implementation of this strategy requires, among other actions,
continuous evolution in policies, investment in low-carbon technologies, and sup-
port toward human capital. It also demands a complete innovation ecosystem to
capture and increase domestic value creation across the hydrogen and CCUS value
chain. This value chain will look vastly different from that of fossil fuel-based
energy commodities. This is because unlike oil and gas, hydrogen is a conversion,
and not an extraction, business and can be produced virtually anywhere. Further, it
complements electricity in the energy transition and value creation along the sup-
ply chain will be created closer to end users. This chapter analyzes the past, pre-
sent, and future of Saudi Arabia’s hydrogen governance to assess its ability to seize
existing opportunities and the need to tackle several key challenges and become a
hydrogen ‘superpower’ in any future (and increasingly carbon-constrained) global
hydrogen market.

Past: a short history of hydrogen manufacturing in Saudi Arabia

Where it all started

Saudi Arabia has a long history of hydrogen production and use. The uptake of
hydrogen in the Kingdom can be traced back to the beginning of the country’s
industrial development during the 1970s. The Saudi Arabian Fertilizer Company
(SAFCO, now called the SABIC Agri-Nutrients Company, part of the Saudi Basic
Industries Corporation, SABIC) was the first petrochemical company created in the
Kingdom in 1965. It built its first ammonia and urea plant, SAFCO 1, in 1970 in
Dammam using natural gas (methane) as a feedstock to produce hydrogen.

Before the 1970s, heavy industry in Saudi Arabia was virtually non-existent. Most
investments in the Kingdom were directed toward urban infrastructure, light manu-
facturing, and construction materials (Looney 1988). With no domestic market for
natural gas, the country’s non-associated gas reserves were underexploited, while a
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large volume of associated gas produced from oil fields flared. The Kingdom diverted
its attention toward industrialization with a primary focus on the downstream activi-
ties of the oil and gas sector to diversify its economy, create employment, and provide
greater economic independence. Natural gas was vital to Saudi Arabia’s industrializa-
tion strategy. In 1975, the government directed Aramco (before nationalization) to
design and build its Master Gas System (MGS), financed by the then Public Invest-
ment Fund, to collect and process associated gas to end gas flaring. The Royal Com-
mission of Jubail and Yanbu, established in 1975, designed and developed the coastal
cities of Jubail and Yanbu into industrial areas. SABIC was then created to establish
complexes in these two cities that would use the natural gas feedstock supplied by the
MGS to produce a range of chemicals and petrochemicals for plastics, fibers, and fer-
tilizers (Albgami and Mathis 2012). When the first phase of the MGS was completed
in 1982, it started to serve a series of industrial plants in Jubail. These plants included
facilities to produce ammonia, methanol, and steel, all of which require hydrogen or
synthesis gas (a mixture of mainly hydrogen and carbon monoxide) as a feedstock
(Table 2.1). The MGS continued to expand as the development of associated and
non-associated gas supplies increased. By 2020, the MGS could process up to 18.3

TABLE 2.1 Saudi Arabia’s experience with hydrogen production and its derivatives since

the 1970s
Project Production  Location Hydrogen/  Product(s) Initial annual
start date synthesis gas capacity
Seedstock (thousands of
source tons)

SAFCO 1 1970 Dammam Methane Ammonia 200
(retired) Urea 330

Saudi Iron & 1983 Jubail Natural gas  Steel 800
Steel Co.

(Hadeed)

Saudi 1983 Jubail Methane Methanol 600
Methanol
Company
(Ar-Razi)

Al-Jubail 1983 Jubail Methane Ammonia 300
Fertilizer Urea 600
Company
(Samad)

National 1984 Jubail Methane Methanol 700
Methanol
Company
(Ibn Sina)

Source: SABIC Annual Report 1985.
Note: The capacity of some of these plants has expanded since the start date.
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billion cubic feet of raw gas per day using a pipeline network that could transport dry
gas and associated liquids to end users nationally (Saudi Aramco 2022a).

Hydrogen production in Saudi Arabia is estimated to be 2.3 million tons annu-
ally, or over 3% of global production.’ It is primarily used to produce ammonia
and methanol (both 41%) as well as refining (18%). In 2020, Saudi Arabia was
the largest exporter of ammonia and methanol, averaging 5.2 and 4.5 million tons,
respectively (WITS 2021a, 2021b). The Kingdom’s world-class infrastructure and
ports for handling ammonia and methanol exports will become a key feature in
enabling the trade of clean hydrogen (and its derivatives) going forward.

HYSOLAR: experimenting with green hydrogen

The Kingdom has previously experimented with green hydrogen production. In
1986, Saudi Arabia signed a bilateral agreement with Germany to cooperate in
a long-term program called HYSOLAR. HYSOLAR’s main objective was to
research, develop, and demonstrate hydrogen production from solar resources
as well as the utilization of hydrogen as an energy carrier (Steeb, Seeger, and
Aba Oud 1994). The program lasted 10 years (1986—1995) and was jointly managed
by King Abdulaziz City for Science and Technology® and the German Aerospace
Research Institute. Several other institutions, including the King Fahd University
of Petroleum and Minerals, King Abdulaziz University, King Saud University,
and the University of Stuttgart, also participated. As shown in Figure 2.1, three
photovoltaic-electrolysis hydrogen production demonstration and testing plants

FIGURE 2.1 The three solar-hydrogen production facilities manufactured and operated as
part of the German—Saudi Arabian HYSOLAR program, 1986—1995. Left:
350/500 kW solar-hydrogen production demonstration plant in Riyadh,
Saudi Arabia (operated 1993-2000). Center: 10-kW-solar-hydrogen R&D
facility in Stuttgart, Germany (operated 1987-2004). Right: 3-kW-solar-
hydrogen test facility in Jeddah, Saudi Arabia (operated 1989—1995).

Source: Andreas Brinner, private photos provided to authors.
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were constructed and operated under the program. Laboratories to test the utiliza-
tion of hydrogen in hydrogen engines, catalytic combustion, and fuel cells were
also established (Steeb, Seeger and Aba Oud 1994).

Despite the low solar-to-hydrogen conversion at the time, this cooperation
created knowledge in both countries, with the scientists involved in the program
publishing HYSOLAR results in 224 publicly available publications (Brinner and
Steeb 2002). HY SOLAR motivated the development of comparable programs with
similar setups in several countries, including the United States, Egypt, the United
Arab Emirates, and Japan (Brinner and Steeb 2002).

Present: from gray to clean hydrogen

Saudi Arabia intends to leverage its ‘molecule-based’ experience and existing in-
frastructure to expand its hydrogen production capability, as the future market for
hydrogen as an energy carrier is expected to grow. For oil and gas producers such
as Saudi Arabia, investment in low-carbon hydrogen production and demand may
prove to be the most cost-effective response to the energy transition. The Kingdom
has the lowest renewable electricity costs globally and is home to large non-arable
land areas suitable for renewable projects (Bellini 2021). Its vast hydrocarbon re-
serves and significant geologic storage capabilities for CO, sequestration will al-
low it to become a leader in blue hydrogen production. Much of the world has
experienced several gas price crises, most recently in 2022, which have made blue
hydrogen unattractive in the short term. By contrast, Saudi Arabia neither imports
nor exports natural gas, meaning that its price is unaffected by global markets.
Moreover, gas prices are adjusted using a government-sponsored price adjustment
mechanism. Therefore, the Kingdom has announced plans to become a power-
house producer of clean hydrogen from both renewable and natural gas for export
and domestic use.

Analysis by the King Abdullah Petroleum Studies & Research Center (KAP-
SARC) shows that Saudi Arabia’s green and blue hydrogen production costs are
already competitive compared with those of other regions. At the current domes-
tic price of gas ($1.25/million British thermal units), the production cost of blue
hydrogen is estimated to be $1.34/kg (Hasan and Shabaneh 2022). This is almost
50% higher than the cost of gray hydrogen production. Green hydrogen, on the
contrary, is slightly higher, at $2.16/kg, using the average of recent renewable en-
ergy auctions. However, the rate of the cost decline of green hydrogen—owing to
the falling rates of renewable energy and electrolyzer costs—is faster than that of
blue hydrogen and could reach parity with blue hydrogen by 2030 (Figure 2.2).

The Kingdom is targeting the production of 4 mtpa of clean hydrogen by 2030.
In its first Sustainability Report, Aramco shed light on its blue hydrogen activities
as part of its plan to reach its scope 1 and 2 carbon neutrality targets by 2050.% In
the report, the company announced a production target of 11 mtpa for blue am-
monia by 2030 (Saudi Aramco 2022b). This volume of ammonia would require
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FIGURE 2.2 Production costs of blue and green hydrogen in Saudi Arabia, 2020-2030.

Source: (Hasan and Shabaneh 2022). SMR — Steam Methane Reforming; MMBtu — Million British
Thermal Units.

approximately 2 mtpa of blue hydrogen. A large proportion of the natural gas to be
used to produce blue hydrogen will be sourced from the Jafurah Basin, an uncon-
ventional non-associated gas field estimated to hold 200 trillion cubic feet of gas.
Saudi Aramco has been developing Jafurah for some time to meet Saudi Arabia’s
domestic demand for natural gas and displace liquid fuels from its power plants
(Fattouh and Shabaneh 2019). The development of the field is estimated to cost
more than $100 billion and is expected to produce 2 billion cubic feet per day of
sales gas (methane) by 2030 in addition to natural gas, liquids, and condensates
(Saudi Aramco 2021a). Originally, gas was slated for export in the form of lig-
uefied natural gas; however, the strategy has changed to focus on blue hydrogen
exports instead (Samaha 2021).

Aramco is aware that for its blue hydrogen to be accepted as truly low carbon,
not only should CO, emissions be mitigated but so must methane emissions from
the wellhead to the site of hydrogen production. The good news is that Aramco
has a head-start. According to the International Energy Agency (IEA) Methane
Tracker, energy-related methane emissions in Saudi Arabia were estimated to be
2,820,000 tons in 2021 (IEA 2022). Hence, with natural gas production averaging
9.2 billion cubic feet per day for the same year, the methane intensity (methane
emissions per unit of gas production) is approximately 0.04%,> one of the lowest
globally (IEA 2022; Saudi Aramco 2022a).

NEOM (see Chapter 5), on the northwestern coast of Saudi Arabia, has laid
the foundation for the country’s commercial green hydrogen development and is
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scheduled to be part of any future Saudi hydrogen ‘ecosystem.” NEOM is aim-
ing to become a hydrogen hub that can provide the basis for the clean feedstock
used to produce fertilizers, chemicals, and oil derivatives in collaboration with
mega-players such as SABIC and Aramco. The NEOM Green Hydrogen Company
(NGHC), one of the world’s largest renewable hydrogen-to-ammonia facilities,
marks the beginning of this ambition. The NGHC is a joint venture between Air
Products, ACWA Power, and NEOM. Scheduled onstream in 2026, the facility will
take advantage of the very high direct normal irradiance and wind speeds along
the Red Sea in the northwest of the country. Equipped with 4 GW of renewables,
which power the plant with the sun during the day and wind during the night, the
electrolyzers at the NGHC will run at a high load factor. This will help produce an
estimated output of green ammonia of 1.2 million tons per year. Air Products will
be the exclusive off-taker of the ammonia. The company intends to transport this
ammonia and dissociate it into hydrogen (and nitrogen) at delivery for use in the
transportation sector (Air Products 2020).

To support its ambition in clean hydrogen development, Saudi Arabia has
ramped up its international collaborations and strategic partnerships, inking memo-
randum of understanding (MoU) agreements with several potential and significant
importing countries (Box 2.1).

BOX 2.1 OVERVIEW OF SAUDI ARABIA’S BUSINESS-
TO-BUSINESS AND GOVERNMENT-TO-GOVERNMENT MoUs

Japan: Saudi Arabia’s formal cooperation with Japan on clean energy dates back to
2016 when the Saudi Ministry of Energy, Industry, and Mineral Resources signed a
memorandum of cooperation with Japan’s Ministry of Economy, Trade and Industry
(METI) to explore renewable and low-carbon energies. This eventually became part of
greater cooperation between the two countries under the Saudi Vision 2030 frame-
work formed in 2017. The first hydrogen-specific MoU with Japan was signed in 2019
between Aramco and the Institute of Energy Economics, Japan (IEEJ), the research arm
of the METI (Saudi Aramco 2019). The MoU resulted in the “first-of-a-kind 40-ton dem-
onstration shipment’ of blue ammonia from Saudi Arabia to Japan, providing a valu-
able test case for exploring future commercial viability and deployment.

Germany: Saudi Arabia’s Ministry of Energy signed a government-to-
government MoU with Germany’s Ministry for Economic Affairs and Energy in early
2021 (Figure 2.3).

This MoU aims to promote bilateral cooperation in producing, processing, apply-
ing, and transporting ‘sauberen,’ or clean hydrogen, and joint marketing projects by
(BMWK 2021)
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FIGURE 2.3 Signing of the Saudi-German MoU in Riyadh on March 21,
2021.

Source: Saudi Arabia Ministry of Energy 2021a.

® Involving the relevant stakeholders from research institutions and private and pub-
lic sector entities to implement appropriate activities.

® Promoting mutual knowledge sharing and technology transfers to Saudi stake-
holders and deploying German technologies to implement and localize new tech-
nologies for start-up projects in the Kingdom.

* Implementing concrete projects, including NEOM.

* Facilitating the development of a CO -neutral hydrogen sector in Germany.

® Establishing a Saudi—-German innovation fund to promote clean hydrogen.

These efforts were followed up in 2022 with the first-ever bilateral Saudi—
German hydrogen study that explored bilateral avenues of cooperation on produc-
tion, trade, transport, storage, and applications. It found that Germany and Saudi
Arabia possess the resources, infrastructure, and skills to produce cost-competitive hy-
drogen by cooperating across value chains. In addition, in areas such as storage, the
study stated that there is ‘an enormous need to invest in R&D capacity and technology
transfer to Saudi Arabia’ (Braun et al. 2022).

South Korea: This business-to-business MoU between Aramco and South Korea’s
Hyundai Heavy Industries Holdings (HHIH) was signed in early 2021. As with the
Aramco—IEE] MoU, Aramco’s agreement with HHIH should facilitate the further explo-
ration of R&D opportunities in the areas of blue hydrogen, including the production
of blue hydrogen from liquefied petroleum gas, and utilizing hydrogen in refining and
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transport (Saudi Aramco 2021b). In 2022, a tripartite MoU was signed in the area of
green hydrogen between Saudi Arabia’s Public Investment Fund, Samsung C&T, and
the Korean Steel Making Company, POSCO. This MoU aimed at the production and
export of green hydrogen (SPA 2022a).

The United States: During President Biden’s visit to Jeddah in July 2022, Saudi
Arabia and the United States signed a partnership framework to advance clean en-
ergy, including the implementation of the circular carbon economy (CCE), CCUS, and
clean hydrogen (Darweesh 2022). However, details of this agreement are currently
unavailable.

Greece: As part of an official visit by HRH Crown Prince Mohammed bin Salman
to Greece in July 2022, an MoU was signed between Saudi Arabia’s Minister of Energy
and Greece’s Minister of Foreign Affairs, which included cooperation on clean hydro-
gen and its transfer to Europe (SPA 2022b). While the MoU does not detail export
options to Greece, a pipeline option across the Mediterranean could be envisaged.

China: In August 2022, Saudi Aramco and Sinopec signed an MoU with a wide
range of technical cooperation, including carbon capture and hydrogen (Saudi Ara-
mco 2022c). Saudi Aramco and Sinopec already have joint-venture assets in refining
and petrochemicals in both Saudi Arabia and China. However, this is the first time the
two companies are collaborating on clean energy technologies. Sinopec, the largest
producer of hydrogen in China, plans to source 60% of its hydrogen production from
renewable energy by 2025 (Ylhe and Collins 2022).

Domestically, the Ministry of Energy has signed eight MoUs with several local
entities to explore hydrogen use in transportation applications (hydrogen fuel-cell
vehicles, buses, rail), the refueling infrastructure, and manufacturing sustainable
jet fuels (Saudi Gazette 2022). The heavy focus on the domestic use of hydrogen
for transport has been supported by the release of technical standards for hydrogen-
powered vehicles by the Saudi Standards, Metrology and Quality Organization.
The standards were approved in March 2022 along with standards for storage
tanks and hydrogen discharge systems, including components designed for lig-
uid and compressed hydrogen (Kenji 2022). In 2020, the transport sector was the
third-largest contributor to CO, emissions (24%) in Saudi Arabia, following the
industrial (28%) and energy (47.2%) sectors (Al Shehri et al. 2021). Thus, clean
hydrogen can play a significant role in reducing emissions in the Kingdom.

Future: the CCE and hydrogen strategy

The implementation of the CCE framework is a key tool shaping Saudi Arabia’s
energy policy. The CCE concept was pioneered during Saudi Arabia’s 2020 G20
presidency and is best described as an extension of the idea of a circular econ-
omy, where materials and waste can be managed through the 3Rs: reduce, reuse,
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The 4Rs of the Circular Carbon Economy (CCE)
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FIGURE 2.4 The 4Rs of the CCE.
Source: Al-Ghareeb (2022).

and recycle. The CCE focuses exclusively on carbon and energy flows. It repre-
sents a framework under which carbon emissions from all sectors are addressed
through a closed loop in which emissions can be mitigated through the 3Rs as
well as ‘removed,” as Figure 2.4 shows. How much each of these 4Rs contrib-
utes in a jurisdiction depends on factors such as the cost and performance of the
technology and resource availability as well as other national circumstances.
This gives it a more pragmatic approach to tackle climate change (KAPSARC
2020). The energy ministers of the G20 endorsed the CCE concept, and the na-
tional CCE program was launched during a side event of the G20 summit in 2020
(SPA 2020).

The CCE approach requires enhanced international cooperation to standardize
the measurement, reporting, verification, and certification of the emissions content
of internationally traded products. The three-point action plan proposed in the G20
policy brief includes the following (Fattouh et al. 2021):

a Measuring the carbon content to consider product lifecycles from inception
through energy intermediates to final processing.

b Reporting and verifying emissions in a uniform and transparent manner and ac-
cording to Generally Accepted Accounting Principles for emissions.

¢ Certifying GHG content based on an internationally recognized methodology
for relevant internationally traded products.

The Saudi government views hydrogen applications as a cross-cutting component
of the CCE, as Figure 2.5 shows, especially as a critical enabler in decarbonizing
hard-to-abate sectors (IEA 2020):
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FIGURE 2.5 Hydrogen technologies under the CCE.
Source: IEA 2020.

* Reduce: The substitution of high-carbon fuels with clean hydrogen can reduce
the carbon entering the system. Replacing the hydrogen produced by conven-
tional routes in current uses, for example, by retrofitting CCUS with existing
fossil-fuel-based hydrogen production plants, and expanding the use of clean
hydrogen in new applications can reduce GHG emissions.

* Recycle: Hydrogen-derived synthetic hydrocarbons can directly replace con-
ventional fossil fuels such as diesel and kerosene. These synthetic fuels are pro-
duced by combining carbon with hydrogen; using captured CO, would enable a
route for carbon recycling.

* Reuse: CO, is captured during fossil fuel-based hydrogen production and re-
used in applications such as enhanced oil recovery.

* Remove: The production of hydrogen from biomass with carbon capture and
storage removes CO, from the system and can result in negative CO, emissions.

Hydrogen is also featured in Saudi Arabia’s updated first NDC under the United
Nations Framework Convention on Climate Change (Kingdom of Saudi Arabia
2021a). This NDC aims to reduce, avoid, and remove 278 million tons of CO,
equivalent annually by 2030 compared with the 2019 level. The core pillars of the
Kingdom’s sustainable economic diversification efforts are the production of both
green and blue hydrogen, with climate mitigation co-benefits. The NDC also states
that deploying and collaborating on technologies such as CCUS and clean hydrogen
is crucial to reaching the Paris Agreement goals given their abatement potential
(Kingdom of Saudi Arabia 2021a). Despite these efforts, however, a research group
that tracks progress toward achieving the Paris Agreement has identified Saudi Ara-
bia’s NDC as highly insufficient due to weak and unclear policies and domestic
targets inconsistent with the 1.5°C temperature goal (Climate Action Tracker 2021).
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Regarding blue and green hydrogen production, the Saudi government will be
instrumental in driving initial blue and green hydrogen production projects such
as NGHC, infrastructure demands, and providing financial support for CCUS,
for example. This is the same for all governments that wish to build local pro-
duction capacity, whether for domestic consumption or export. The Saudi Ara-
bian hydrogen strategy requires a range of targets, goals, and measures, which
are necessary to incentivize investment in hydrogen production, transport, and
application. Saudi Arabia’s hydrogen opportunities also extend beyond its bor-
ders. Specifically, the country can participate in projects of common interest
with other Gulf Cooperation Council (GCC) and neighboring countries in order
to attain economies of scale, and human capital, and technical resources in a
cost-efficient manner. Candidate projects include regional CCUS and hydrogen
‘valleys’ or ‘hubs’ that allow for scaling up production, cooperation, demand,
and infrastructure across GCC nations and beyond (Figure 2.6) (Braun and Sha-
baneh 2021).

FIGURE 2.6 The regional hydrogen economy within and beyond the GCC countries: a
conceptual illustration.

Source: Authors.

The Kingdom’s national hydrogen strategy focuses on the production, export,
and domestic use of hydrogen in transport and transport fuels, refining, chemicals,
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and direct reduced iron steel (Braun et al. 2022). This strategy aims to establish the
following:

i The essential aspects of the green and blue hydrogen production process.
ii Domestic hydrogen demand use cases in the transportation industry (heavy- and
light-duty vehicles).
iii The hydrogen used in products with export potential (synthetic fuels and steel).
iv Hydrogen exports to potential markets in Europe, Asia, and globally.

Domestically, the Saudi government is aiming to bridge the cost gap between
fuel-cell vehicles and internal combustion engines and understand where the for-
mer might outperform battery electric vehicles. It is also discussing the adoption
of long-haul, heavy-duty, and high commercial vehicles, including trucks, public
buses, and airport taxis at the four largest airports of the Kingdom: Riyadh, Jeddah,
Mecca, and Medina.

A longer-term focus beyond 2030 aims to build capacity through pilots and
R&D as follows:

* Hydrogen-based green steel produced via the direct reduced iron process, in-
cluding a pilot plant (commercialization expected after 2030).

* Synthetic fuels for aviation that combine hydrogen with CO, including R&D
(commercialization expected after 2035).

* Ammonia and methanol as marine fuels to help meet International Maritime
Organization regulations (commercialization expected after 2035).

To support the deployment of hydrogen across Saudi Arabia’s value chain for do-
mestic use and export, several enabling mechanisms are being considered:

* Support and enforcement mechanisms

* Demonstration, pilots, and R&D

» Standards and technical regulations

* Awareness and global partnership building across the value chain with major
demand markets in Europe and East Asia (e.g., Germany, South Korea, and
Japan).

Saudi Arabia’s hydrogen governance: actors and institutions

Governance under the Kingdom’s monarchial rule is characterized by continuity,
as the government is not exposed to the pressure to tailor policy to short-term elec-
tion cycles, and there is no legislature or veto-wielders who can block the ruler’s
directives (Krane 2022). These facts of Saudi governance allow long-term policy-
making to respond to structural challenges such as climate change mitigation and
setting the Kingdom on a new energy path, which includes hydrogen. At the core
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of Saudi Arabia’s hydrogen governance is its extensive Integrated Energy Strategy
framework. This framework includes hydrogen and CCUS as key pillars alongside
four already existing pillars, namely oil; natural gas; refining and petrochemicals;
and power, renewables, and nuclear energy (KAPSARC 2023). The framework
aims to set goals, policies, strategic trends, and initiatives and measure perfor-
mance to maximize the added value in the national economy while enhancing sus-
tainability and energy efficiency.

The Ministry of Energy has a higher level of technical competency and inter-
national diplomatic experience than most other departments of the Saudi govern-
ment. Owing to the role of energy, including oil and gas, in the Saudi economy, the
governance of the country’s energy and climate policies has evolved over time. The
Ministry of Energy has led the process of formulating and following the execution
of these policies.

According to Saudi Arabia’s Basic Law of Governance, the Council of Ministers
(or the Cabinet) has final authority for financial and administrative affairs, including
the implementation of policies emanating from all ministries. In 2015, a royal de-
cree restructured the Cabinet by forming two subcommittees to support policymak-
ing in the Kingdom: the Council on Political and Security Affairs and the Council
of Economic and Development Affairs. In 2018, the hydrocarbon governance struc-
ture was reorganized by enacting the hydrocarbon law and setting up the Supreme
Committee for Hydrocarbon Affairs charged with hydrocarbon issues. In 2020, the
Supreme Committee for Energy Mix Affairs for Electricity Production and Enabling
the Renewable Energy Sector was set up to align policies and decision making on
renewable energy, the optimum energy mix, and localization programs (Abdel-Baky
and Garcia 2022). The Supreme Committee for Hydrocarbon Affairs later set up the
Hydrocarbon Demand Sustainability Program to enhance hydrocarbon use while in-
creasing environmental and economic efficiency (Kingdom of Saudi Arabia 2021b).
This program focuses on finding ways to replace traditional materials with innova-
tive ones derived from hydrocarbons based on research and innovation.

The integrated energy strategy framework spells out six strategic objectives
including emissions management and local content, along with the required key
enablers that are being developed through collaboration among public and private
sector entities participating in the Kingdom’s ‘Energy Ecosystem’ (KAPSARC
2023). Such entities include the Saudi Energy Efficiency Center, Water & Electric-
ity Regulatory Authority, King Abdullah City for Atomic & Renewable Energy,
KAPSARC, Saudi Aramco, and SABIC.

Saudi Arabia’s hydrogen opportunities and challenges

Opportunity: low GHG-intensity value chain

Saudi Arabia is a leading oil producer, as it has one of the lowest carbon intensities in
its petroleum value chain. Indeed, it ranks second among the 50 leading oil-producing
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countries on a wells-to-refinery gate basis, averaging 27 kg of CO, equivalent/barrel
(Masnadi et al. 2018). Its low fugitive methane emission rates and low gas-flaring
intensities support these figures. Saudi Arabia’s flaring intensity averaged 0.6 cubic
meters of gas per barrel in 2021, the lowest among oil- and gas-producing countries
in the Middle East and much lower than major oil- and gas-producing countries such
as Russia and the United States at 6.9 and 2.1 cubic meters of gas per barrel, respec-
tively (GGFR 2022). Under the Oil & Gas Climate Initiative, Aramco has committed
to take upstream methane emissions to near zero by 2030 as well as signed up to the
World Bank’s Zero Routine Flaring by 2030 initiative. Moreover, a methane leak
detection and repair program has been rolled out within the company to minimize
fugitive methane emissions. The company’s methane intensity is one of the lowest
in the industry globally, with an average of 0.05% in 2021 (Saudi Aramco 2022b).
Having a low GHG emission intensity along the natural gas value chain will be cru-
cial for Saudi Arabia’s quest to become a global hydrogen player. This is particularly
with regard to the blue hydrogen pathway, as emissions thresholds in most importing
regions consider emissions starting from the well-head.

Aramco has also gained significant know-how in CCUS, especially since the
Uthmaniyah demonstration CO,/enhanced oil recovery plant came onstream in
2015. One of the largest globally, the plant can capture and sequester 800,000 tons
of CO, per year, which is also used for permanent storage in saline aquifers (Al
Khowaiter and Mufti 2021). In addition, SABIC has been operating 500,000 tons
of CO, per year carbon capture and utilization plant at its affiliate United using
proprietary technology to capture CO, for use in a range of industrial processes.
SABIC’s experience with CO, utilization could complement Saudi Aramco’s
CCUS capabilities, opening the spectrum of CO, use beyond storage and enhanced
oil recovery (Al Khowaiter and Mufti 2021). In 2022, both Aramco and SABIC
received the world’s first independent certification by TUV Rheinland for the pro-
duction of blue hydrogen and ammonia, respectively (Saudi Aramco 2022d).

Opportunity: world-class infrastructure and emerging hydrogen hubs

The Kingdom has established a competitive presence in the emerging hydrogen
market. This competitiveness is based on three main factors. The first is Saudi
Aramco’s long and proven track record of utilizing its oil and gas assets and in-
frastructure. The second is SABIC’s leading chemical position and asset base. Fi-
nally, Saudi Arabia benefits from their combined expertise in large-scale CCUS
operations. Jubail and Yanbu, where most hydrogen is produced, form the indus-
trial heartland of the Kingdom. Managed by the Royal Commission of Jubail and
Yanbu, an autonomous organization of the government, Jubail and Yanbu are home
to some of the largest industrial complexes. Their facilities include chemical plants,
refineries, seawater desalination plants, and utilities with adjacent ports (Braun and
Shabaneh 2021). In January 2020, Air Liquide commissioned a 16-km hydrogen
pipeline network connecting its 340,000 Nm*/hour hydrogen production facility
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at the YASREEF refinery to other nearby facilities, including refineries and other
industrial companies (Sampson 2020). In Jubail, Air Products Qudra and the Royal
Commission of Jubail and Yanbu plan to build a world-scale steam methane re-
former capable of producing over 400,000 kg of hydrogen daily (McDonald 2020).
They are also developing a comprehensive pipeline system to distribute industrial
gases to refineries and industrial customers (McDonald 2020). This hydrogen in-
frastructure will make the Royal Commission of Jubail and Yanbu a growing and
upcoming hydrogen hub. Further, carbon capture and storage plants will be retrofit
to these facilities, especially in Jubail, which has ample CO, storage sites nearby
and CO, utilization opportunities. This will provide a rapid pathway for decarbon-
izing existing assets. Similarly, green hydrogen projects in OXAGON, the indus-
trial city in NEOM, could easily link the industrial facilities and ports in Yanbu.

Opportunity: logistical and seasonal advantage

Saudi Arabia has geographic and logistical advantages. First, it is located within
easy shipping distances to large and growing clean energy markets. For example,
the NEOM region on the northern tip of the Red Sea coast is well located next to
the Suez Canal, which allows quick access to the hydrogen markets in Europe.
Similarly, the port of Jubail on the Arabian Gulf is close to the developing hydro-
gen markets in East Asia (Figure 2.7).
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FIGURE 2.7 Saudi Arabia’s advantages for exporting hydrogen.
Source: Al-Ghareeb 2022.
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Another advantage is the counter-seasonal peak energy consumption profile in
Saudi Arabia compared with energy importers in the northern hemisphere. Most
energy demand in Saudi Arabia is during the summer, primarily for air condition-
ing. However, during the winter, when demand in Europe and Asia is high, espe-
cially for heating, renewable energy and natural gas resources can be used to meet
export demand. In this way, the Kingdom can benefit from the premium in seasonal
price differences.

Opportunity: parallel strategies for renewable and low-carbon
hydrogen

A parallel focus on green and blue hydrogen can highlight the complementarity
between these two hydrogen types, which can overcome significant infrastructure
challenges. Figure 2.8a shows that the vast majority of blue hydrogen production,
demand, and infrastructure is in the eastern and central provinces. By contrast, the
area that holds the most promise for green hydrogen is the northwest of the King-
dom. However, this region shows little to no industrial-scale production, demand,
and infrastructure requirements, which will need to be built from scratch, and rap-
idly. Instead of focusing exclusively on one of these production methods, balanced
approach between renewable and low-carbon hydrogen production and demand
allows for the built up of all aspects of the hydrogen value chain in the northwest
and other parts of the country while reducing the burden on land use and resources.

OLFIEDS  GASFELOS  TERMINALS  PONERPLANTS

-
'RENEWABLE BULKPLANTS  OILG BAS
ENERGY PROECTS G REFINERIES  PIPELIES

FIGURE 2.8A Saudi Arabia’s energy map.
Source: KAPSARC.
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An additional argument for adopting a balanced approach comes from the re-
sults of a prominent temporal-spatial high-resolution simulation of the optimal lo-
cations for power-to-X (PtX) production (including gaseous and liquid hydrogen)
in Saudi Arabia. This analysis shows that most of the potential in Saudi Arabia is
located along its coastal waters (Figure 2.8b).

This analysis ranks the optimal areas in the Kingdom using strict sustainability
criteria related to the use of nature conservation and protected areas, level of water
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FIGURE 2.8B Suitable locations for power-to-X fuels in Saudi Arabia (up to 2050).

Source: Authors based on Fraunhofer 2022.

stress, and use of agricultural land and forest. Other criteria include the distance
to ports and pipelines, distance to cities, and distance to coastlines (Pfennig et al.
2022). Based on these and other indicators, the analysis shows the optimal solar
photovoltaic areas for hydrogen production throughout the Kingdom (including the
NEOM region in the northwest) as well as suitable areas for solar and wind in the
eastern region.

The sustainability criteria that underline the analysis of Figure 2.8b are impor-
tant for the Kingdom'’s stakeholders to consider for a balanced approach toward its
hydrogen production. Equally important is integrating this kind type of technical
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and economic analysis into its policy planning, which is underpinned by data with
a high temporal and spatial resolution and state-of-the-art modeling. This will be
essential for the government to effectively identify suitable locations for hydro-
gen production. These ‘climate change-resilient’ governance tools are required for
the Kingdom to carry achieve out its net-zero-by-2060 ambitions and contribute
to making sure that its hydrogen exports meet certain international standards and
criteria.

Challenge: CO,, low-carbon and renewable hydrogen and the
regulatory framework

Many countries and regions have started adopting climate policies to accelerate
low-carbon technologies. However, these efforts have not thus far accelerated
meaningful regulatory policies for low-carbon technologies, particularly in
hard-to-abate sectors. For example, in the sixty-eight carbon pricing initiatives
worldwide (World Bank 2022), most carbon prices remain well below the $40-80
per ton of CO, range needed to meet the Paris Agreement goal of 2°C (World Bank
2021). Without factoring in the cost of the externality caused by the increasing
CO, emissions into the atmosphere, it would be challenging for clean hydrogen to
compete with gray hydrogen.

Most countries lack the regulations, incentives, and emissions allowances to
reduce CO, emissions. Exceptions are the EU Emissions Trading System, 45Q
tax credit regime in the United States, US cap and trade markets, low-carbon
fuel standard in California, and funding of demonstration projects by several
member-state governments of the Organization for Economic Co-operation and
Development (OECD). Hence, only a limited number of large-scale carbon capture
facilities operate worldwide, and these are mainly in the United States, which can
capture and store approximately 40 million tons of CO, every year (Global CCS
Institute 2021).

Although Saudi Arabia intends to increase the share of low-carbon fuels in its
energy mix, it still lacks enablers to reach its targets. The large-scale application of
CCUS in Saudi Arabia is challenging because the technology is capital-intensive.
In the absence of a framework that incentivizes investment in CCUS, cheaper blue
hydrogen cannot be scaled up. Saudi Arabia lacks policies and incentives to drive
CCUS projects, such as carbon prices, carbon taxes, regulatory requirements, grant
support, tax credits, subsidies, contracts for differences, and loan guarantees. Al-
though CCUS is an emissions mitigation option that contributes to economic di-
versification in the Kingdom’s NDC, regulatory gaps are sizeable, as in other GCC
countries. On the other hand, Saudi Arabia is aiming to capture 44 million tons of
carbon annually by 2035 to achieve net-zero emissions by 2060 (Narayanan and
Salloum 2022). Saudi Aramco took the first step in this endeavor at the end of
2022 when it joined with the Ministry of Energy to establish a carbon capture and
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storage hub in Jubail. This hub is aiming to have a storage capacity of 9 million
tons of CO, per year by 2027. These efforts could provide a huge stimulus for the
government to rapidly establish a suitable regulatory framework for CCUS.
Similar to the regulatory demands for blue hydrogen production and demand,
the significant gaps in energy regulation must be bridged to create incentives for
scaling up green hydrogen. The Ministry of Energy has created a hydrogen certi-
fication taskforce comprising both public and private entities in Saudi Arabia to
institute a clean hydrogen certification framework that is inclusive and accepted by
target markets in Asia and Europe (Al-Ghareeb 2022). Aligned with the Kingdom’s
clean hydrogen and Vision 2030 ambitions, the objectives of this framework are
twofold. The first is to focus on the lifecycle emissions associated with the produc-
tion of clean hydrogen. The second is to be inclusive of and directly mappable to
the criteria set by the target markets’ governing bodies and certification schemes.

Challenge: scaling up renewables

Renewable energy is the most significant component of green hydrogen. Thus, incen-
tivizing renewable energy producers is critical for the development of a clean hydro-
gen industry in the Kingdom. Despite the potential of renewable resources in Saudi
Arabia, the capacity of renewable power generation is dwarfed by the sheer size of
fossil fuel-based generation capacity. There is approximately 443 MW of renew-
able energy capacity in Saudi Arabia, accounting for less than 1% of installed power
generation capacity (IRENA 2022a). According to the Regulatory Indicators for
Sustainable Energy, Saudi Arabia’s legal framework for renewable energy is strong.
However, the country scores average to weak in areas such as providing incentives
and regulatory support and planning for the expansion of renewables (Table 2.2).°

The skewed incentives toward hydrocarbon use in a range of sectors, including
utilities, have hindered the penetration of renewable energy and development of
clean energy technology. As a result, Saudi Arabia’s economy is highly carbon-
intensive (Box 2.2).

TABLE 2.2 Policy and regulatory support for renewable energy in Saudi Arabia

Indicator Score

Legal framework for renewable energy

Planning for renewable energy expansion 48
Incentives and regulatory support for renewable energy _
Attributes of financial and regulatory incentives 50
Network connection and use ?
Counterparty risk

Carbon pricing and monitoring _
Overall 39

Source: RISE (2021).
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BOX 2.2 SAUDI ARABIA’S CO, EMISSIONS

Oil and gas dominate the country’s primary energy consumption, with oil accounting
for approximately 62% of the country’s energy needs and gas 38% (Figure 2.9a).

Industry, which includes the mining, manufacturing, construction, and public
works sectors, is the largest energy consumer in the Kingdom (35% in 2020), followed
by the transport sector (27%), non-energy use in the petrochemical industry (21%),
and households and services sector (16%).

CO, emissions increased significantly between 1990 and 2015 (i.e., 5% per year on
average) (Enerdata 2022). Since 2017, the Kingdom has aimed for an annual decrease
in CO, emissions from fuel combustion, characterized by a declining share of oil and
an increasing share of gas (Figure 2.9b). This has been largely due to the energy price
reforms in 2016 and 2018. On average, total CO, emissions fell by 1.24% between
2017 and 2021.
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FIGURE 2.9A Saudi Arabia consumption trends by energy source (million tons of
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The Kingdom plans to displace liquid fuels from its power mix, which ac-
counted for 39% in 2021 (BP 2022). The goal is to achieve 50% of its power mix
from renewable energy and the remaining 50% from gas by 2030 (Saudi Arabia
Ministry of Energy 2021b). These ambitions will have to be matched with a rapid
scale up of installed renewable capacity to decarbonize half the power sector by
2030 and create more dedicated renewable energy capacity for green hydrogen.
Although several projects are planned, the installed capacity of renewables must
increase spectacularly to match the Kingdom’s ambitions in this area. For example,
producing 1 million tons of green hydrogen would require over 10 GW of electro-
lyzer capacity, assuming a load factor of 50%. Powering this much electrolyzer
capacity would require approximately 20 GW of renewable energy capacity.

Challenge: hydrogen market uncertainty, export vs. domestic,
and carbon constraints

Having a solid presence in a nascent market such as low-carbon hydrogen would
provide a competitive advantage for Saudi Arabia by securing exclusive contracts
with essential buyers and service contractors. However, this comes with market risk.
The cost of clean hydrogen production remains prohibitive, and the market is small
and may take several years to grow. The demand trajectory for hydrogen ultimately
depends on future decarbonization policies and the cost of alternative options.
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Domestically, demand for hydrogen is only expected to significantly increase after
2030. This rise will depend on government policies and regulations creating a de-
mand market for renewable and low-carbon hydrogen by partnering with end users
across sectors and building the required infrastructure for usage and storage. As the
Introduction of this book mentions, there remains a large amount of uncertainty
about the size of the market for clean hydrogen. In any case, any focus on exports
must be supplemented by focusing on creating local demand for hydrogen. This ne-
cessity is supported by the argument that the hydrogen value chain will be comple-
mentary to electricity and business models and demand- rather than supply-driven
(Al-Mazeedi et al. 2021). Further, the creation of large-scale hydrogen demand will
play an essential role in mitigation efforts in an increasingly carbon-constrained
world.

Figure 2.10 shows hydrogen demand in Saudi Arabia under different scenarios
until 2050. The EnerBase emission trajectory in the left-hand column visualizes
a ‘business-as-usual’ situation in which limited efforts are made to mitigate GHG
emissions. This would lead to an average global temperature increase of between
5°C and 6°C. EnerBlue in the middle column visualizes a scenario in which de-
spite advanced GHG mitigation efforts, an average global temperature increase
of between 3°C and 4°C still results. EnerGreen, on the right-hand side, consti-
tutes a scenario in which ambitious GHG emission cuts are made in line with the
Paris Agreement goal. This EnerGreen scenario resonates with the Kingdom’s
net zero by 2060 target and indicates a massive role for hydrogen applications in
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the transport sector. This is especially so after 2035, with the EnerGreen scenario
implying a much more significant uptake of hydrogen in railway transport, avia-
tion (e.g., using synthetic fuels), and maritime shipping (e.g., using low-carbon
marine fuel such as ammonia and methanol). Under this scenario, low-cost hy-
drogen is also combined with CO, from the CCUS hubs in Jubail and Yanbu. The
limited role of hydrogen in industry in the EnerGreen scenario can be explained
by the strongly reduced need for refining capacity and the electrification of in-
dustrial processes. Overall, the large-scale development of a domestic hydrogen
market is in line with the conclusions from IRENA. This body predicts that Saudi
Arabia—in a 1.5°C scenario—will become the sixth largest demand market glob-
ally by 2050 after China, India, the United States, the Russian Federation, and
Japan (IRENA 2022b).

Challenge: geopolitics

Similar to other countries, Saudi Arabia’s hydrogen trade relations will be deter-
mined not only by technological and economic aspects but also by the geopolitics
of energy transformation. This term implies not only a shift from one set of fuels
to another but also involves a deeper transformation of the world’s energy systems.
Such a transformation will have major social, economic, and political implications
that go well beyond the energy sector (Global Commission on the Geopolitics of
Energy Transformation 2019). Geopolitical transformation factors that could affect
the Kingdom’s hydrogen ambitions include the (possible) regionalization of energy
relations, shifts in inter-state relations, and the fact that the hydrogen business will
be more competitive and less lucrative than oil and gas (IRENA 2022c¢).
Regionalizing energy relations is driven by the falling costs of renewable en-
ergy, with those for transport remaining high. This situation could create a stronger
incentive for the Kingdom to vastly expand electricity transport and trading within
and beyond GCC countries via transmission cables and cross-border infrastructure
projects that link national energy systems and create regional demand. Hydrogen
can be produced from many primary energy sources and is a manufactured product
rather than a raw material or energy source. Hence, its trade flows are unlikely to
lend themselves to geopolitical influence as oil and gas. Therefore, the fast-growing
array of bilateral hydrogen deals will likely differ from the hydrocarbon-based en-
ergy relationships of the 20th century. Saudi Arabia is thus set to compete on a
playing field that is radically different from that defined by the ability to produce,
trade, and set production limits for fossil fuels in the global market. Finally, clean
hydrogen does not generate returns comparable to the rents of oil and gas (IRENA
2022c). Hydrogen is a conversion, not an extraction, business and has the potential
to be produced competitively in many places around the world. This limits the
Kingdom’s opportunity to capture economic rents akin to those generated by oil and
gas. Therefore, in the long term, it may be more viable for Saudi Arabia to capture
value further down the value chain by focusing on producing clean hydrogen-based
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end products such as steel, cement, and aluminum. Hydrogen-based end products
can both decarbonize the domestic industry and create competitive advantages in
carbon-constrained markets such as the EU.

Conclusion

The world is transitioning away from hydrocarbons. Therefore, clean hydrogen
will become a means for Saudi Arabia to diversify its revenue streams away from
unabated fossil fuels and monetize its oil and gas resources, create new jobs, and
extend the life of its infrastructure and assets. As countries accelerate toward
net-zero emissions at different rates, the Kingdom is likely to become a supplier
of traditional and new sources of energy. Strategic advantages such as its low-cost
and ample renewable resources, large land areas suitable for renewable projects
and hydrogen facilities, low-cost natural gas, and vast existing oil and gas infra-
structure make the Kingdom an ideal hydrogen producer and exporter. Therefore,
its hydrogen strategy focuses on the production, export, and domestic use of clean
hydrogen. This is also playing a cross-cutting role in its CCE approach and com-
mitment to reach net-zero GHG emissions by 2060. Not only will hydrogen help
decarbonize end uses domestically but its low-cost resource potential will also al-
low the Kingdom to become a major exporter of clean hydrogen, displacing the
carbon-intensive fuels and feedstocks in other economies. Carbon management
has become a pillar of the Kingdom’s energy strategy. This means all other opera-
tions in the energy ecosystem, including oil, gas, power, and petrochemicals, must
ensure that carbon emissions are mitigated through the 4Rs (i.e., the mitigation
options under the CCE). Hydrogen and CCUS, which are at the core of the CCE,
present an opportunity for the Kingdom to maintain its position as a reliable, sus-
tainable, and low-cost energy provider when energy security, economic growth,
and sustainability become essential for meeting future energy needs.

The 4-million-ton-per-annum target of clean hydrogen by 2030 is ambitious but
might need to be increased if the Kingdom wants to become the world’s leading hy-
drogen exporter (See Chapter 8). In any case, the current target can only be achieved
in the short term with the right policies and regulatory frameworks in place. These
are lagging behind, as is the required installed renewable capacity dedicated to re-
newable hydrogen production. Hence, the Kingdom will need to install large ca-
pacities in future years to meet its target of decarbonizing the power sector.

A shift to low-carbon fuels will likely reshape how economies use energy and,
subsequently, how energy is traded. This will have implications for the Kingdom
and its stakeholders, who will need to be agile and adaptable to increase their geo-
political leverage. Regarding hydrogen, Saudi Arabia is building on its existing
energy partnerships and forging new ones. Collaboration with foreign governments
and industries (domestic and international) is required to develop its export infra-
structure, domestic demand, and R&D capabilities as well as introduce enablers
to expedite hydrogen-related investment. In addition, government departments are
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collaborating closely to institute a clean hydrogen certification framework that is
inclusive and in line with the criteria set by governing bodies and certification
schemes in target markets.

Notes

1 Saudi Vision 2030 was unveiled in 2016 as a blueprint for the country’s socioeconomic
transformation. Diversifying the economy, creating jobs, and improving the standard of
living for its citizens and residents are at the core of this Vision.

2 Figures are estimations and provided by KA CARE.

3 KACST led the development of the Kingdom’s solar program and operated under a
technical agreement with Germany.

4 Scope 1 emissions are defined as direct emissions sourced from an organization’s owned
assets and operations. Scope 2 are indirect emissions where the energy or heat used in
the operation is not owned by the organization.

5 Assuming a methane density of 0.0192 kg per standard cubic feet. This is close to the
0.05% methane intensity stated by Aramco in its Sustainability Report.

6 RISE consists of a set of indicators to compare national policy and regulatory frame-
works for sustainable energy across more than 130 countries worldwide. The score for
the different indicators ranges between 0 and 100.
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SAUDI ARAMCO’S CLEAN
HYDROGEN EFFORTS

Between economic diversification
and effective climate action

Jim Krane and Jan Frederik Braun

Introduction

The Saudi Arabian Oil Company (‘Aramco’ or ‘the Company’) is both the domi-
nant revenue provider for the Saudi government’s fossil fuel-driven governance
model and a vital driver of the Kingdom’s ambitions to reach net-zero greenhouse
gas (GHG) emissions by 2060. Aramco is the world’s largest integrated energy
and chemical company and a substantial contributor to direct and indirect atmos-
pheric emissions. As such, its corporate strategy is crucial to the viability of the
Kingdom’s domestic and international approaches to climate change. Aramco is
simultaneously the initial source of funds for Saudi Arabia’s climate action, a key
component of the Kingdom’s climate brain trust tasked with devising appropriate
measures, and a project manager responsible for building climate-related infra-
structure. The Company’s pivotal role in helping achieve the Kingdom’s climate
ambitions and continued economic growth is difficult to overstate.

Over the next few decades, Saudi Arabia could lose some of its geostrategic
importance as the world’s central banker of oil. This is because global oil demand
may stabilize as oil substitutes make inroads in the transportation sector and ef-
forts to price negative externalities related to carbon emissions increase (The World
Bank 2022). As the importance of oil wanes, Aramco’s contribution to decarbon-
izing the Kingdom could help the government demonstrate credibility in global
climate action. Successful efforts in climate change mitigation could prolong Saudi
Arabia’s political and economic influence; this will grant policymakers the power
to shape the energy transition in ways that could retain a greater long-term role for
hydrocarbons—albeit in a cleaner form such as hydrogen.

Aramco’s remit in Saudi Arabia could increasingly shift from overseeing a
carbon-intensive industry to rendering the Kingdom an attractive destination
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for climate-compliant industrial production. This will be achieved by decarbon-
izing existing assets by electrifying processes and using renewable energy and
energy efficiency, along with carbon capture, utilization, and storage (CCUS)
technologies. Assisting the process is Saudi Arabia’s copious renewable energy
resources such as solar and wind, in addition to the close proximity of geo-
logical storage locations to the Kingdom’s industrial zones and sites for future
hydrogen production (Krane 2022). Aramco’s current industrial participation is
mainly in the petrochemical industry. Over time, its role in the Saudi indus-
trial strategy could expand to that of a provider of clean fuels. In particular,
it might use renewables to decarbonize parts of its production processes and
venture into carbon capture and sequestration services for steel, aluminum, fer-
tilizer, cement production, and other emission-intensive sectors, domestically
and internationally.

Aramco is also central to the Saudi climate strategy in a less direct way,
namely, as a leader in leveraging the Kingdom’s oil and gas (O&Q) for further
economic diversification. The Company has invested in researching and develop-
ing technologies and creating business units to find climate-compliant uses and
markets for hydrocarbon resources. Aramco articulated these ambitions under the
low-carbon header of its first-ever sustainability report, which states, ‘developing
low-carbon products and solutions helps to sustain and diversify demand for oil
and gas through competitive technologies’ (Saudi Aramco 2022). The production
of low-carbon hydrogen and related fuels is expected to become a part of this di-
versified portfolio in the future.

Aramco’s diversification and decarbonization ambitions face challenges. The
costs of Aramco’s adherence to the Saudi national climate goal of reaching net zero
by 2060 remain unknown. The 2060 goal also awaits the implementation of a na-
tional Circular Carbon Economy policy framework. Worldwide, few governments
have estimated the cost of reaching net-zero emissions (NZE) by a particular date
or presented the necessary policy framework for implementation over the com-
ing decades. This renders most commitments toward any net-zero target hazy and
noncommittal.

Currently, Saudi policymakers are pursuing domestic decarbonization by
displacing liquids in carbon-based power and transportation with cheaper and
cleaner electricity and hydrocarbons. In doing so, the Company encourages
increased hydrocarbon exports and revenues, since domestic O&G are sold at
domestic prices set below international prices, while exports are priced based
on global benchmarks. Outside the Kingdom, however, the success of global
climate action hinges on halting or abating GHG emissions from the combustion
of petroleum ‘molecules’ the O&G sold by Aramco (Krane 2022). The transition
from combustible fuels to clean electricity and cleaner molecules like hydrogen
is pressuring Aramco’s revenue. The Company recognizes that the pace of the
energy transition will vary between regions and that it will need to adapt to the
differing needs of its customer base to remain a global energy player.
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Additionally, the signals of Aramco’s commitment to diversification and en-
ergy transition-related technologies are mixed. On the one hand, the Company has
made several announcements that underline its ambitions to become a major player
in the market for clean hydrogen. On the other hand, Aramco’s capital allocation
toward the energy transition lags that of its peers, as it performs carbon account-
ing throughout the entire value chain, including so-called Scope 3 emissions, or
indirect emissions from fuel combustion.

The remainder of this chapter examines Aramco’s hydrogen ambitions in the
context of the Kingdom’s commitment to climate action. Section ‘Economic di-
versification and Aramco’s clean hydrogen bet-hedging strategy’ investigates
the factors driving Aramco and other major oil firms’ expansions into decarbon-
ized molecules and technologies as a ‘bet-hedging’ strategy to strengthen their
long-term resilience and reduce the risk of revenue disruption. Aramco’s initial
actions suggest a competitive presence in emerging markets. Section ‘Aramco’s
hydrogen prospects and project’ reviews Aramco’s clean hydrogen projects and
the factors that distinguish its approach from those of competing supermajors. Sec-
tion ‘Aramco, hydrogen, and the Kingdom’s climate action’ examines the carbon
accounting of direct (Scopes 1 and 2) and indirect (Scope 3) emissions. It also
juxtaposes Aramco’s role in domestic and international climate action against the
uncertainties around gathering and evaluating data on the indirect emissions of its
conventional energy production and usage. A central message of the chapter is that
accounting for indirect emissions is not only relevant to Aramco’s conventional
operations but also serves its blue hydrogen ambitions, where carbon transparency
will help the firm compete on cost and strict sustainability criteria. Section ‘Con-
clusion’ concludes.

Economic diversification and Aramco’s clean hydrogen
bet-hedging strategy

Economic diversification represents a policy response that addresses the need to
reduce GHG emissions to mitigate climate change and economic dependence on
threatened fossil fuels (Krane 2020). Diversification involves both broadening
exports toward higher-value goods and expanding industrial production capacity.
Low-productivity commodity exporters find diversification particularly challeng-
ing. Success involves a political commitment to structural economic change and
a governance structure that produces high-value end products, human capital, and
technological know-how.

Oil exporters must overcome another barrier to contend with the likelihood that
diversification tends to reduce returns on investment. The oil sector is a special
case in the global economy in which low-cost producers earn outsized economic
rents because the marginal production cost is set by higher-cost producers (Smith
2009). The extreme profitability of Gulf oil production is difficult to replicate in
other sectors of a diversified economy. For these reasons, and perhaps others, prior
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attempts at diversification have been lackluster and largely unsuccessful. However,
climate action pressures have changed the risk calculus among oil-dominated ex-
port states, including Saudi Arabia. The prospect of oil substitutes in transportation
and the near-term peak in global oil demand have incentivized more serious efforts
(Krane 2020).

As a response to the need for oil-exporting countries in the Middle East and
North Africa region to diversify, Poudineh and Fattouh (2020) explain a ‘conserva-
tive bet-hedging strategy’ as lowering investors’ best performance under favorable
conditions to improve their worst performance under unfavorable conditions. Ac-
cording to the authors, the return on a conservative bet-hedging strategy is lower
than that on the current default strategy of (in this case) O&G production and ex-
ports given the costs involved and lower margins. However, diversification remains
attractive because the risk profile is low.

Utilizing energy carriers such as clean hydrogen and ammonia constitutes
a conservative bet-hedging strategy for various reasons. First, they can be pro-
duced from hydrocarbons and supported by investment in CCUS. Second, CCUS
is very costly, indicating significant room for cost efficiency gains and R&D in
this area that can be exploited by producers. Third, during the transition stage,
these producers can still export O&G and benefit from the generated rents, while
simultaneously improving the return on decarbonized products (e.g., ammonia, hy-
drogen, alternative low-carbon fuels). Fourth, this strategy requires the continuous
improvement of technologies, products, human capital, engineering and design,
and patenting laws. Fifth, exports of energy carriers such as hydrogen and ammo-
nia also synergize more closely with businesses built on the supply chain model
of fuel exports. By contrast, any shift in strategy away from O&G as inputs, such
as renewable generation, implies adopting a less familiar business model. Such a
model may also incur large upfront capital investments in infrastructure that oper-
ates for decades without combustible fuel or a supply chain (Krane and Idel 2021;
Al-Mazeedi et al. 2021).

As oil demand declines and the emphasis on climate mitigation action in-
creases, producers in the Middle East, such as Aramco, are enjoying competi-
tive advantages in hydrogen production. This is because of the region’s plentiful
resources and geological storage, unused land with copious solar radiation, and
O&G infrastructure and expertise (e.g., in subsurface technology) that translate
well to hydrogen. Hence, Aramco has a strong opportunity to establish a competi-
tive presence in any emerging hydrogen market (Al Khowaiter and Mufti 2021).
First, it is the lowest-cost producer of crude oil and natural gas. Second, it has
an integrated and complementary infrastructure at scale at its disposal, includ-
ing significant know-how in CCUS and a leading position in global ammonia
trade acquired through its majority stake in Saudi Basic Industries Corporation
(SABIC) (Al Khowaiter and Mufti 2021). Based on these advantages, Aramco
has a strong opportunity to establish a competitive presence in any emerging
hydrogen market.



Saudi Aramco’s clean hydrogen efforts 67

Blue hydrogen production could also leverage Aramco’s existing investments
in CCUS. The Company has investigated carbon sequestration across several pro-
jects and initiatives, including one of the world’s largest carbon capture and stor-
age plants at Hawiyah in the Eastern Province. The plant at Hawiyah captures
0.8 million tons of CO, annually for enhanced oil recovery (EOR). Next to EOR,
blue ammonia improves the environmental credentials of the products exported by
Saudi produced by reusing the CO, captured during the production of hydrogen
and replacing conventional fossil fuels. The production and consumption of am-
monia are largely localized, and large-scale demand for blue or green ammonia has
yet to manifest. This is changing, however, as net-zero targets force governments
to address the issue of fertilizers, the fastest growing source of agricultural emis-
sions and foremost source of demand for ammonia (BloombergNEF 2020). Europe
was responsible for almost 20% of global fertilizer emissions in 2017 and could
become a large market for Aramco (BloombergNEF 2020). Nevertheless, global
demand for blue ammonia is expected to grow substantially, and access to cheap
domestic gas could give Aramco a competitive advantage.

Another factor encouraging Aramco’s hydrogen investment is the probability
that demand for hydrogen will increasingly be negatively correlated with demand
for oil, but positively with successful decarbonization (IEA 2022). The reverse cor-
relation of demand for hydrocarbons and hydrogen renders investment in the latter
attractive as a conservative bet-hedging strategy. This can assist in rationalizing
upstream investment (particularly in gas) and provide an alternative and long-lived
market for O&G (IEA 2022). In short, the more climate action undermines the
combustion of non-abated hydrocarbons, the more it encourages the consumption
of clean hydrogen and its derivatives. Table 3.1 shows the uptake of clean hydro-
gen under three International Energy Agency (IEA) scenarios:

» Stated Policies Scenario (STEPS) shows the trajectory implied by today’s pol-
icy settings.

* Announced Pledges Scenario (APS) assumes that all aspirational targets an-
nounced by governments are met on time and in full, including their long-term
net-zero and energy access goals.

* NZE maps out a way to achieve a 1.5°C stabilization in the rise in global aver-
age temperatures, alongside universal access to modern energy sources by 2050.

The most attractive of the IEA’s three future energy demand scenarios in terms
of clean hydrogen uptake is the NZE scenario, which depicts the global attain-
ment of net zero by 2050. Under the NZE scenario, more specifically, total global
demand for hydrogen will reach 180 million tons by 2030 and 475 million tons by
2050 (of which 90 million tons in 2030 and 450 million tons in 2050 are low emis-
sions). Electrolyzers will meet a third of this demand in 2030 and 70% in 2050.
This requires installed electrolyzer capacity of 720 GW by 2030 and 3,670 GW
by 2050. The required wind and solar photovoltaics (PV) generation capacity for
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TABLE 3.1 Supply of and demand for low-emissions hydrogen and fuels in 2030 and 2050
under three scenarios: STEPS, APS, and NZE by 2050

Million tons of H, ~STEPS APS NZE
eq. (energy basis)
2030 2050 2030 2050 2030 2050

Total 6 24 30 225 90 452
low-emissions
H, production

Water 4 17 21 167 58 329
electrolysis

Fossil fuels with 2 8 9 57 31 122
CCUS

Bioenergy 0 0 0 1 0 2

Transformation 3 10 14 95 50 186

To power gen. 0 1 4 19 27 60

To H,-based 0 3 6 69 18 118
fuels

To oil refining 2 6 2 4

To biofuels 1 1 1 1 3 3

Demand by 3 15 16 131 40 266
end-use sector

Total final 1 10 12 80 31 174
consumption

Onsite prod. 2 4 4 51 9 92

Low-emissions 0 3 3 55 15 96
H,-based fuels

Total final 0 1 3 39 7 68
consumption

Power gen. 0 2 0 16 8 28

Trade 1 5 4 44 18 73

Source: 1EA (2022)*.*) 1 million tonnes H, = 120 petajoules. Transformation to hydrogen-based fuels
incurs energy losses that are the difference between hydrogen inputs to hydrogen-based fuels and de-
mand for these fuels.

electrolysis would be of the order of 1,000 GW by 2030 (IEA 2022). Under this
scenario, the IEA found an enormous uptake of low-emission fuels such as hydro-
gen and hydrogen-based fuels, including investments jumping from $18 billion in
2022 to $235 billion per year by 2030. By 2050, these low-emission fuels could
account for more than 65% of the total investment in fuels, up from the current
1% (IEA 2022). Despite such optimism, caution is warranted about the extent of
hydrogen’s likely contribution to the global energy balance, even amid successful
decarbonization. The IEA estimates that hydrogen exports will amount to only a
‘very partial replacement’ for hydrocarbon exports (IEA 2022). This is due to com-
petition from other similarly endowed countries that drive down available resource
rents as well as the far smaller size of the projected hydrogen market, high costs,
and large efficiency losses (Figure 3.1).
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FIGURE 3.1 Export revenue from oil and gas compared with that from hydrogen in the
Middle East under the APS and NZE scenarios, 2021-2050*. *) The ex-
port revenue from hydrogen and related fuels (yellow and green) does not
approach the returns from today’s oil and gas exports. The [EA’s APS and
NZE scenarios predict large shares of hydrogen and clean fuel consump-
tion by 2050, with hydrogen-based fuel consumption eclipsing that of oil
under the NZE 2050 scenario.

Source: 1IEA (2022).

Nevertheless, the IEA argues that hydrogen production remains worthwhile, if not
for export rents but for leveraging hydrogen to reach a commanding position in the
manufacturing and export of low-emission industrial products and chemicals (IEA
2022).

Aramco’s hydrogen prospects and projects

The cost of blue hydrogen in Saudi Arabia is estimated at $1.34/kg using the cur-
rent price of natural gas at $1.25/MMBtu (Hasan and Shabaneh 2022). With ad-
vancements in CCUS technologies, this cost is expected to decrease by more than
15% by 2030. However, despite the decreasing cost of CCUS, the economic viabil-
ity of blue hydrogen is highly sensitive to natural gas prices. An upward correction
in prices can impact the costs of producing blue hydrogen. With green hydrogen
estimated to cost $1.48/kg in Saudi Arabia by 2030, blue hydrogen would still be
competitive at a gas price of $3.25/MMBtu (Hasan and Shabaneh 2022).

In 2022, Aramco announced a production capacity goal of 11 million tons of
blue ammonia by 2030, which would require 1.93 million tons of blue hydrogen
produced from natural gas linked to CCUS (Saudi Aramco 2022). This ambition
includes developing the CCUS capacity to capture up to 11 MMtCO,e annually
by 2035 (Saudi Aramco 2022). This will contribute to the Kingdom’s overarch-
ing goal of capturing 44 MMtCO, annually by 2035. The first phase of this goal
is underway, and Aramco has signed an agreement with Linde and SLB to build a
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9 MMtCO, carbon capture and storage hub in Jubail by 2027. However, its blue
hydrogen-dominated plans differ from those of other O&G supermajors, which
emphasize multiple production methods. While blue hydrogen is the chief focus,
Aramco’s plans also include investments in renewable and green hydrogen tech-
nologies that produce renewable-based hydrogen (Radowitz 2022).

Regarding the Company’s primary focus on blue hydrogen, three important
challenges must be noted. First, such a focus can give it a head start because it
possesses vast knowledge, a well-designed infrastructure, and other capital re-
sources. However, gas production is not infinite and hydrogen producers compete
for natural gas with power utilities and the petrochemical industry domestically.
Second, an increase in the adoption of ambitious climate policies would strengthen
the expected growth in global demand for clean hydrogen (i.e., strengthen the case
for green hydrogen) and limit the appeal of blue hydrogen in the long run. Third,
it remains difficult to identify off-take agreements in key markets such as Europe
and Asia because of the high costs of using blue hydrogen (Collins 2023a). This is
because the majority of customers are waiting for government incentives to pursue
blue hydrogen, and most subsidies planned or implemented globally are geared
toward green hydrogen production and uptake (Collins 2023a). Combined with
other challenges such as the lack of a CO, market and the limited inroads of CCUS
globally, this raises questions about the bankability of blue hydrogen for Aramco
in the long run.

However, owing to its gas resources and subsurface pore space, Saudi Ara-
bia’s Eastern Province is ideal for producing blue hydrogen. It has a concentra-
tion of gas fields, distribution pipelines, and close proximity to potential CO,
storage and utilization sites (Hasan and Shabaneh 2022). Regarding the possibil-
ities for green hydrogen production, the Eastern Province, particularly the area
surrounding Aramco’s headquarters in Dhahran, has enormous (and optimal)
potential for using electricity generated with wind turbines and PV to produce
low-carbon fuels such as hydrogen, sometimes known as ‘Power-to-X’ (PtX)
production (Figure 3.2).

Developing this vast production potential could enable Aramco to build a pro-
duction capacity similar to (or potentially even greater than) that in the NEOM
region in the north-west of Saudi Arabia (see Figure 3.2 and Chapter 5). This ca-
pacity could be combined with Aramco’s conventional hydrocarbons, making op-
timal use of its highly developed gas and oil infrastructure in the Eastern Province
and beyond.

Globally, Aramco has signed agreements and formed partnerships to explore
opportunities for producing low-carbon hydrogen. Most of these agreements focus
on the Asian market in which most of the Company’s crude oil is sold, including
Japan, South Korea, Indonesia, Thailand, and China. In 2019, a memorandum of
understanding was signed by the Institute of Energy Economics Japan, with the
support of Japan’s Ministry of Economy, Trade, and Industry. This resulted in a
demonstration shipment of 40 tons of blue ammonia being sent to Japan by Ara-
mco and SABIC in 2020 and paved the way for more blue ammonia shipments.
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FIGURE 3.2 Geographic Information System—based analysis of the PtX potential in
Saudi Arabia by 2050.

Source: Authors, based on Braun et al. (2023) The Fraunhofer Institute for Energy Economics and
Energy System Technology IEE (n.d.) Global PtX Atlas considers strict sustainability criteria, including
nature conservation and unsuitable areas, land use, and infrastructure. The results show the production
quantities and costs of climate-friendly fuel production under strict sustainability criteria and locate
them spatially.

Another 25,000 mt of blue ammonia cargo was shipped to South Korea’s Lotte
Fine Chemicals by the end of 2022. This shipment was the first commercial blue
ammonia cargo independently certified as low carbon by TUV Rheinland, an in-
dependent inspection and certification service provider (SABIC 2022). To receive
the certification, a lifecycle emissions intensity of less than 3.384 kg of CO e/kg of
hydrogen should be met and at least 30% of total CO, emissions must be chemi-
cally or minerally fixed for at least 25 years (TUV Rheinland Standard H2.21 Re-
newable and Low-Carbon Hydrogen Fuels 2023). The certification was based on
a ‘cradle-to-gate’ emission lifecycle assessment (i.e., it excluded emissions from
transportation to the customer).

These shipments highlight Aramco’s possibilities for multiparty collaboration
across the low-carbon ammonia value chain. Another example is the shipment to
Japan’s Fuji Oil Company in early 2023 for co-firing ammonia in a gas boiler to
generate electricity at the Sodeguara oil refinery. Specifically, this ammonia was
produced from Aramco feedstock by SABIC, in which Aramco holds a 70% major-
ity stake. It was then sold by the Aramco Trading Company to an external party and
shipped by a designated shipping firm (Saudi Aramco 2023). However, promoting
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ammonia co-firing and shipping it over long distances in a carbon-intensive man-
ner have raised concerns about whether this is indeed a low-carbon energy solution
(Collins 2023b). It has been argued that even with the use of blue or green ammonia,
emissions can still result from production, storage, and shipping, which increases
lifecycle emissions further if traditional unabated processes are used (Martin 2023).
National policymakers tasked with implementing net-zero measures in importing
countries such as Japan must therefore create the right incentives beyond the pilot
phase of imports to ensure that a shift toward 100% low-carbon ammonia burning in
power plants occurs. Sodeguara’s power-related emissions could be reduced more
easily by installing solar panels on site and using ammonia that the refinery produces
as a by-product instead of shipping it halfway around the world (Collins 2023b).

Managed by Aramco Ventures, the Company has also announced the creation of
a $1.5 billion sustainability fund to invest in technologies that support oil majors’
net zero by 2050 ambition (Saudi Aramco 2022). The aim behind creating this fund
is to invest in sustainable energy technologies including carbon capture and stor-
age, hydrogen, ammonia, and synthetic fuels, with targets globally. At the time of
writing this chapter, details on the focus and amount of spending on clean hydrogen
were not available. However, in a net zero by 2060 scenario in Saudi Arabia, Ara-
mco sees clean hydrogen, carbon offsets, and CCUS as the key means to diversify
its product portfolio and mitigate end-user emissions.

Aramco’s sustainability report recognizes the possibility of producing hydrogen
from multiple energy sources. Nonetheless, hydrocarbons will remain its primary
hydrogen feedstock (Saudi Aramco 2022) since the supermajor’s core business re-
lates to petroleum ‘molecules’ rather than electrons. The report also acknowledges
the circular carbon economy principles recommended by the Saudi government.
The government is aiming to reframe the discourse on CO, from one of a negative
externality to a proposition that CO, has value that can be extracted and commodi-
fied (Chapter 2). However, the Kingdom lacks a viable regulatory framework (e.g.,
the EU Emissions Trading System or US hydrogen tax credit regime) that might
incentivize the scaling up of blue hydrogen in the Gulf (Al-Mazeedi et al. 2021).

Aramco, hydrogen, and the Kingdom'’s climate action

While conflicting economic and environmental interests exist in all economies,
they are more pronounced in polities that derive a large share of their public
budgets from fossil fuel exports. However, Aramco recognizes that some coun-
tries will undergo an energy transition faster than others. Saudi policymakers
see potential advantages in transitioning the Saudi economy as part of its Vision
2030 diversification goals. On a per-barrel basis, Aramco has some of the low-
est Scopes 1 and 2 carbon emissions among national and international oil com-
panies (National oil companies, NOCs and International oil companies, 10Cs,
respectively hereafter). Scope 1 covers the direct emissions from a company’s own
combustion. Scope 2 covers indirect emissions from the acquisition of electricity
from the power grid (Gotz et al. 2017).
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In a world still reliant on hydrocarbons, Aramco has a competitive advantage in
terms of both production costs and upstream carbon intensity. The latter is due to
low per-barrel natural gas flaring rates, low fugitive methane emissions, and low
water production. This means that less mass lifted per unit of oil produced and less
energy for fluid separation and handling are required (Masnadi et al. 2018). As part
of Aramco’s abatement plans, it is striving to reduce its Scopes 1 and 2 emissions to
net zero. Hence, it is focusing on measuring emissions from its own operations and
electricity consumption. However, it is disregarding the emissions flowing from the
consumption of Aramco products beyond company premises as well as those from
transport, distribution, and conversion off site (Scope 3) (Saudi Aramco 2022).

In a well-to-wheel CO, lifecycle, Scope 3 emissions usually account for 80%—
95% of total carbon emissions from O&G use. While the government and public
stakeholders are pushing NOCs to be more rigorous and transparent with their
emissions disclosures, only a handful of O&G companies globally have included
Scope 3 emissions in their net-zero targets (Wood Mackenzie 2022). Aramco’s
emissions were responsible for approximately 4.8% of total GHG emissions from
the oil sector in 2018 and approximately 4.3% of the total atmospheric accumula-
tions since 1965. Both these shares were the largest for any single firm (Climate
Accountability Institute 2020). Figure 3.3 reveals that most of Aramco’s emissions
were Scope 3 emissions in 2015.
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tons), and the y-axis on the right (represented by the red line) shows Scopes 1 and 3 as a percentage of
global industrial GHG emissions.

Focusing on Aramco’s carbon accounting and the composition of its emissions
is important in the context of the validity of Saudi Arabia’s climate action and hy-
drogen ambitions. Next to phasing out coal, the success of global climate action
depends heavily on reducing or offsetting GHG emissions from the combustion of
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0&G. However, for O&G companies, Scope 3 emissions are more difficult to col-
late and evaluate than Scopes 1 and 2 emissions because many of the activities fall
outside the company’s operations. Thus, estimates of Scope 3 emissions may be
inaccurate and highly uncertain (IPIECA and API, 2016). In addition to data reliabil-
ity, avoiding ‘double counting’ is another challenge to ensuring the accuracy of cal-
culating Scope 3 emissions. Care should be taken to ensure that reported emissions
are not counted multiple times across interconnected supply chains, which could in-
flate the perception of the carbon risk (Shrimali 2021). However, despite these chal-
lenges, Scope 3 emissions are too large to ignore, and companies must engage with
value chain partners, including customers and accounting firms, to measure them
accurately. This can enable Aramco to position itself as a provider of clean energy.

Clean hydrogen as an energy carrier, in this case, from natural gas and CCUS, can
provide energy companies such as Aramco with a solution to their Scope 3 emissions.
No CO, is emitted when using clean hydrogen during combustion, and the majority of
emissions can be captured within the company’s facilities. Accelerating investments
in CCUS technologies, including direct air capture, could further enhance Aramco’s
ability to deal with Scope 3 emissions, both domestically and globally. However,
emissions from the conventional value chain are also related to hydrogen. As the clean
hydrogen economy develops, the need for increased and inclusive measurement, re-
porting, and verification is important for verifying and certifying the sustainable fea-
tures of the hydrogen being produced and traded. Figure 3.4 illustrates the supply
chain for natural gas-based hydrogen, including the boundaries set by the International
Partnership for Hydrogen and Fuel Cells in the Economy (IPHE) methodology.

The IPHE is an intergovernmental body working to reach a consensus on a
universally accepted methodology for measuring the GHG emissions from clean
hydrogen value chains. This methodology is being established as an International
Organization for Standardization standard. Figure 3.4 shows the boundary of the
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IPHE methodology for natural gas-based hydrogen carbon accounting, which in-
cludes upstream and midstream emissions from natural gas extraction and process-
ing and downstream emissions from compressing and purifying hydrogen. To have
a meaningful impact, the boundary must eventually be expanded to incorporate a
comprehensive lifecycle analysis (well-to-wheel), in which the conversion, trans-
portation, and distribution of hydrogen are considered, and guarantee CO, contain-
ment in geological formations. Taking stock of its Scopes 1-3 emissions is not only
relevant for Aramco’s conventional operations but also serves its blue hydrogen
ambitions; this is because the Company will have to compete on cost and sustain-
ability criteria while accounting for emissions throughout the value chain.

Beyond carbon accounting, there are signs that oil supermajors have missed op-
portunities to demonstrate their commitment to climate action. Governments and
executives linked to large utilities and energy firms have spent the past few decades
voicing or funding opposition to climate action, while continuing to invest in the
exploration and production of O&G (Depledge 2008; Bohr 2016; Culhane, Hall,
and Roberts 2021). Few producers have diversified their capital investments into
renewables, clean hydrogen, or even carbon capture and storage, given the reduced
(or negative) rates of return for these fossil fuel options.

Owing to drivers such as emerging carbon pricing instruments and shareholder
pressure, the investment response of oil companies and producer states to climate
change continues to be dominated by IOCs. Many have already begun diversifying
capital investment into non-oil businesses in clean electricity, carbon offsets and
trading, and electric vehicle charging. Sharcholder-owned oil majors were esti-
mated to have allocated $15 billion—some 15% of their capital budgets—toward
low-carbon ventures in 2022, with European 10Cs allocating around 20%. Capital
guidance from NOCs was far less: $5 billion was allocated, which amounted to less
than 5% of capital budgets on average (Figure 3.5).

Majors: 2022 capital guidance NOCs: 2022 capital guidance

400 On average, the majors (I0Cs)
committed ~15% of the 2022
capital investment to energy

transition and low-carbon

initiatives. The European majors

allocated more, an average of
~20%.

“ = 0

2022 Capital guidance Energy Transition spend

N
S
S

NOCs are allocating less

than 5% of capital toward
energy transition and low-
carbon initiatives. Matching
the majors in percentage
terms would result in $60
billion of investment, or
four times the amount
committed by the majors.

w
=3
S
w
S
S

USD billion
8]
8

'USD billion
%]
S

S

3
>
53

50 %
10

2022 Capital guidance ~ Energy Transition spend

FIGURE 3.5 NOC:s lag the majors in committing capital toward energy transition®.

Source: Portela (2022).*) Low carbon / energy transition capital guidance is provided by only a select
few NOCs — PetroChina, Sinopec Corp, CNOOC Ltd, Rosneft, Petrobras, Ecopetrol, Pertamina, PTTEP
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Over the past years, there have been signs of accelerating the pace of invest-
ment across O&G companies. A recent assessment of the low-carbon ambitions
of 17 O&G companies, i.e., six integrated energy companies (IECs), three I0Cs,
Aramco, and seven other NOCs, notes an accelerating pace of investments in this
area (Haris et al. 2022). From 2017 to 2022, the 17 companies invested approxi-
mately 74 billion USD in low-carbon solutions. Unsurprisingly, the six IECs (BP,
Chevron, Eni, ExxonMobil, Shell, and TotalEnergies) contributed to about 80% of
low-carbon investments over this period and are estimated to continue to dominate
investment activity. Based on an extrapolation from companies’ public statements
of commitment, this investment activity could reach 134 billion USD in 2026. The
contribution of NOC spending on low-carbon investments could more than triple
during the same period (Figure 3.6).

From 2017 to late 2022, O&G companies focused mainly on building re-
newable power capabilities, dominated by solar and wind. Yet this situation is

Total: 134 (8 billions)

Total: 74 ($ billions)

= Integrated energy companies/supermajors
= National oil companies (NOCs)
= International oil companies (I0Cs)

14%
6%

2017-2022 2022-2026

FIGURE 3.6 Selected oil and gas companies* estimated spending on low-carbon invest-
ments (2017-2026).

Source: Haris et al. (2022).*) 17 companies are assessed here, including sic EICs/supermajors, eight
NOCs, and three I0Cs. Aramco is not explicitly mentioned in the publication but is one of the eight
NOCs analyzed here (correspondence with author Ilshat Haris [Boston Consulting Group, BCG], 4
October 2023).
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changing rapidly as mergers and acquisitions and activity in the venture capital
space of O&G companies indicate that clean hydrogen and CCUS are quickly
taking center stage (Haris et al. 2022). As exemplified by Aramco’s sustainabil-
ity fund, the shift in these areas of O&G companies’ low-carbon investments
reflects the importance of hydrogen and CCUS for reaching net-zero goals and
achieving synergies with existing assets and operations; it also underlines that
they are positioning themselves to become market leaders in low-carbon hydro-
gen technologies.

For the moment, however, most NOCs, including Aramco, have made declara-
tory statements and set emissions goals, while others, including Abu Dhabi-based
Abu Dhabi National Oil Company (ADNOC), Mexico’s Petroleos Mexicanos
(PEMEX), Qatar Energy, and Gazprom, have made few or no commitments. And
the dichotomy between the energy transition spending of IOCs and NOCs is para-
doxical. NOCs produce more petroleum—roughly 60% of the world’s oil—and
their operations release more GHGs than those of IOCs. However, they have made
fewer climate commitments and their emissions and decarbonization plans face
less scrutiny; they also have less exposure to litigation and policy risk than IOCs.
Much of this is owing to the protection provided by sovereign ownership and lack
of exposure to activist shareholders. The importance of oil for government stabil-
ity is another key factor. Unlike those of IOCs, NOCs’ portfolios are relatively
inflexible. While most NOCs acknowledge the need for environmental, social, and
governance reporting and disclosure to enhance their sustainable value creation
strategy, they must also balance low-carbon investments by realizing national eco-
nomic development and providing access to affordable energy (Johnston, van Heu-
sden, and Razak 2022). The Natural Resource Governance Institute describes more
than two dozen countries as budgetarily dependent on export rents from NOCs
(Heller and Mihalyi 2019).

The announcement of Saudi Arabia’s national net-zero target by 2060 shows
that the government is getting to grips with the required targets for implementing
the energy transition and recognizing that countries, particularly those within the
customer base of Aramco, are willing to pay a premium for cleaner fuels. This rec-
ognition is also visible in terms of Aramco’s capital allocation to decarbonization.

Conclusion

Aramco is the largest commercial entity producing carbon-based fuels worldwide,
and the combustion of its O&G accounts for a substantial proportion of global
emissions. Therefore, the announcement of a net-zero target at the national (2060)
and corporate (2050) levels is the first step toward the success of both Aramco
and Saudi Arabia’s climate action. The ambition and rigor accompanying the im-
plementation of policy frameworks (e.g., Saudi Arabia’s national Circular Carbon
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Economy program) and Aramco’s sustainable governance efforts, for example in
fora as the Oil and Gas Climate Initiative, will be crucial in determining the suc-
cess of these net-zero targets (Oil and Gas Climate Initiative n.d.) over the coming
decades.

Investing in and promoting energy carriers such as clean hydrogen constitute a
conservative bet-hedging strategy for Aramco, as it leverages expertise and legacy
assets to produce low-carbon products. Aramco’s 2021 sustainability report sug-
gests that developing low-carbon products and solutions such as hydrogen will
help sustain and diversify demand for O&G by using competitive technologies.
The Company’s emphasis on blue hydrogen clearly fits this strategy, as it implies
a long-term climate-compliant market for natural gas. Simultaneously, its plans in-
clude investments in renewable-based hydrogen, and accompanying technologies
also appear opportune given the favorable geographic and geological conditions.
One example is Saudi Arabia’s Eastern Province, where a large and concentrated
area shows huge potential for the optimal production of renewable hydrogen.

Aramco, given its majority ownership stake in SABIC, is well positioned as
a global leader in hydrogen and its derivatives. Not only will hydrogen add to its
export portfolio but it will also provide an edge in monetizing and expanding its
CCUS technologies. Both will be key factors in achieving the Company’s NZE
target and that of the Kingdom. Aramco’s challenge is to balance its legacy busi-
ness model to supply traditional fuels while developing new offerings of cleaner
products. Aramco’s ventures in clean hydrogen also imply that the Company is
following the path of many O&G majors to become a provider of all energy rather
than just O&G. The $1.5 billion sustainability fund alongside Aramco’s R&D will
allow it to start acquiring breakthrough low-carbon technologies and remain agile
in an uncertain future environment.

However, the new business model outlined herein remains uncertain. The major
shift toward hydrogen and its derivatives involves expensive and complex com-
mercial, trade, and regulatory aspects as well as capacity building and technology
development. Simultaneously, Aramco’s preferred path toward clean energy must
compete with cheaper and more viable pathways that grow quickly. These include
renewable power generation and other clean technologies such as nuclear power
and battery storage.

Finally, NOCs lag IOCs when it comes to low-carbon capital spending owing
to their differing mandates and shareholder and stakeholder pressures. While dis-
closure is improving, reporting the major source of emissions, namely, those of its
customers or Scope 3 emissions, remains a huge task. Taking stock of its Scope
3 emissions is not only relevant for Aramco’s conventional operations but would
also help meet its clean hydrogen ambitions. In addition, Aramco must compete on
costs, strict sustainability criteria, and transparent carbon accounting throughout
the value chain, even though clean hydrogen is a very different commodity from
conventional fuels.
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SABIC’S PATHWAY TO CARBON
NEUTRALITY AND THE ROLE
OF HYDROGEN

Abdulaziz Al Jodai, Pieter Smeets, Fahad Al Sherehy,
and Hicham Idriss

Introduction: SABIC’s global petrochemical play

Saudi Basic Industries Corporation (SABIC) is the third largest petrochemical
company in the world, headquartered in Riyadh and operating in 50 countries.
SABIC was established in 1976 under a Royal Decree as a joint-stock company
with 70% of its shares owned by the Saudi government and the remainder held
by public investors (Sabic 2006). The primary reason for its establishment was to
ramp up the Kingdom’s petrochemical, fertilizer, and metal manufacturing capac-
ity and to ensure that manufactured products meet domestic demand and enter the
export market (Sabic 2006).

In 2020, Saudi Aramco acquired the government’s shareholding in SABIC
through the Kingdom’s Public Investment Fund. The acquisition aimed to leverage
domestic synergies, as Aramco supplies SABIC with its natural gas feedstock. It
also aimed to strengthen Saudi Aramco’s competitiveness in international petro-
chemical markets by accessing SABIC’s global research and marketing capabili-
ties (Sabic 2020). Additionally, the acquisition helped SABIC, which can now take
advantage of Aramco’s financial heft to become more competitive globally.

SABIC operates through three strategic business units (SBUs), namely, pet-
rochemicals, agri-nutrients, and specialties, and one standalone organization, the
Saudi Iron and Steel Company, known as Hadeed (Sabic 2020).

* The petrochemicals SBU focuses on the manufacturing, distribution, and sale
of commodity and performance chemicals as well as polymers (Sabic 2021). It
accounts for the largest proportion of SABIC’s production and sales volumes,
namely 79% and 78% of the total in 2021, respectively (Sabic 2021). With al-
most 86% of total revenue, it is the main contributor to SABIC’s bottom line.
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* The agri-nutrients SBU covers the manufacturing, distribution, and sale of ferti-
lizers and specialty inorganic products for plant nutrition (Sabic 2021). SABIC
is the largest exporter of granular urea globally and the sixth largest producer of
ammonia worldwide (Sabic 2021).

* The specialties SBU handles the manufacture, distribution, and sale of plas-
tics, which are typically customized to meet unique and complex specifications
(Sabic 2021).

* Hadeed is involved in the manufacturing, distribution, and sale of long flat steel
products (Sabic 2021). It is the largest integrated steel producer in the Gulf
region, with a crude steel production capacity of 6 million tons (Kinch et al.
2020).

International sales generated nearly 83% of SABIC’s 2021 revenue of $46.64
billion (Sabic 2021). As the largest non-oil industrial company in the Middle East,
SABIC plays a crucial role in the Kingdom’s industrial economy (Sabic 2020).

Sustainability as a business strategy

SABIC was established to use the Kingdom’s natural gas as a feedstock for the
manufacture of petrochemical products. At that time, the natural gas associated
with oil extraction was underutilized and flared at wellheads (Sabic 2021). The
Kingdom aimed to build export-oriented petrochemical plants close to its natural
gas resources, thus diversifying the economy away from oil exports (Sabic 2020).
Accordingly, the core business of SABIC is manufacturing chemicals from the
constituents of natural gas such as methane, ethane, and propane. SABIC uses
methane to produce methanol, ammonia, and urea. Ethane and propane are used to
manufacture the building blocks of plastic materials such as olefins, glycols, poly-
ethylenes, polypropylenes, and polycarbonates. However, after acquiring manu-
facturing assets elsewhere in the world, SABIC’s current production processes
also rely on other hydrocarbon feedstocks such as butane and light naphtha (Sabic
2020). Regardless of the feedstock, SABIC products have a vast range of applica-
tions, from household items to packaging to specialty materials.

Since its initial operations in the Kingdom, SABIC has grown—both organi-
cally and through overseas acquisitions—into one of the world’s largest integrated
petrochemical companies. Sustainability has always been crucial to SABIC’s iden-
tity. It was recognized early that global environmental constraints would influence
its strategy (Sabic 2021). Acknowledging the environmental issues associated with
petrochemicals and providing solutions is crucial to its operating philosophy (Sabic
2021). For SABIC, sustainability is therefore a ‘foundational element’ focused on
environmental, social, and governance (ESG) principles (Sabic 2021) aligned with

its core values and growth ambitions, particularly in European and US markets
(Sabic 2021).
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FIGURE 4.1 SABIC’s materiality priorities.

Source: Sabic Sustainability Report 2018 Executive Summary. (KPI- Key Performance Indicators;
GRI — Global Reporting Initiative; EHSS- Environment and Human Health, Safety, and Security).

SABIC periodically conducts risk/opportunity analyses of the elements most
important to customers and stakeholders. Such analyses help focus resources
where they are deemed to be material to the company’s success (see Figure 4.1).

These materiality analyses enable SABIC to develop a sustainability strategy
that manages the most critical risks for its business units, customers, and stake-
holders, even as it grows (Sabic Sustainability Report 2021). Since 2014, SABIC
has engaged with the United Nations over its Clean Development Mechanisms to
combat climate change. For example, its Al Jubail Fertilizer Company (AlBayroni)
has received carbon credits for its greenhouse gas (GHG) emission savings (Sabic
2018). Similarly, SABIC’s global headquarters in Riyadh have been certified as a
carbon-neutral site (Sabic 2019).

SABIC aims to improve its wider sustainability performance by aligning its
efforts with the United Nations’ Sustainable Development Goals. It has identified
10 of the 17 Goals as the most relevant to its business operations and tracked its
performance against these goals (SDG Roadmap 2019).

With the company’s focus on sustainability, SABIC materials and solu-
tions support the development of societies with moderate per-capita energy
consumption. Examples include insulation materials (reducing the energy con-
sumption of buildings) and lightweight assemblies for transportation (reducing
per-kilometer fuel consumption and therefore carbon emissions). Other materi-
als include packaging materials (ensuring a longer shelf life of food) and the
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materials required to manufacture the solar panels, wind turbines, and batteries
of renewable energy systems.

SABIC is a member of several international and industry groups addressing
many issues of sustainability, including the United Nations Global Compact, World
Business Council for Sustainable Development, Plastics Europe, and World Eco-
nomic Forum’s Industry Partnership for Chemicals. It also actively collaborates
with industrial peers to develop sustainable technology. SABIC was a founding
member of both the World Economic Forum’s Low-Carbon Emitting Technology
program (Sabic 2021) and the Alliance to End Plastic Waste (Sabic 2019).

SABIC applies innovative technology to make its products and services more
sustainable for customers. Indeed, a crucial part of its sustainability initiative is
the extensive array of solutions marketed under its TRUCIRCLE™ trademark
(Figure 4.2). Launched in 2019, TRUCIRCLE aims to tackle the issue of plastic
waste by using a circular carbon economy (CCE) framework to close the value
chain linking plastic production, usage, consumption, and waste management.

TRUCIRCLE’s solution portfolio can be applied to facilitate the reduction,
reuse, recycling, and removal of carbon, as embodied chiefly in plastics. It in-
cludes products manufactured from a feedstock derived either from biomass,
such as wood pulp (Sabic 2019), or from used plastics, such as mechanically and
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FIGURE 4.2 SABIC’s TRUCIRCLE™ process.
Source: Sabic (2019).
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chemically post-consumer recycled waste. The renewable or recycled feedstocks of
TRUCIRCLE products have been independently certified.

In 2019, SABIC was the first company to manufacture polycarbonates from cer-
tified renewable feedstocks (Sabic 2019). It works closely with industry partners
and the International Sustainability and Carbon Certification (ISCC) Association.
For instance, it has produced certified circular polymers using recycled mixed plas-
tic waste and renewable feedstock (Sabic 2020). In June 2022, SABIC received
ISCC Plus accreditation for its polypropylene compounds and resins based on
bio-renewable and advanced recycled feedstocks (Sabic 2022). The ISCC Plus
certification is based on a ‘mass balance system.” Hence, for each ton of circular
feedstock fed into the process cracker as a substitute for fossil-based feedstocks,
approximately one ton of the resulting output can be classified as circular plastic
(Sabic 2021).

Arecent lifecycle analysis by SABIC examined the carbon flows of its certified-
renewable polypropylene compounds ‘from cradle to gate’ and ‘from cradle to gate
plus end-of-life.” This showed that they can reduce fossil fuel consumption by up
to 40% and help reduce the carbon footprint of their applications by up to 95%
(Sabic 2022).

Decarbonizing the chemical sector

The chemical industry is the largest consumer of energy, mainly in the form of oil
and gas (Bellona Europa 2019). A substantial proportion of the consumed energy
is due to process needs (e.g., heating large chemical units), which results in carbon
emissions. However, most of the carbon in the consumed energy ends up in the
industry’s products and is not immediately released into the environment. Hence,
although the industry accounts for almost 30% of global industrial energy de-
mand, it contributes only approximately 20% of global industrial GHG emissions
(Hasanbeigi 2018; Macleod 2021).

The synthesis of ammonia illustrates the difficulty in decarbonizing the chemi-
cal industry. Ammonia is typically synthesized by reducing molecular nitrogen us-
ing hydrogen. However, the hydrogen for this chemical reaction is produced from
natural gas through steam methane reforming (SMR). Based on the underlying
stoichiometry, the process releases 5.5 kg of CO, per kg of hydrogen produced
(Worrell et al. 2000). Nonetheless, when the energy required to drive the process is
considered, the total CO, released increases substantially. The median release is ap-
proximately 9 kg of CO, per kg of hydrogen. Indeed, depending on the process and
location, it can rise as high as 12 kg of CO, per kg of hydrogen (Sun and Elgowainy
2019; Blank and Molly 2020).

Replacing SMR-hydrogen with renewable hydrogen (e.g., made from the elec-
trolysis of water with solar power) is a technically feasible method to decarbonize
ammonia synthesis. However, this would be an expensive approach given current
renewable energy costs. The non-subsidized levelized cost of hydrogen made from
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water using fully renewable sources is approximately $5/kg, three to five times
higher than that produced from SMR (Khan et al. 2021). Capturing and sequestrat-
ing the CO, in the SMR process, while expensive, is a more economical approach
in the short term as long as sequestration relies on safe and well-proven technol-
ogy. Therefore, injecting CO, deep into subsurface geological formations is being
studied extensively (Davarazar et al. 2020).

As one of the world’s largest chemical companies, SABIC consumes consider-
able energy and resources to produce, transport, and sell its products (Sabic 2020).
However, to thrive and grow in an intensely competitive and increasingly transpar-
ent global business environment, it must demonstrate industry leadership in ad-
dressing sustainability challenges.

To overcome the many challenges involved in decarbonization, SABIC is
aiming to reduce its CO, emissions on multiple fronts. This includes using re-
newable energy for chemical processes, producing hydrogen with a low CO,
footprint, and curbing CO, emissions in general. Simultaneously, it is focusing
on maintaining and improving its operating standards and ensuring cost effi-
ciency as part of its business strategy. In combination, these efforts should im-
prove resource and carbon efficiency as well as increase productivity per unit of
feedstock (Sabic 2020).

In 2010, SABIC announced its first sustainability target, namely, to reduce its
energy intensity and GHG intensity metrics (GJ and tCO,e per ton of sales, re-
spectively) by 25% by 2025. SABIC completed its first comprehensive quantifica-
tion of GHG emissions and energy consumption across its manufacturing sites in
2010, which is why this year was chosen as the base year (Sabic Sustainability
Report 2011). By 2021, SABIC had decreased its energy intensity by 11.3% and its
GHG intensity by 17.5%, showing progress toward its target (Sabic 2021). These
decreases came about from closing the olefin plant in Teesside, UK, as well as re-
structuring operations and process improvements at the Ibn Rushd plant. Installing
energy-efficient systems in other SABIC plants has also helped. Overall, SABIC
has managed to reduce its emissions from flaring by 51.1% compared with the
2010 level (Sabic 2021).

Transitioning to carbon neutrality

The global business landscape has drastically changed since 2010. Today’s cus-
tomers, investors, regulators, and consumers increasingly expect more ambitious
sustainability strategies and stronger ESG accountability. At the same time, the
ESG ecosystem is highly complex, involving many players with inconsistent ap-
proaches and a lack of standardization. ESG rating and ranking methodologies
differ in what is included and the data sources used. Despite recent efforts to create
consistent disclosure standards and metrics, companies have largely been left to
their own devices to define how to measure ESG performance and what informa-
tion is essential. SABIC, for one, has implemented an ESG governance structure
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that will enable it to provide greater accountability and transparency about its
operations.

Part of SABIC’s governance structure revolves around setting targets for its new
holistic strategy to become carbon-neutral. In October 2021, after HRH Crown
Prince Mohammed bin Salman announced the Kingdom’s pledge to achieve car-
bon neutrality by 2060, SABIC committed to achieve carbon neutrality across its
worldwide operations a decade sooner (Sabic 2021). In the interim, SABIC is aim-
ing to reduce its Scope 1 and 2 emissions worldwide by 20% by 2030 (relative to
2018), while collaborating with value chain stakeholders for initiatives to reduce
indirect Scope 3 emissions (Sabic 2021). In 2021, SABIC’s global GHG emissions
(Scope 1 and 2) amounted to 51 million mtCO,eq and its Scope 3 emissions were
estimated to be 117 mtCO,eq (Sabic 2021).

SABIC’s 2050 carbon neutrality roadmap (Figure 4.3) delineates five pathways
toward its carbon neutrality goal (Sabic 2021):

* Improving reliability and energy efficiency

* Deploying renewable energy

* Electrifying process equipment

* Exploiting opportunities for carbon capture, utilization, and sequestration
(CCUS)

* Using green and blue hydrogen
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FIGURE 4.3 SABIC’s 2050 carbon neutrality roadmap.
Source: Sabic (2021).
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These five pathways are aligned with SABIC’s broader approach to sustainability
and enhance its ongoing progress toward its energy and GHG intensity goals. They
can also fit into the CCE framework,' which the Kingdom introduced to G20 coun-
tries when it held the group’s presidency (see Chapter 2). The CCE comprises the
4Rs of reuse, reduce, recycle, and remove carbon (Sabic 2020).

Figure 4.4 depicts how SABIC can reduce, reuse, and recycle CO, according
to the CCE framework. The illustrated scheme revolves around the world’s largest
CO, capture and purification plant, which a SABIC affiliate has been operating
since 2015 in Jubail, Saudi Arabia. This plant has a purification capacity of up to
500,000 mt per annum (Sabic 2020).

The plant captures CO, from the ethylene glycol process. After purification,
it is injected into a CO, pipeline grid that feeds SABIC-affiliated manufacturing
facilities, which then use CO, to manufacture value-added products such as urea,
methanol, and oxy-alcohols. Liquid CO, from this plant is used in food and bever-
age applications (Sabic 2021).

In its sustainability report of 2021, Saudi Aramco stated its ambition to pro-
duce 11 million tons of blue ammonia per annum by 2030 (Aramco 2022). This has
implications for SABIC since it would play a critical role in any future blue ammo-
nia exports from the Kingdom. SABIC is striving to develop the global low-carbon
ammonia market given its extensive expertise in ammonia production, marketing,
and downstream production as well as its experience in CCUS. SABIC’s agri-
nutrients is the leading SBU in these efforts (Sabic 2021).
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Green electricity for decarbonization

Electrification is one of the main approaches for curbing CO, emissions, pro-
vided that electricity is generated from renewable energy. For this reason, SABIC
has established short- and long-term goals to significantly increase the company’s
electricity demand. In the short term, well-established equipment with high tech-
nological readiness levels (e.g., rotating equipment) will be electrified. The next
phase will involve the electrification of energy-intensive processing units such
as steam crackers and reformers for olefin, methanol, and ammonia synthesis.
In preparation for this second phase, in 2021, SABIC signed an agreement with
BASF and Linde to jointly work on electrically heated steam cracker furnaces.
Using renewable electricity, CO, emissions from such crackers can be reduced by
up to 90% (Sabic 2021).

These electrification goals must be matched with access to renewable energy
sources. Therefore, SABIC has formulated a renewable energy roadmap to har-
ness 4 GW of installed generating capacity (comprising wind and solar) by 2025,
reaching 12 GW by 2030 (Sabic 2021). A memorandum of understanding between
SABIC and the Saudi Ministry of Energy to develop renewable energy projects
should help meet those targets (Al-Awsat 2021). However, additional renewable
electricity will be required.

Fortunately, SABIC’s global footprint opens up possibilities in other countries.
It has already installed solar panels at the manufacturing sites in Baroda, India and
Rayong, Thailand (Sabic 2021). By 2024, SABIC’s polycarbonate-manufacturing
facility in Cartagena (Spain) will run on renewable electricity generated by a
100-MW solar photo voltaic facility (Sabic 2020).

Hydrogen as a feedstock and as a fuel

Three chemical processes make the most intensive use of hydrogen at SABIC:
methanol synthesis, ammonia synthesis, and steel production. To decarbonize these
processes, both blue and green hydrogen will be needed. The main economic driv-
ers for blue hydrogen are the price of natural gas and cost of CO, capture and stor-
age, although the latter will become cheaper as its deployment globally rises. The
main economic drivers for green hydrogen are the price of renewable electricity
and upfront capital expenditure for electrolyzers. As early as 2030, green hydrogen
costs could be competitive with those of gray and blue hydrogen on the back of
technological improvements and lower renewable electricity costs (Sabic 2021).
In Saudi Arabia, renewable energy resources (solar and wind energy) have gained
substantial momentum. Recent solar projects conducted by the Ministry of Energy
have resulted in competitive renewable electricity generation costs.

SABIC intends to follow a dual blue and green approach to access low-carbon
hydrogen. Steam methane reformers would produce blue hydrogen using natural
gas while sequestering the CO, by-product. In the long run, green hydrogen will
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be produced from water using renewable electricity. NEOM, an under-construction
zero-carbon urban development in Saudi Arabia, provides the best example of the
promise of green hydrogen in the country (Arab News 2020).

In addition to green and blue hydrogen, turquoise hydrogen is another alter-
native for manufacturing net-zero hydrogen. Turquoise hydrogen is based on
the pyrolysis of methane, which yields hydrogen and solid carbon (Sanchez-
Bastardo et al. 2020). This process is significantly more energetically economi-
cal than water electrolysis. It may also be more commercially viable if low-cost
natural gas is available. Unfortunately, a large amount of carbon is produced.
Each kilogram of hydrogen contains 3 kg of carbon. For this reason, a mar-
ket that can absorb substantial amounts of carbon by-products must be created.
Otherwise, the carbon would need to be stored/sequestered in the geosphere in
opencast pits.

Methane pyrolysis technology is not yet ready for large-scale applications.
Nevertheless, turquoise hydrogen production could serve as a stopgap until suffi-
cient cost-competitive renewable energy exists for manufacturing green hydrogen.
SABIC is closely following the progress of the methane pyrolysis technology for
industrial applications.

Hadeed, SABIC’s wholly owned integrated steel producer, uses the directly re-
duced iron-electric arc furnace (DRI-EAF) process to produce steel (Sabic 2021).
Hadeed’s DRI facility uses hydrogen-rich syngas as the reductant, which is pro-
duced from natural gas via SMR. Therefore, Hadeed’s decarbonization depends on
blue hydrogen as a reductant (and fuel), whereas its EAF needs to be supplied with
renewable electricity.

In addition, SABIC is exploring other applications for low-carbon hydrogen. In
the United Kingdom, for example, SABIC is converting its ethylene cracker in two
phases. The first phase will see a reduction in carbon emissions of approximately
60% through the conversion of its mixed feed cracker to an ethane feed. In the next
phase, the project is exploring using blue hydrogen as a fuel for a carbon-neutral
cracker (Weddle 2021).

At SABIC’s Geleen site in the Netherlands, hydrogen offers an innovative way
of closing the value chain ‘loop,’ as envisaged by the CCE. The oils from the py-
rolytic breakdown of low-grade mixed plastic waste are hydrotreated to be used
to make olefins for polymers (Albasini 2022). Hydrotreatment helps remove im-
purities and enrich the hydrogen-to-carbon ratio of pyrolysis oils. The removal of
impurities also enables a significantly more energy-efficient reaction to take place.
Using low-carbon hydrogen in this process not only reduces the carbon intensity of
the polymer production process but also closes the loop on plastic waste.

Underlining its business interest in renewables-based hydrogen production,
SABIC recently joined the Hydrogen Council, a global CEO-led initiative of
92 leading energy, transport, industry, and investment companies that advocate and
promote a vision for developing a hydrogen economy.
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Case study: blue hydrogen and blue ammonia

In September 2020, Saudi Aramco announced its first blue ammonia shipment from
Saudi Arabia to Japan (Ewing 2020). This maiden 40-tonne shipment was achieved
in partnership with the Institute of Energy Economics Japan and SABIC, supported
by the Japanese Ministry of Economy, Trade, and Industry. Shipped blue ammonia
was used as a fuel for zero-carbon power generation (Figure 4.5).

The pilot project demonstrated the logistics of converting hydrocarbons to hy-
drogen and then to ammonia while capturing, utilizing, and sequestering 50 tons
of associated CO, emissions. Blue ammonia was produced at the Jubail plant of
the SABIC-affiliated Saudi Arabian Fertilizer Company in a conventional manner,
yielding CO, as a by-product. Thirty tons of captured CO, was then used to pro-
duce methanol at SABIC’s Ibn Sina plant. Another 20 tons of the captured CO, was
transported to the Hawiyah natural gas processing plant, where it was then injected
into the pipeline used for enhanced oil recovery at Aramco’s Uthmaniyah oil field
(Saudi Aramco, IEEJ, SABIC 2020; Shabaneh, Al Suwailem and Roychoudhury
2020). Thus, part of the captured CO, was used to produce methanol at Ibn Sina
and part was sequestered at Uthmaniyah.

In addition to demonstrating the logistics of the entire blue ammonia value
chain, the pilot project showed how CO, streams could be tracked and metered
within a CCE framework for future commercial applications (Ewing 2020). Un-
derstanding the carbon flows of such a pilot batch of blue ammonia helps not only
inform the development of an international hydrogen certification scheme but also
identify business risks and how to manage them (Brown 2020).

Hydrogen plant,
Jubail

Ammonia plant, 50 kW micro gas turbine

co
Jubail ‘ (Koriyama, Japan)

CO, capture plant, CCUS hub 2 MW gas turbine
Jubail 5 Ry (Yokohama, Japan)
N2 Utilization l
L .
'Ta I 'Ta I Co-firing in a boiler
Enhanced oil recovery Methanol plant, (Aioi, Japan)
at CO, EOR pilot Jubail

FIGURE 4.5 Schematic of the blue ammonia pilot shipment to Japan.
Source: Aramco (2022).
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More recently, in August 2022, the Saudi Aramco Jubail Refinery and SABIC
Agri-Nutrients Company’s plant in Jubail received the world’s first independent
certification of blue hydrogen and blue ammonia. The certifications for 8,075
tons and 37,800 tons of product were granted by the German testing agency TUV
Rheinland. To achieve this, a substantial proportion of the CO, emissions gener-
ated during the manufacturing process must be captured and used in downstream
applications (Sabic 2022).

These synergistic CCE achievements associated with blue products leverage the
existing infrastructure in successful partnerships between the Kingdom’s vital in-
dustrial organizations, namely, Aramco and SABIC. They illustrate how to gradu-
ally shift the petrochemical industry from fossil fuels to a low-carbon hydrogen
economy (KAPSARC 2021).

Conclusion

SABIC has successfully met many of the challenges posed by its approach to
sustainability. By collaborating with stakeholders throughout its value chains,
it has opened opportunities to create additional value for its products and ser-
vices. It has shown an inclination to engage with suppliers and customers to
transform the links of its existing value chains and gain expertise over the new
links it develops. These include those related to CCUS, low-carbon ammonia,
and hydrogen.

Hydrogen, which is used as a chemical feedstock and could be explored as a fuel
in the future, offers several ways to reduce carbon emissions. This can be achieved
either via water electrolysis using renewable energy (green hydrogen) or from con-
ventional SMR but with CO, capture and sequestration (blue hydrogen). Therefore,
both blue and green hydrogen play crucial roles in decarbonizing SABIC’s three
carbon-intensive manufacturing processes for methanol, ammonia, and steel. At
the same time, the electricity generated from renewables could directly replace
conventionally generated electricity.

The short- and long-term technological goals related to hydrogen and elec-
trification support SABIC’s carbon neutrality and sustainability commitments.
Further, integrating technologies could result in higher resource and energy
efficiencies.

With its extensive technical knowledge and commitment toward transitioning
to a low-carbon future, SABIC is well placed to become a key player in the future
global hydrogen and ammonia markets. Indeed, its sustainable products and solu-
tions could lead to a decarbonized petrochemical industry.

Note

1 For a more detailed understanding of the CCE framework, see www.cceguide.org.
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GREEN HYDROGEN IN SAUDI
ARABIA’S NEOM

Frank Wouters

Introduction

Countries rarely build economic regions from scratch and such projects are often
politically motivated. Examples include the recent projects in Kazakhstan, Bra-
zil, and Nigeria. For instance, Nur—Sultan in Kazakhstan and Brasilia in Brazil
are in more central locations than the capital cities they succeeded. Nur—Sultan
was meant to be further away from the Chinese border, while Brasilia, Oscar
Niemeyer’s vision of a future city with stunning architecture, was relocated to cen-
tral Brazil to be closer to the country’s population.

In Saudi Arabia, NEOM is an economic region planned for the northwest of the
Kingdom and the centerpiece of Saudi Vision 2030. NEOM, or ‘new future’, is
located north of the Red Sea, east of Egypt (across the Strait of Tiran), and south
of Israel and Jordan. NEOM is different from the aforementioned projects in sev-
eral ways. First, it is not centrally located or intended to replace Riyadh as Saudi
Arabia’s capital. Second, NEOM’s sheer size, at 26,000 km? (the size of Belgium),
and its unique constitution-like legal framework make it a hybrid between a city
and a country. The rest of this chapter refers to NEOM as a region.

NEOM is the vision of a zero-carbon region in that it combines both urban
living and nature reserves in a harmonized manner. The region will become the
home and workplace of millions of residents from around the world. It will include
hyperconnected cognitive communities and cities, ports and enterprise zones, re-
search centers, sports and entertainment venues, and tourist destinations. It is being
created to address some of the most pressing challenges facing the world today.
These challenges include the impacts of climate change, unrestrained urban devel-
opment and sprawl, traffic congestion, and environmental degradation. It aims to
serve as a model of livability that places people and the planet in harmony, with
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sustainability at its core. NEOM also aims at unmatched livability and economic
prospects that will be powered by a profitable economy driven by advanced tech-
nology that will pioneer the development of 14 industrial or commercial sectors,
including energy. Other sectors are water, food, mobility, manufacturing, design &
construction, technology & digital, tourism, financial services, media, health,
well-being, and biotechnology. All energy in NEOM will be 100% renewable
(predominately from solar and wind), ensuring clean and pollution-free urban envi-
ronments. NEOM’s abundant wind and solar resources will also allow it to produce
low-cost green hydrogen.

This chapter first describes NEOM’s strategy and the rationale behind its de-
sire to produce green hydrogen. Thereafter, the main potential use cases for hy-
drogen to be made in NEOM are explained. NEOM’s hydrogen research strategy
and its green hydrogen program, including the NEOM Green Hydrogen Company
(NGHC), are then described. The chapter ends with conclusions.

NEOM'’s energy strategy

NEOM is pursuing a zero-carbon philosophy for its energy system, which will be
based on solar and wind power. NEOM’s location is an important factor in this
respect. The region’s solar and wind resources are abundant and complementary.
The wind is predominantly of thermal origin over the Red Sea and flows through
the Gulf of Aqaba. In combination with the setting sun, it provides an exceptionally
high annual load factor that is anticipated to be up to 70%. Solar and wind power
can thus cover a large part of NEOM’s energy demand through direct electrifica-
tion, albeit not 100%.

The cost of green hydrogen produced in NEOM, assuming current electrolyzer
and green electricity costs, is expected to be below $2/kg, among the lowest in the
world. If the costs of green electricity and electrolyzers continue to fall, so will the
production cost of green hydrogen. Saudi Arabia is blessed with not only low-cost
hydrocarbons but also sustainable energy sources, guaranteeing a firm position in
any future energy market. Figure 5.1 compares renewable electricity generation
costs globally.

Saudi Arabia has one of the lowest costs of renewables globally, which will
contribute to lower decarbonization costs across the Kingdom. NEOM can pro-
vide renewable and clean energy to produce (low-carbon) chemicals, steel, alu-
minum, fertilizers, and mining at an industrial scale. Within the region, hydrogen
and its derivatives can be used to stabilize the electricity system as well as store
energy and dispatch power. It can also serve as a fuel for, say, road and marine
transport.

In addition to the potential for hydrogen use in domestic and regional mar-
kets, it can be exported. This is the focus of NEOM’s green hydrogen production.
NEOM is geographically located between Europe and Japan/Korea, which are the
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FIGURE 5.1 Long-term hydrogen costs from hybrid solar photovoltaic and onshore
wind systems.

Source: IEA (2019).

Notes: This map is without prejudice to the status of or sovereignty over any territory, to the delimita-
tion of international frontiers and boundaries, and to the name of any territory, city, or area. Electrolyzer
CAPEX = $450/kWe, efficiency (LHV) = 74%; solar photovoltaic CAPEX and onshore wind CAPEX =
$400-1000/kW and $900-2500/kW depending on the region; discount rate = 8%.

TABLE 5.1 Hydrogen shipping costs as a function of distance to NEOM
from various parts of the world

Distance to NEOM (km) Shipping cost (3/kg)
EU 8,200 0.62
Korea 15,200 1.28
Japan 15,600 1.33

Source: HySupply Shipping Analysis Tool v1.1.

two main import markets for hydrogen and hydrogen products. Since the cost of
shipping a commodity is a function of the distance, shipping to Japan is more than
twice as expensive as shipping to Europe. Table 5.1 shows the cost differences.
Achieving NEOM’s ambitious plan to become a global center of a thriving
knowledge- and innovation-based economy will not be straightforward given the
lack of infrastructure and human capital. NEOM will be funded initially by Saudi
Arabia’s sovereign wealth fund, namely, the Public Investment Fund. However,
attracting adequate foreign direct investment in the long run will be crucial. Inno-
vation is the foundation on which NEOM will be built, stretching from infrastruc-
ture, manufacturing, education, energy, food, water to healthcare, and life sciences.
For people and companies to innovate in NEOM, economic ecosystems across sec-
tors must be created, which will take time to develop. How this chicken-and-egg
conundrum will be solved is one of the crucial puzzles for NEOM. It will be ad-
dressed by integrating sectors’ strategies and developing NEOM’s manufactur-
ing center. For example, people, industries, and technology will come together in
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NEOM’s industrial city OXAGON to function in harmony with nature. Hence, the
state-of-the-art approaches of Industry 4.0 and the circular economy will merge to
create factories of the manufacturing products of the future. In OXAGON, not only
can innovators and entrepreneurs accelerate ideas from labs to market but people
can also come together to live, work, and play in thriving communities.

Green hydrogen applications in NEOM

With excellent renewable resources, abundant low-cost land, and favorable legisla-
tion, NEOM will possess all the assets to become a world-class low-cost hydrogen
producer. The hydrogen produced will be used domestically (i.e., in NEOM and
Saudi Arabia at large) as well as be exported. Several possible applications are be-
ing explored, as described in the following subsections.’

Balancing the electricity system

In NEOM’s electricity system dominated by (variable) renewables, storage and
dispatchable generation are required to guarantee a reliable energy supply. While
demand-side management and batteries can provide short-term storage, hydrogen
is required for longer-term storage. Hydrogen can be stored inexpensively and re-
converted to electricity using fuel cells and gas turbines when demand is above the
immediate supply from solar and wind sources. Since NEOM’s electricity system
is projected to run on 100% renewable energy, hydrogen is required to stabilize
the system and provide a reliable supply. The need for hydrogen in an electricity
system increases as the variable renewable energy share rises (Figure 5.2). Above
a certain threshold, building additional renewable capacity would be inefficient
without long-term storage alternatives. A higher share of renewables could become
feasible by providing seasonal storage, for example via hydrogen.

Hydrogen for road transport

Hydrogen is a versatile fuel that can be converted in a fuel cell to power an electric
vehicle. One of hydrogen’s strengths is in long-haul, heavy-duty transport. Hyzon
Motors is a leading global supplier of zero-emission hydrogen fuel cell-powered
commercial vehicles. In April 2021, it signed a memorandum of understanding
with NEOM to develop a heavy-duty commercial vehicle assembly facility (Hyzon
Motors 2021). The development project will be run jointly with Modern Group, a
Saudi industrial conglomerate. The anticipated annual capacity of this new regional
assembly facility is up to 10,000 vehicles for distribution across Saudi Arabia and
the Gulf region (Figure 5.3).

Traveling in NEOM may not require individual car ownership, as there will
be plenty of autonomous mobility options and rail or mobility-as-a-service op-
tions. A variety of mass transport options are nonetheless required, including from
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FIGURE 5.2 The rising need for hydrogen as the variable renewable energy share
increases.

Source: Hydrogen Council (2017).

Notes: Based on figures from the Fraunhofer Institute for Solar Energy Systems ISE (2017), BMW,
RWTH Aachen, Sterner and Stadler (2014), and McKinsey. (1) Least-cost modeling to achieve the 2°C
scenario in Germany by 2050 in an hour-by-hour simulation of power generation and demand; assump-
tions: no regional distribution issues (would increase the hydrogen pathway) and no change in energy
imports and exports. (2) Simulation of storage requirements for a 100% renewable energy share in
Europe; only power-sector storage considered (lower bound for the hydrogen pathway).

FIGURE 5.3 Hyzon vehicle designs and fuel cells.
Source: Hyzon Motors (2021).

the planned NEOM International Airport to residential areas or regions bordering
NEOM. For this, Hyzon and NEOM are working on a concept for deploying hy-
drogen buses, including hydrogen refueling stations.
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Oftf-grid energy supply

NEOM is aiming to preserve 95% of its land for nature. To cater to the millions
of tourists it aims to attract annually, dedicated off-grid camping sites will be con-
structed in harmony with the natural environment. The supply of power and other
utilities to such remote sites demands specific solutions. Traditionally, such sites
are powered by diesel generators, but this is not an option for NEOM. A combi-
nation of onsite renewable energy and batteries can cover much of the electricity
demand. However, hydrogen converted in a fuel cell takes up less space while also
generating heat and water along with electricity.

E-fuels

Several e-fuels are promising for NEOM, including ammonia, methanol, and
more complex hydrocarbons. E-fuels are synthetic fuels resulting from the com-
bination of green (or e-hydrogen) gas and CO, captured either from a concen-
trated source (e.g., flue gases from an industrial site) or nitrogen or CO, from
the air via direct air capture. NEOM’s Hydrogen Innovation and Development
Center (HIDC) is continuing its development of production, conversion, and
end-use technologies.

Ammonia

Ammonia is commonly produced from hydrogen and nitrogen using the Haber—
Bosch process, following the ammonia synthesis reaction:

3H, + N, — 2NH,

The hydrogen at NEOM will be produced in a water electrolyzer using a com-
bination of solar and wind electricity, whereas the nitrogen is produced in an air
separation unit, also powered by green electricity. A small ammonia loop, produc-
ing approximately 50 tons per day, could run on a 40-MW electrolyzer and used
to produce ammonia for use in NEOM and elsewhere in Saudi Arabia as well as
for export.?

Catalysts are important elements to increase the efficiency of the Haber—Bosch
process as well as decompose ammonia. NEOM is exploring ways to cooperate
with the King Abdullah University of Science and Technology (KAUST) on de-
veloping advanced processes. Such processes include the development and use
of the catalytic conversion of ammonia to nitrogen and hydrogen. Ammonia is
quickly emerging as a major transport vector for hydrogen as well as develop-
ing into an energy vector (e.g., as a marine fuel or co-fired with coal in power
plants). However, most future demand will be for pure hydrogen (e.g., for use in
fuel cells). Hence, the ability to crack ammonia back into its components will be
a crucial step in the value chain. KAUST and NEOM could cooperate, together
with industrial partners, on developing catalysts that increase the efficiency of the
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ammonia cracking process. These partners could, for example, build on KAUST’s
work using advanced catalysts based on ruthenium, potassium, and calcium oxide
for decomposing ammonia.

Methanol

Methanol, also known as methyl alcohol among other names, is the simplest
alcohol, with the formula CH,OH (a methyl group linked to a hydroxyl group,
often abbreviated to MeOH). It is a light, volatile, colorless, flammable liquid with
an alcoholic odor such as that of ethanol (potable alcohol). Methanol is a widely
adopted chemical that can be used to produce synthetic gasoline, olefins, polypro-
pylene, methyl tertiary-butyl ether, formaldehyde, and solvents. These products are
used in industries such as automotive, construction, electronics, solvents, pharma-
ceuticals, appliances, packaging, and insulation because of its unique properties.
It significantly reduces emissions of sulfur oxides, nitrogen oxides, and particulate
matter. Methanol can also be used directly as a fuel. For example, it can be highly
efficient for use in marine diesel engines. Since a methanol spill at sea does not
have the adverse effects of other marine fuels, methanol could be stored in the
double hull of modern vessels unlike ammonia and diesel. The automotive segment
led the methanol market in 2019, accounting for a 24.8% share in terms of value.
The global methanol market is projected to reach $26.7 billion by 2025, rising at
a compound annual growth rate of 5.5% between 2020 and 2025 (Research and
Markets 2021).

Since methanol is produced through the hydrogenation of CO or CO,, it could
also be used to capture and recycle CO, emissions (Figure 5.4):

CO +2H, — CH,OH

CO, +3H, — CH,0H + H,0
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FIGURE 5.4 Small methanol production set-up.
Source: Thyssenkrupp (2022).
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NEOM’s hydrogen comes from water electrolysis. Since there are no refineries,
fossil fuel-driven power plants, or other industrial sources of carbon, its carbon
would either be biogenic or captured from air. NEOM is exploring the latter option,
called direct air capture.

Use as a feedstock in Saudi Arabian industry

The key uses of hydrogen in Saudi Arabia are refining and producing ammonia
(Qamar Energy 2020). First, hydrogen produced through steam methane reform-
ing is used in Aramco’s refineries, with production facilities in Yasref, Luberef,
Rabigh, and Jeddah and a new unit being developed in Jubail. Total production
capacity from these units is 616,000 tons of hydrogen per year, with an additional
150,000 tons per year planned when Jubail comes online in 2023. Second, the
Kingdom produced about 4.3 million tons of ammonia in 2021, requiring 774,000
tons of hydrogen per year (Statista 2022). Hence, domestic demand for hydrogen
in refining and producing ammonia amounts to around 1.7 million tons per year.
This number indicates that the domestic market is already seven times larger than
the planned hydrogen production capacity at NEOM. The methanol production at
Ar Razi and Sipchem has a combined capacity of 6 million tons per year. If this is
converted from natural gas as a feedstock to hydrogen with captured CO,, domestic
demand would require an additional 750,000 tons of hydrogen.

Export

As mentioned in the Introduction, predictions of global hydrogen demand vary
wildly. This is partly because hydrogen is only produced in captive installations to
produce selected chemicals, mostly fertilizers, and for refining. Crucially, future
hydrogen demand must develop and grow substantially. However, hydrogen is rec-
ognized by governments and stakeholders globally as a substantial element in the
energy mix of a net-zero emissions future. Many countries, including European
Union (EU) member states, Korea, and Japan, require hydrogen but lack the po-
tential for sufficient domestic production. These areas are potential offtake markets
for Saudi hydrogen.

To cover its future need for renewable hydrogen, Europe is likely to rely on
imports. According to the EU’s REPowerEU strategy presented in March 2022, the
Hydrogen Accelerator initiative increased the hydrogen to be consumed in the EU
in 2030 to 20 million tons per year, up from 5 million tons. Half that (10 million
tons) will need to be imported, mostly from neighboring North Africa and Ukraine,
but also from the Gulf region. If one-third of future imported hydrogen came from
the Gulf, this would constitute 3.5 million tons, a business opportunity valued at
$7-10 billion annually. While this is below the trade volume of fossil fuels im-
ported into Europe from Gulf countries ($32 billion in 2019), the expected hy-
drogen trade volume is a conservative estimate, with significant upward potential
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(European Commission 2022). The Belgian Hydrogen Import Coalition (Port of
Antwerp 2021), for example, estimates that 7,000 TWh of energy will be imported
into the EU annually by 2050. This would place hydrogen trade from the Gulf into
the EU comparable to today’s liquefied natural gas volume.

One interesting idea is to connect Europe to Saudi Arabia via a hydrogen pipe-
line (IEF 2021). Although no concrete plans yet exist, a potential route could con-
nect Saudi Arabia through Egypt with the European gas grid. Europe is examining
the conversion of its extensive natural gas pipeline system to accommodate hydro-
gen, with several backbone projects being studied (Guidehouse 2020). If natural
gas pipelines in the Middle East are also converted from natural gas to hydrogen,
a connection to the Arab Gas Pipeline or planned EastMed Pipeline could be con-
sidered (see Chapter 8).

Bunkering

Ammonia has long been considered one of the most promising alternative marine
fuels to reduce greenhouse gas emissions in the shipping industry. This is because
it does not emit CO, when combusted. This is in line with the International Mari-
time Organization’s strategy to reduce CO, emissions by 2050 (IMO 2021). Green
ammonia holds great potential, as it is produced from renewable electricity, water,
and air with no CO, emissions. Several manufacturers of marine engines, includ-
ing Wirtsild and MAN, are developing dual-fuel engines that can run on ammonia
(Wirtsila 2020). Approximately 12% of the world’s trade flows through the Red
Sea and marine shipping accounts for 80% of the world’s trade in goods. Thus,
NEOM is strategically located to supply the marine transport industry with green
ammonia (MFAT 2021).

Yachting

Together with Amaala and the Red Sea Project, NEOM is part of the Red Sea Col-
lection being developed by the Public Investment Fund. One of the aims of the
initiative is to develop sustainable yachting in the Red Sea in harmony with the
delicate marine environment. Hydrogen and hydrogen-derived fuels such as meth-
anol and ammonia are proposed as clean marine fuels for the area, as they would
not affect the unique coral reef ecosystems along the Red Sea’s coastline. There are
a reported 365 scleractinian reef-building coral species in the Red Sea, including
19 endemic species (Fine et al. 2019).

NEOM'’s hydrogen research strategies

In addition to serving international and domestic markets with hydrogen, NEOM
strives to be a technology development hub for innovative applications and tech-
nologies in the hydrogen domain. Part of NEOM’s hydrogen strategy is to build its
HIDC around one or two 20 MW electrolyzer units supplied by thyssenkrupp. The
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electrolyzer units will be identical to those at the heart of the green hydrogen project,
dubbed the NGHC, between Air Products, ACWA Power, and NEOM. The NGHC
consists of 2.2-GW electrolyzer capacity combined with a 4,000-ton-per-day am-
monia loop. The HIDC has two main aims. The first aim is to advance practi-
cal knowledge of the 20-MW electrolyzer and provide a platform for electrolyzer
R&D. The second aim is to develop e-fuels such as methanol and jet or marine fuel,
potentially in combination with innovations such as direct air capture and advanced
CO, capture technologies.

The 20-MW alkaline electrolyzer units of NEOM’s HIDC will be supplied
by thyssenkrupp. The heart of the electrolyzer unit is the stack, consisting of a
range of cells. Figure 5.5 shows the principle of a cell in an alkaline electrolyzer
stack. The electrodes are nickel-coated stainless steel; the diaphragm or separa-
tor consists of zirconium dioxide stabilized with solid electrolyte polyphenylene
sulfide mesh.

0, DC generator
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FIGURE 5.5 The principle of an alkaline electrolyzer cell.

Source: Author.

The ionic charge carrier is the hydroxyl ion OH-, with KOH and water per-
meating the porous structure of the diaphragm. Although unwanted, some of the
produced hydrogen and oxygen dissolved in the electrolyte pass through the dia-
phragm, limiting the lower power-operating range and ability to operate at higher
pressure levels. To prevent this, thicker diaphragms are used; however, this creates
higher resistance, drastically reducing current density at a given voltage and low-
ering efficiency. NEOM is planning to work with thyssenkrupp on increasing the
current density and raising efficiency. The focus on advanced designs could include
zero-gap electrodes, thinner diaphragms, and different electrocatalyst concepts.
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Thus, NEOM aims to become a hub for research and innovation in hydrogen
developments, linking industrial actors with applied research organizations such
as KAUST. These could encompass novel hydrogen storage solutions, fuel cells,
electrolyzers, and components. Alternatively, it could include the production of
more complex fuels such as synthetic kerosine, for which direct air capture could
be applied. However, NEOM could also work to reduce the cost of electrolyzers by
becoming a manufacturing hub either for them or for certain components.

NEOM’s abundant low-cost clean energy will enable water to be produced from
seawater cost effectively. The brine will not be discharged and rather, valuable
minerals will be extracted. Indeed, the availability of abundant low-cost energy
could be an inducement for energy-intensive industries to relocate (Gielen et al.
2021). Abundant clean water will be used in sustainable food production and en-
able the production of green fuels.

Case study: NEOM'’s green hydrogen company

In July 2020, a consortium including NEOM, Air Products, and ACWA Power an-
nounced the launch of the NGHC (Parnell 2020). The project, equally owned by
the three partners, will integrate 4 GW of renewable power from solar, wind, and
storage. It also aims at producing 600 tons a day of green hydrogen by electrolysis,
nitrogen by air separation, which translates into 1.2 million tons of green ammonia
annually. The project is scheduled to go onstream in 2026. Air Products will dis-
tribute ammonia to global markets where they will dissociate it back to hydrogen
for sale primarily focused into the transportation sector (Figure 5.6).
Thyssenkrupp will provide the electrolyzers, Air Products will supply the air
separation unit, and Haldor Topsoe will supply the ammonia synthesis unit. ACWA
Power leads the development phase of the renewable energy part of the project,
with Air Products leading the development phase of the green hydrogen part of the

NEOM Hydrogen Refueling Station

Electrolyzer

1 1
1
i i :
Hydrogen ! ! :
1
L — L |
ol ' i e :
Power P H - H i
E Nitrogen ' ! 2 !
- <~ | Ammonia 1 /
1 1 1
1 1 !
1 1 !
1 1 !
1 1 1
| : :
1 1 !

Dissociation H,
Compression

/

1

1

1

1

1

1

| Wind/Solar || T
1

1 —_
1

1

1

1

1

Global
- Distribution
I ‘ Ammon_'a Ship/Truck
i Production Carbon-
ASU free H,
oo e S e A S | FSE———————— | I 1

FIGURE 5.6 Schematic overview of the NEOM green hydrogen project.
Source: Air Products (2020).



Green hydrogen in Saudi Arabia’s NEOM 109

Electrolyzer
thyssenkrupp
nucera

N
1.’5@ Power 4 -
Nitrogen
- — E I < Green Ammonia

Wind/Solar i "T
_— = .
Ammonia Production
_-_ Haldor Topsoe
ASU

Air Products

FIGURE 5.7 Technology providers and partners in NEOM’s green hydrogen project.
Source: Air Products (2020).

project and overall system integration. Finally, Air Products assumed the respon-
sibility for the engineering, procurement, and construction of the overall project
(Figure 5.7).

A 1.2-million-ton-per-year ammonia project is large, but not unusual, with most
modern ammonia projects in the million tons range. The Gulf Coast Ammonia
project that is under construction in Texas has a similar capacity of anhydrous
ammonia per year (1.3 million tons). Air Products is also involved in that project,
supplying hydrogen from a steam methane reforming unit and nitrogen from an
air separation unit. The NGHC will significantly contribute to the development of
the global hydrogen economy. Air Products’ investment, both in NEOM and in its
sales and distribution network to deliver the manufactured product, is impressive.
Beyond the overall $8.4 billion overall investment cost, it will invest an additional
$2 billion in distribution to end customers. Building this plant will therefore impact
the cost of electrolyzers and ammonia crackers significantly. The cost of initial
infrastructure to deliver this volume of ammonia might be significant, but those
volumes can later be expanded at far lower incremental delivery costs.

Conclusion

NEOM aims to be a new model for livability, where people enjoy a high quality
of life in harmony with the natural environment and break the trend of unsustain-
able urban living. In terms of energy, whether used for life, industry, transport,
or water and food production, NEOM will be carbon-free or carbon-negative.
In other words, it aims to capture more carbon from the atmosphere than it
emits. NEOM’s location provides for excellent solar and wind power electricity
with a world-class combined load factor. That electricity can be firmed up with
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hydrogen as storage in addition to batteries and used to produce hydrogen and
hydrogen-based fuels cheaply. NEOM seeks to become a hub for innovation and
human progress and the activities around the energy—water—fuel nexus are at
the intersection of science and business. The best available technologies for sea
mining, direct air capture, and fuel production, among others, can be piloted at
NEOM’s HIDC. They can be scaled up to industrial-scale production facilities
such as the NGHC. NEOM will also be a hub for manufacturing, deepening the
Saudi-based value chain in an inclusive manner. Partnerships with thyssenk-
rupp, Hyzon Motors, Air Products, and others will drive technology develop-
ment at NEOM, from the prototype stage to demonstration, early adoption, and
maturity. In summary, the Kingdom has been a reliable supplier of fossil en-
ergy to global markets for decades. Now, with NEOM at the core of developing
zero-carbon fuels, Saudi Arabia is in a prime position to become an important
clean energy supplier.

Notes

1 This list is a snapshot and not all these options may eventually materialize. Additional
opportunities may also arise over time.
2 thyssenkrupp, one of NEOM’s suppliers, has designed such an installation at this scale.
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Introduction

A country’s competitive position in the global hydrogen economy is defined by its
ability not only to produce and transport a kilogram of clean hydrogen at a highly
competitive price but also to innovate in hydrogen technologies throughout the
value chain. This hydrogen sector is predicted to become a trillion-dollar com-
modity market by 2050 in a carbon-constrained world (Bloomberg New Energy
Finance 2020; Hydrogen Council 2020). Saudi Arabia shows promise in its ability
to cheaply produce clean hydrogen. However, it is ill-equipped for capturing value
in the end-use part of the hydrogen value chain, which requires substantial effort
and targeted investment in research, development, demonstration, and innovation
(RDDI) ecosystems. Delving into a complex and broad ranging topic such as RDDI
in hydrogen technologies is highly challenging due to the lack of available infor-
mation at many levels. Hence, we use the data available from global sources on
funding, technology readiness levels (TRLs), patenting, innovation ecosystems,
and so on to address the main subject matter of this chapter.

Clean hydrogen technologies comprise a subset of a vast array of loosely de-
fined, synergetic, overlapping clean climate technologies. Climate technologies,
which are also called low-carbon and clean energy technologies, mitigate climate
change by limiting greenhouse gas emissions and adapting to their adverse effects
(United Nations Framework Convention on Climate Change 2017). Some exam-
ples of climate technologies include wind/solar power; carbon capture, utilization,
and storage (CCUS); batteries; and smart grids.

IEA (2020a) states that up to 35% of emission reductions for achieving the cli-
mate goals in the Paris Agreement are contingent on technologies that are presently
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in the large prototype or demonstration stage. Therefore, accelerating innovation
driven by research and development (R&D) and rapidly adapting clean energy
technologies are at the heart of the energy transition (Meckling et al. 2022). His-
torically, energy innovation has depended on public R&D spending and institu-
tions that catalyze private R&D spending, including venture capital.! Given the
enormity of the task of achieving the Paris goals, funding and institutions need
drastic transformation (Meckling et al. 2022). Moreover, efficient research transla-
tion models are necessary to quickly adapt research from laboratories to industries
(or low levels of development to market-ready applications) and close the innova-
tion cycle. Hydrogen technologies constitute a significant part of the clean energy
technology palette. Hence, focused funding and institutional development are in-
dispensable for hydrogen, although innovation ecosystem transformation is mostly
technology-agnostic.

The cost of delivered hydrogen is one of the most critical drivers of hydrogen
technology innovation. A global initiative in which Saudi Arabia is a member, Mis-
sion Innovation 2.0’s Clean Hydrogen Mission (Carbon Trust 2021), has identified
the need to reduce the cost of clean hydrogen to $2/kg by 2030. This is seen as the
tipping point to drive economies of scale and offer a commercially viable alterna-
tive to fossil fuels. The end-user cost includes production, storage, and distribution
costs. Although storage and transportation are essential, production costs are the
highest. Innovation could reduce production costs by 60% from 2021 levels by
2030. Natural gas reforming with carbon, capture, and storage (CCS) and renew-
able electrolysis is the most often-used technology that requires further R&D and
innovation to reduce costs (Carbon Trust 2021). In this chapter, we examine the
other crucial drivers of innovation besides cost.

We identify four broad steps for achieving RDDI goals to support the hydrogen
economy in Saudi Arabia (see Figure 6.1). Step 1 identifies the national priorities and

« Economy transformation: Vision 2030; Economic Region (NEOM).

« International commitments & decarbonization initiatives: Saudi green initiative;

National pl:illl‘iﬁl:s & Nationally Determined Contribution (NDC); Circular Carbon Economy (CCE); National
GO et Renewable Energy Program (NREP); Zero-Routine Flaring (ZRF); air-quality targets.

* Quantify hydrogen’s role and scale in meeting national economic goals.

« Assess domestic capabilities and constraints: (1) natural resources; (2) transition legacy of the oil
& gas economy, minimize stranded assets; (3) availability of critical materials.

constraints & strategy « Strategy for production, export, and utilization targets with a timeline.

* Global H, RDD&I status: Role of public, private, and venture capture funding.

 Technology readiness level (TRL) of key H, technologies, and research areas.

+ Collaborate with local and international firms (potential cross-cutting climate tech. applications).

* Prioritize technologies to support Saudi Arabia’s hydrogen economy.

* Saudi roadmap for RDDI and industrial technology deployment; License, acquire or translate
technologies.

H, RDD&I areas and
technology roadmap

Innovation ecosystem
needs & research + Access current innovation ecosystem in Saudi Arabia and identify gaps and needs.

translation * Transform national institutions focused on RDD&I thrust areas and creation of human capital.
« Utilize KAUST’s research translation model to share knowledge among universities, research
institutions, and industry.

FIGURE 6.1 Four steps toward the hydrogen economy in Saudi Arabia.

Source: Authors, based on information from King Abdullah University of Science and Technology
(KAUST).
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international commitments and is adequately discussed in Chapters 1 and 2. Step 2
quantifies the role of hydrogen in addressing Saudi Arabia’s goals and priorities,
which is contingent on the constraints on natural resources, legacy of the oil and gas
economy, and prevailing policy climate. The hydrogen strategy and industrial infra-
structural path can thus be broadly based on the considerations listed in Steps 1 and 2.

This chapter discusses the hydrogen R&D areas and technology roadmap re-
quired for Saudi Arabia (Step 3) and the Kingdom’s innovation ecosystem needs
(Step 4) and is structured as follows. The first part of the chapter analyzes the sta-
tus of global RDDI in terms of the TRLs, funding, scale up, and commercializa-
tion (pilots and demonstration) of technologies crucial for advancing the hydrogen
economy worldwide. The aim of this analysis is to appraise international develop-
ments in the hydrogen technology field and consider relevant learnings for Saudi
Arabia. The TRLs of various technologies in the hydrogen value chain are discussed;
this also includes a brief overview of the progress of hydrogen RDDI globally, in-
cluding research and patent development. Based on the recommendations from the
technology chapters of this book, technologies crucial for the hydrogen value chain
in Saudi Arabia are then selected and a roadmap for RDDI is recommended.

A key argument made here is that not all technologies required for the Kingdom
need RDDI. Hence, we categorize technologies needing:

1 Basic research and technology translation,
2 Corporate or firm research,

3 Technology acquisition, and

4 Technology licensing.

Local and international academic institutions and industries can collaborate to realize
the potential application of climate technology solutions across all four categories.

The second part of the chapter focuses on identifying the ecosystem needed to
carry out the required RDDI and industrial deployment of relevant technologies
at scale in Saudi Arabia. The main message of this part is that the current Saudi
research and innovation infrastructure (i.e., institutions and human capital) cannot
compete with major economies that are highly innovative in science and technol-
ogy (S&T). A key lesson drawn from this chapter is that building an innovative and
dynamic RDDI ecosystem made in Saudi Arabia will be crucial for allowing the re-
quired large-scale penetration of hydrogen technologies. Such an ecosystem would
be technology-agnostic and valuable for furthering other fields of S&T. King Ab-
dullah University of Science and Technology’s (KAUST’s) knowledge exchange
model (KEM) framework that translates university research into economic goals is
suggested as a practical and pragmatic approach for meeting Saudi Arabia’s inno-
vation objectives. The chapter argues that the KEM is indispensable for politicians,
policymakers, and research funders seeking to translate university research into
public benefit more efficiently and effectively. Moreover, it can further not only
the case of the hydrogen economy but also all research endeavors carrying national
and global importance for the Kingdom.
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RDDI in clean energy and hydrogen technologies: current status

RDDI funding and supportive policies are critical determinants of clean energy
innovation, as they reduce costs over time, from lab-scale research (prototype to
pre-competitive and competitive with incumbents) to the market-ready stage (see
Figure 6.2). While tax incentives and carbon pricing are crucial for large-scale
commercial deployment, policies supporting adequate R&D spending are funda-
mental (Roberts 2020). Funding sources can be diverse and depend on the maturity
level of the technology. Generally, RDDI investments occur through three primary
routes: public funding, industrial or private sector participation, and the infusion
of venture capital. As Figure 6.3 underlines, resource scarcity, called ‘the valley of
death’ (for new ideas), is not due to monetary constraints. Rather, it is caused by the
lack of efficient interaction among researchers, financiers, and entrepreneurs, who

7A

Development
Decline in [
technology
cost Research [
1 Demonstration
RD & D funding
Tax incentives

Carbon pricing |

Time, Efficacy of policy levers

FIGURE 6.2 Role of policy levers in enhancing clean energy innovation across stages.
Light shading means low effectiveness and dark shading means high
effectiveness.

Source: National Science Foundation (2012).
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Business development
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FIGURE 6.3 Research and innovation funding system.

Source: Adapted from Nagano (2005); Bizri (2018).
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must use their highly divergent competencies to combine ideas to advance in that
space (Bizri 2013; Nagano 2005). Recognizing this gap, we discuss this interface
in this chapter, including technology translation (see the KEM on page 28). The
valley of death can also appear in the deployment stage of the innovative technol-
ogy path. Deployment incorporates business models and competitiveness, supply
chain management, human capacity building, policy readiness, finance, and public
acceptance; hence, it is vulnerable to weak links in the aforementioned areas.

Global RDDI funding

Hydrogen R&D spending must be a global effort with intense international coop-
eration and large-scale technology sharing to avoid the pitfalls and enable low-cost,
widely affordable technologies. Similar to projections of hydrogen demand in final
demand scenarios up to 2050, there is great uncertainty about the investment in
R&D along the hydrogen value chain needed to achieve global decarbonization
goals. Many countries are still formulating their national hydrogen goals; yet, their
existing R&D infrastructure is largely ill-equipped to deliver on these.

A study by the European Parliament Committee on Industry, Research and En-
ergy (ITRE) projects that $180-470 billion in research and infrastructure in the
hydrogen value chain is needed to achieve the EU’s REPowerEU 20 Mt of hy-
drogen production and demand target. The ITRE study spells out the importance
of supporting the required R&D by implementing demonstration at an industrial
scale, strengthening the role of small and medium enterprises (SMEs), and im-
proving workers’ education and skills as the three key enabling factors. The role
of public/private partnerships, EU-wide funding agencies, and strong international
cooperation in technology development and sharing is highlighted. Another global
organization, the International Energy Agency (IEA), states that nearly $90 billion
of public funding is needed by 2026 to support R&D and demonstrations of critical
technologies for achieving net-zero by 2050. Roughly half of this sum is required
for making hydrogen technologies market-ready (IEA 2022a).

Furthermore, Steven Chu, an influential voice in energy transition, a Nobel lau-
reate, and a former US Secretary of Energy under the Obama administration, has
advocated for the reinvestment of 10% of revenue in R&D in high-tech industries
(Chu 2009; Hatzichronoglou 1997). Considering that the Hydrogen Council pre-
dicts the global revenue from hydrogen to exceed $2.5 trillion by 2050 (Hydrogen
Council 2017), 10% would be in excess of $250 billion annually, a spending level
that the world should reach progressively by 2050. However, the world is far from
spending this amount on RDDI development in the clean energy sector, including
hydrogen. Annual investment in this sector totaled $2.2 trillion in 2021 and has been
steady since 2016 (see Figure 6.4). Further, while government spending on R&D
has increased to $38 billion over the same period, it only constitutes 1.7% of the to-
tal clean energy investment as estimated by the authors (Mission Innovation 2020).

These funding projections by the EU and the IEA or based on the recommenda-
tions by Chu underline several points. The first is the vast amount of public and
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FIGURE 6.4 Global energy investment, 2017-2022. Here, the energy infrastructure in-
cludes the midstream and downstream oil and gas infrastructure, electric-
ity networks, and batteries. Investment is measured as the ongoing capital
spending in energy supply capacity (fuel production, power generation,
and energy infrastructure) and the energy end-use and efficiency sectors
(buildings, transport, and industry).

Source: Adapted from IEA (2022b); World Energy Investment 2022, https://www.iea.org/data-and-
statistics/charts/global-energy-investment-2017-2022, IEA license CC by 4.0.

private money required to establish the R&D fundamentals of a thriving global hy-
drogen economy. Second, no single country can achieve any of these goals alone,
making global cooperation in R&D and technology sharing paramount. Third, the
amount of R&D funding needed is unclear.

This chapter therefore asks and answers the following questions:

* How much funding directly supports hydrogen technologies and through which
channels?
*  Which countries have taken the lead in this field and could be called early movers?

This information could help decipher current and required investments in hydrogen
R&D and country-specific spending targets. All this analysis is pertinent to under-
stand Saudi Arabia’s required future investment in RDDI to secure a viable hydro-
gen economy. The division of R&D investments from public funding, industrial
or private sector participation, and the infusion of venture capital is challenging to
find or unavailable for many countries. Hence, below, we provide a snapshot of the
hydrogen funding data from available sources and make recommendations.
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Public R&D

A total of $38 billion in public energy R&D was spent in 2021, of which $25
billion was spent on low-carbon or clean energy technologies such as energy
efficiency, CCS, renewables, hydrogen, energy storage, and nuclear and smart
grids (IEA 2022c). A significant proportion aimed to enhance nuclear energy and
energy efficiency. Much of the funding was spent on projects in the final stages
of demonstration that were to be commissioned in 2023-2024. The division of
publicly funded R&D in specific technologies is unavailable for 2021. However,
these data are available from the IEA (2020a) report, which shows hydrogen
funding within the low-carbon R&D budget. Figure 6.5 shows that $17 billion
was provided through public financing for all low-carbon R&D globally, with 8%
of this amount allocated to funding for hydrogen technologies (approximately

$1.4 billion).
CCUS
()

Storage
&
grids Total:

$17 billion

Low-carbon
power gen.

Energy
efficiency

FIGURE 6.5 Global publicly financed low-carbon R&D allocated to specific technol-
ogy areas, 2019. These data include the generation, storage, transporta-
tion, and end use of hydrogen within the ambit of hydrogen technologies.
Several energy-saving and emission reduction technologies (CCUS,
high-pressure liquid and gas storage) are integral to this range of hydrogen
technologies.

Source: Adapted from IEA (2020a), Global public low-carbon energy R&D allocated to specific tech-
nology areas, 2019, IEA, Paris https://www.iea.org/data-and-statistics/charts/global-public-low-carbon-
energy-r-and-d-allocated-to-specific-technology-areas-2019, IEA license CC by 4.0.
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FIGURE 6.6 R&D spending on hydrogen technologies, 2005-2020. Europe includes
Germany and France, while 2020 data for China are unavailable.

Source: 1EA (2021), Global Hydrogen Review 2021, IEA, Paris https://www.iea.org/reports/global-
hydrogen-review-2021, License CC by 4.0.

Figure 6.6 shows the regional division of publicly funded R&D investment in
hydrogen-related technologies from 2005 to 2020. Only a few countries invested
in hydrogen R&D, and China and the United States are world leaders in R&D in
hydrogen technologies by a large margin. Over recent decades, Japan and South
Korea have made significant investments in hydrogen technologies, followed by
Germany, France, and other European countries. The share of R&D in the EU has
consistently increased. In particular, the need to accelerate energy independence
from oil and gas has intensified since the energy crisis precipitated by the Ukraine/
Russia conflict. Yet, the overall message is that public R&D funding in hydrogen
and related technologies is lagging behind national ambitions. Further, it is charac-
terized by substantial regional differences and constitutes only a fraction of overall
spending on clean energy.

Private R&D

Ideally, public expenditure needs to incentivize private investment in crucial cli-
mate technologies since R&D investment from the private sector has a multiplier
effect. IEA (2022b) reports that the private sector funded approximately $117
billion in firm-financed R&D in 2021 (see Figure 6.7). The share of the oil, gas,
and automotive sectors was the largest ($70 billion). While batteries, hydrogen,
and energy storage only accounted for approximately $2 billion, an encouraging
observation is that their share of total revenue was the highest, nearing 5%. R&D
in renewable energy ($10 billion) also supports the development of the hydrogen
infrastructure.
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FIGURE 6.7 Energy R&D spending by listed companies by sector, 2015-2021. Firms’
R&D spending includes reported R&D expenditure by companies active
in sectors dependent on energy technologies, including energy efficiency
technologies, where possible. Automotive includes technologies for fuel
economy, alternative fuels, and alternative drivetrains. Fuel cells are in-
cluded with hydrogen. To allocate R&D spending for companies active
in multiple sectors, the shares of revenue per sector are used in the ab-
sence of other information. Classifications are based on the Bloomberg
Industry Classification Standard. All publicly reported R&D spending is
included, although companies domiciled in countries that do not require
R&D spending to be disclosed are under-represented. Depending on the
jurisdiction and company, publicly reported firms’ R&D spending can in-
clude capitalized and non-capitalized costs, from basic research to product
development.

Source: 1EA (2022b), World Energy Investment 2022, IEA, Paris https://www.iea.org/reports/world-
energy-investment-2022, License CC by 4.0.

Venture capital

Venture capital funding for clean energy technology startups constitutes a signifi-
cant proportion of total global R&D spending. This funding is crucial for taking
many market-ready technologies through the high-risk stages to scale and maturity.
The storage infrastructure and storage technologies have grown by the greatest rate
in recent years. In 2019, total investment in energy technologies stood at $16.5
billion, with an approximately $4.5 billion investment in hydrogen technologies in
their high-risk early stages (see Figure 6.8).
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FIGURE 6.8 Venture capital investment in clean energy startups related to hydrogen,
2015-2022. Notes: H, = hydrogen. Early-stage deals are defined as seed,
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a value equal to the 90th percentile growth equity deals in that sector and
year are excluded and reclassified as later-stage investments. Later-stage
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Source: 1IEA (2022c¢), Global Hydrogen Review 2022, IEA, Paris https://www.iea.org/reports/global-
hydrogen-review-2022, License CC by 4.0.
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FIGURE 6.9 Global R&D spending on hydrogen technologies.

Source: Authors.

Combining the three primary sources of R&D funding, global spending on hy-
drogen technologies was $7.5 billion in 2021 (see Figure 6.9). In the same year,
the hydrogen generation market was worth $130 billion and the approximate ratio
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of R&D invested to revenue was 5.7%. Recalling Steven Chu’s recommendation
of reinvesting 10% of all revenue in R&D, current R&D spending on hydrogen-
specific technologies is low; however, signs of growth in hydrogen R&D are evi-
dent. As mentioned earlier, since the sales of hydrogen and equipment are expected
to be $2.5 trillion by 2050 (Hydrogen Council 2017), the question of whether
global R&D can grow at the pace required to support the expanding market re-
mains. In Saudi Arabia, the anticipated level of hydrogen R&D funding must be
based on expected revenue goals, the ratio of home-grown to imported technolo-
gies, and the cost of broader innovation ecosystem development, which requires
comprehensive study.

TRLs of hydrogen technologies

Innovation and technology development, from basic science research to commer-
cially feasible solutions to industrial deployment, is a long and arduous process
typically tracked in TRLs. These TRLs are approximately translated into concept
(1-3), small (4), large prototype (4—6), scale-up demonstration (7-8), market ad-
aptation (9—-10), and maturity (11), as described in Appendix 1 (IEA 2020b). These
are followed by steps that incorporate business models and competitiveness, sup-
ply chain management, human capacity building, policy readiness, finance, and
public acceptance (Safari, Roy, and Assadi 2021). Vulnerabilities may appear at
any stage of the development of an innovative technology. Hence, the active role
of the public and private sectors and, more recently, venture capitalists has been
vital for climate innovations, especially considering the expansion of this process.

The technologies in Figure 6.10 are already in the large prototype stage (TRL4
or above), and their cost functions and commercialization pathways are known.
However, taking them to the stages of market adaptation and maturity within the
required timeframe is a crucial challenge. Many new technologies not considered
today may emerge from the present time to 2050. Hence, basic or fundamental
research (TRL1-4) that develops a concept to a small prototype is vital for the
fresh infusion of new technologies in the prototype stage. Fundamental academic
research that develops a concept to a prototype usually occurs at TRL1-6.

TRL4-6 are common within the academia—industry interface and provide a
space for technology transition. At this point, the technology is proven in the labo-
ratory, but sizeable systems have not yet been built. Engineering, material, and
scale-up issues may arise, which can threaten further development. As this stage
is perceived as high risk, many technologies lack funding and do not survive. Al-
ternatively, if a technology company decides to invest, it insists on full ownership
to mitigate the risks and improve its potential profitability. The last section of this
chapter addresses the importance of technology transition from universities and
research institutions to industry.

Figure 6.11 shows the TRLs of hydrogen and allied technologies. Two salient
points are noteworthy. First, advanced technologies related to both green hydrogen
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FIGURE 6.10 CO, emissions reductions in the global energy sector by technology ma-
turity, 2019-2070.

Source: IEA (2020b). IEA, Global energy sector CO, emissions reductions by current technology
maturity category in the Sustainable Development Scenario relative to the Stated Policies Scenario,
2019-2070,IEA,Parishttps://www.iea.org/data-and-statistics/charts/global-energy-sector-co2-emissions-
reductions-by-current-technology-maturity-category-in-the-sustainable-development-scenario-
relative-to-the-stated-policies-scenario-2019-2070, IEA License CC by 4.0.

(alkaline, proton exchange membrane) and blue hydrogen (autothermal reformer
with CCUS) are ready for market penetration, followed by other technologies such
as solid oxide electrolyzer cell and partial oxidation. Second, crucial storage and
distribution technologies have already reached maturity.

Figure 6.12 shows the TRLs of hydrogen end-use technologies. This figure
shows that hydrogen use in light-duty vehicles and buildings is already mature and
that hydrogen storage in salt caverns is fast approaching market readiness. Moreo-
ver, many hydrogen applications across industries are at the threshold of large dem-
onstration (e.g., direct iron reduction, high-temperature heating, 100% hydrogen in
gas turbines, hydrogen in internal combustion engines, and small aircrafts). If and
when the necessary innovation gaps are bridged, these applications will take off,
raising market demand for hydrogen. Hence, the time is ripe for elevating these
advanced technologies to higher TRLs. Further, many potentially disruptive tech-
nologies in the pipeline will need fundamental research at universities.
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FIGURE 6.11 TRLs of hydrogen production, storage, and distribution technologies'.
Notes: AEM = anion exchange membrane; ALK = alkaline; ATR = auto-
thermal reformer; CCUS = carbon capture, utilization, and storage; CH, =
methane; GHR = gas-heated reformer; LOHC = liquid organic hydrogen
carrier; NH, = ammonia; PEM = proton exchange membrane; SOEC =
solid oxide electrolyzer cell; H, = hydrogen. Biomass refers to both bio-
mass and waste. The arrows show the changes in TRLs due to progress
in the last year. For those technologies in the CCUS category, the TRL
refers to the concept of coupling production technologies with CCUS and
high CO, capture rates. Pipelines refer to onshore transmission pipelines.
Storage in depleted gas fields and aquifers refers to pure hydrogen, not
blends. LOHC refers to the hydrogenation and dehydrogenation of liquid
organic hydrogen carriers. Ammonia cracking refers to low-temperature
ammonia cracking. The TRL classification is based on IEA (2020c¢).

Source: 1IEA (2022), Global Hydrogen Review 2022, IEA, Paris https://www.iea.org/reports/global-
hydrogen-review-2022, License CC by 4.0.

Fundamental research and patent landscape in hydrogen
technologies

Understanding innovation trends through academic research papers and patent
analyses constitutes a critical input for national R&D investment strategies. A re-
cent bibliometric study of journal articles on green hydrogen research identified
several major research themes and diverse interdisciplinary fields (Raman et al.
2022). Figure 6.13 shows four colored clusters that identify the keywords used in
journal articles to shed light on overlapping areas of hydrogen research. The red
(the largest cluster) shows hydrogen as renewable energy, including the keywords
of hydrogen, green hydrogen, hydrogen storage, fossil fuels, fuel cells, carbon di-
oxide, solar power generation, and renewable energies. The green cluster comprises
hydrogen production themes, including the keywords of hydrogen production,
electrocatalysts, water splitting, oxygen, oxygen evolution reaction, electrolytes,
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FIGURE 6.12 TRLs of hydrogen end-use technologies'”. Notes: BF = blast furnace; DRI

= direct iron reduction; FC = fuel cell; HRS = hydrogen refueling station;
HD = heavy-duty; HT = high throughput; ICE = internal combustion en-
gine; LD = light-duty; MeOH = methanol; MTO = methanol to olefins;
NH, = ammonia; PEM FC = proton exchange membrane fuel cell; SOFC =
solid oxide fuel cell; VRE = variable renewable electricity; H, = hydrogen.
The ‘other’ industry includes all industrial sectors except methanol, am-
monia, and iron and steel production. The ‘other’ transport includes rail
and aviation. The arrows show the changes in TRL due to progress in the
last year. Cogeneration refers to the combined production of heat and
power. The TRL classification is based on [EA (2020).

Source: 1EA (2022c¢), Global Hydrogen Review 2022, IEA, Paris https://www.iea.org/reports/global-
hydrogen-review-2022, License CC by 4.0.
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and catalysts. The blue cluster represents the hydrogen production process, includ-
ing the keywords of water electrolysis, electrolytic cells, electrolysis, electrolyz-
ers, polyelectrolytes, solid oxide fuel cells, alkaline water electrolysis, and proton
exchange membrane fuel cells. Finally, the brown cluster includes the keywords
of hydrogen economy, biomass, sustainability, steam reforming, hydrogen fuels,
and gasification. These research themes highlight the topics on which university
research can focus on to develop hydrogen technologies and support innovation.

International collaboration in hydrogen research is essential. The network anal-
ysis in Figure 6.14 provides insights into which countries are leading the way in
fundamental research on hydrogen. The figure groups the countries conducting
collaborative research on green hydrogen into four clusters based on published
scholarly articles (Raman et al. 2022). China and the United States (green cluster)
publish the most journal papers (10% each), followed by Germany (red). The yel-
low cluster is led by Italy, with the United Kingdom and other EU countries as part
of this group. Saudi Arabia (blue) has high scholarly output in collaboration with
countries such as Malaysia, Egypt, Denmark, and the UAE. The high collaboration
evident in the network analysis indicates joint global efforts to enhance science by
backing the hydrogen economy.

R&D investment from public and firm funding leads to innovation, of which
patents are a significant marker. Recent studies on the patents of hydrogen-related
technologies include the topics of production, storage, distribution, and utilization
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FIGURE 6.14 Bibliographic network of the leading countries contributing to hydrogen
research.

Source: Raman et al. (2022)%.
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covering 2010-2020 (Cammeraat, Dechezleprétre, and Lalanne 2022; Choi and
Woo 2022; TP Australia 2021).

The authors of these studies aimed to identify the relationships among sectors and
unexplored technological opportunities to build knowledge for investment and insti-
tutional support. The regional division of R&D spending and patent analysis on hy-
drogen technologies suggests that countries such as China, the United States, Japan,
South Korea, Germany, France, Taiwan, the United Kingdom, and several other EU
countries have invested the most until now (see Figure 6.15). Comparing public R&D
spending (Figure 6.5) with patent ownership (Figure 6.15), most countries appear in
both figures, indicating that countries investing public money in R&D are maximiz-
ing their innovation outputs in terms of patents.

The divisions of patent families in specific technologies for production, stor-
age and distribution, and utilization are shown in Figures 6.16-6.18, respectively.
Within the ambit of hydrogen production, electrolysis (green hydrogen) and fossil
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FIGURE 6.15 Leading countries’ patent families in hydrogen-related technologies.

Source: 1P Australia (2021)>.
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fuel conversion (blue hydrogen) are leading the patenting trends. However, re-
search on technologies at low TRLs, such as photochemical, photocatalytic, and
thermal water splitting, is making steady progress. In the storage and distribution
domain, chemical methods are gaining more research focus than their mechani-
cal counterparts. Chemical procedures for storing hydrogen include liquid organic
hydrogen carriers (LOHCs), metal hydrides, ammonia, and methanol. By contrast,
mechanical methods involve compression and cryogenic cooling. Finally, con-
cerning hydrogen utilization, sectors such as the power, processing, and transport
industries take the lion’s share of patents. Technologies for gas blending, heat stor-
age, and export are also becoming significant. The temporal patterns show that
patenting activities slowed down in 2019-2020 due to the COVID-19 pandemic
after peaking in 2018.

Saudi Arabia has made steady progress in this regard, with 324 patent fami-
lies (filed, accepted, and granted) for hydrogen technologies by mid-2021: 244
for production, 80 for applications, and 9 for storage technologies (Choi and Woo
2022). A different set of intellectual property (IP) databases distills down to the
specific patents granted to Saudi Arabian firms in hydrogen-related technologies
(Choi and Woo 2022)%. Table 6.1 presents the subject matter of several of these
granted patents.

Saudi Arabian companies such as Saudi Aramco and Saudi Basic Industries
Corporation (SABIC) have consistently conducted R&D on hydrogen and allied
technologies such as CCUS. Over the decades, many universities have also per-
formed fundamental research that directly benefits hydrogen technologies. How-
ever, focused innovation and systematic R&D investments of the required scale
and magnitude are lacking.

Hydrogen technologies relevant for Saudi Arabia

The authors solicited the views of the government, academia, and industry ex-
perts to list the technologies most suitable for Saudi Arabia. Most of these top-
ics are covered in subsequent chapters of this book that focus on technology
(Chapters 15-27). These chapters together list all the promising technologies
and plausible roadmaps in the hydrogen domain best suited to meeting Saudi
Arabia’s climate goals; industrial objectives; and long-term environmental, so-
cial, and governance priorities. We also map the scientific fields associated with
the identified technologies and current research and patenting trends in hydrogen,
as shown in Table 6.2.

A roadmap for R&D and innovation in hydrogen technologies

A hydrogen technology roadmap will invariably be a subset of the broader in-
novation ecosystem planning for the Kingdom. This ecosystem must not only de-
velop home-grown technologies but also absorb and improve technologies from
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TABLE 6.1 Patents owned by Saudi Arabian firms in hydrogen-related technologies,

2010-2020

Firm name No. of patents  Broad subject matter

granted

Saudi Arabian Oil Company 63 Autothermal reforming, thermo-neutral
(Aramco) reforming, hydrocarbon  processing,

gasification, electrolysis-solid oxide fuel
cells

Saudi Basic Industries 27 Direct iron reduction, Fischer—Tropsch
Corporation (SABIC) (F.T.) synthesis, hydrogen catalysts,

steam methane reforming, photocatalysis,
thermochemical water splitting,
photoelectrochemical water splitting

King Fahd University of 23 Steam methane reforming, desalination
Petroleum and Minerals
(KFUPM)

King Abdullah University of 13 Metal-organic framework, direct air capture,
Science and Technology membranes, reforming, dry reforming,
(KAUST) ammonia cracking, nanotechnology,

catalysts

King Saud University (KSU) 2 Photocatalytic water splitting

King Abdulaziz University 2 Partial oxidation
(KAU)

Petrobras S.A. 2 Catalysis

King Abdulaziz City for 1 Electrocatalysis
Science and Technology
(KACST)

Imam Abdulrahman bin 1 Photocatalysis

Faisal University (IABFU)

Source: Choi and Woo (2022).

external sources, as stated in studies on innovation in Arab countries (Bizri 2013,
2018). These studies have found two ways of doing this: (1) adapting innovations
from external sources to local priorities and recipient ecologies and (2) developing
home-grown innovations when external innovations are inadequate and adaptive,
and original R&D efforts are required.

The need for innovation to be embedded early and widely within processes aimed
at socioeconomic development, education, and vocational training has also been
underlined (Bizri 2013, 2018). Considering the aforementioned and recognizing
that not all technologies need domestic development, we classify the technologies
into four categories: (1) basic research, (2) firm research and technology transla-
tion, (3) technology acquisition, and (4) technology licensing or transfer. These
categories, as presented in Table 6.3, relate to technology maturity, institutional
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TABLE 6.2 Mapping the scientific fields to technologies in the context of hydrogen research

Scientific field

Hydrogen or enabling technology

Combustion science
Catalysis

Electrochemistry
Membranes and porous media

Geology and geophysics

Fluid mechanics and
cryogenics
Material and polymer science

Chemistry (organic, inorganic)
Biosciences

Power electronics

Nuclear science

Engineering

Modeling and simulations

Sustainability

Reforming, gasification, gas turbine, engines, E-fuels,
blending

Reforming, chemical processes, hydrogen carriers,
ammonia cracking, long-term energy storage

Fuel cells, batteries

Desalination, air separation, gas purification, carbon
capture

Oil and gas extraction, CO, and hydrogen storage, carbon
capture

Gas compression, liquefaction, carbon capture

Fuel cells, batteries, pipeline transport, reactor materials,
recycling, plastics to hydrogen

Ore reduction, heavy industries, refineries, biomass

Biomass to hydrogen, biocatalysts/enzymes

Power grid

Reactors, power cycles

Chemical processes, manufacturing, controls,
connectivity, power electronics, grid, sensors
integration, digitization, civil engineering (for
infrastructure and building work)

Mathematics, statistics, artificial intelligence,
computational sciences

Life cycle assessments, technoeconomic modeling,
environmental/social/governance, climate and
atmospheric sciences

Source: Authors.

type, national strategic thrust, public/private funding, and international collabora-
tion and technology transfers.

Table 6.3 presents a roadmap for hydrogen technology development in the King-
dom, with the selected research areas or technologies chosen from the studies in-
cluded in this book. The list of technologies is representative if not exhaustive. We
consider two time horizons, namely, from now until 2030 and from 2030 to 2050,
referred to as the short-term and long-term horizons, respectively. Public spending
on R&D increases as we move from right to left, whereas technology maturity
increases from left to right. In other words, areas of basic research today (orange)
will gradually move from yellow to blue and finally to the green block and become
the mature technologies of tomorrow. The green block consists of fully commercial
technologies that will lead to infrastructural growth at an industrial scale.
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TABLE 6.3 Hydrogen RDDI action plan and roadmap

Technology Concept development ~ Small and large Startups, large Deployment,; mature
maturity TRL <4 prototypes: startups: demonstration; technologies: 8§ <
(2022) 4<TRL<6 novel technologies: TRL <11
6<TRL<9
Activity Basic research Technology Technology Technology transfer
development, acquisition and and licensing
translation, and collaboration
firm research
RDDI action  Build strategic insti- ~ Enhance academic Acquire Perform technology
tutions and develop to industry technology licensing
human capital; research companies from global
increase interna- translation; owning niche companies to
tional research conduct technologies domestic entities;
collaborations in objective-based by domestic technologies are
hydrogen-specific research in entities and mature and do not
and overlapping industrial labs joint ventures require domestic
fields development
Desired Fundamental research ~ Pre-pilot scale Pilot-scale Business contracts
outcome in scientific and demonstration; demonstration and offtake
engineering component with industrial agreements,
disciplines; scouting performance partners plant setup, and
potential innovative assessment; supported by commissioning;
solutions/concepts seeking industrial venture capital; supply chains;
and technologies; partners for risk retirements; economies of
preparing an technology system scale
educated and skilled deployment performance
workforce assessment
Funding Public funds; Public/private National Private/national
source university collaboration companies/ company
endowments venture capital partnerships
investments,
sovereign
wealth funds
(Taqgnia);
corporate
venturing
(e.g., Aramco,
NEOM, Abdul
Lateef Jamil)
Time for 5-20 years 3-5 years 2-3 years <2 years
commercial
adaptation
Examples Hydrogen/NH, Ammonia cracking;  Acquiring Jizan IGCC and

combustion; steam
calcination; PV;
sour gas cracking

DAC (Aramco—
KAUST
collaboration)

companies in
the league of
Monolith and
Proton Energy

NEOM
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Technology Concept development ~ Small and large Startups, large Deployment, mature

maturity TRL <4 prototypes: startups: demonstration; technologies: 8 <

(2022) 4<TRL<6 novel technologies: TRL <11

6<TRL<9

Short-term Membranes; catalysts NG pyrolysis; Advanced PV and  Steam methane
critical electrochemistry, DAC; CCC; batteries; PEM; reforming+CCS
(<10 materials water hydrogen storage ATR and partial retrofit;
years): splitting, photo- in salt caverns; oxidation+CCS; amine-based
criticality electrochemical synthetic fuels; nuclear hydro- CCS; geological
increases water splitting, hydrogen/NH, for gen; hydrogen storage of CO,;
from left to plasma advanced ICEs; waste to pipelines; hy- GW-scale AWE;
right nuclear reactors/ hydrogen drogen in gas petroleum residue

Long-term
critical
>10
years);
criticality
decreases
from left to
right

cycles; hydrogen
from sour gas; hy-
drogen/NH, com-
bustion; hydrogen
steam calcination

Basic research on

novel technologies
unknown today

Mining for critical
minerals

Renewable
desalination

Hardware
manufacturing

Heavy industry
applications

Hydrogen and
synthetic fuels for
aviation

Hydrogen fuel cells
for shipping

turbines; hy-
drogen in DRI;
power-to-X
technologies;
waste-to-
hydrogen; NH,/
methanol ma-
rine fuels; F.T.
synthesis fuels
(eKerosene); Al,
connectivity;
digitalization
Alternative
materials

Flexible and
hybrid
renewables

AEM, solid oxide
fuel cells

GW-scale nuclear H,

CSP-driven
electrolysis

Large-scale DAC

Direct NH, gas
turbines/fuel cells

gasificationt+CCS;
FCEVs;
fuel-switching
liquid to NG/
hydrogen in
power generation

TW scale solar/
wind-driven
electrolysis

Mature hydrogen/
CO, storage and
utilization

Grid stabilization

Source: Authors.

Notes: AWE = alkaline water electrolysis; PEM = polymer exchange membrane electrolysis; AEM = anion exchange
membrane; SOEC = solid oxide electrolyzer cell; NG = natural gas; ATR = autothermal reforming; DAC = direct
air capture; CCC = cryogenic carbon capture; FCEV = fuel-cell electric vehicle; ICE = internal combustion engine;
DRI = direct reduced iron steel; PV = solar photovoltaic; CSP = concentrated solar power; Al = artificial intelligence,
GW = gigawatt; TW = terawatt; H, = hydrogen; NH, = ammonia. Examples of national companies: Aramco, SABIC,
Ma’aden, and Saline Water Conversion Corporation. Private sector companies include Air Products, Baker Hughes,
ThyssenKrupp, and ACWA Power.
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Need for an RDDI ecosystem and technology translation
in Saudi Arabia

This section provides an overview of the RDDI ecosystem in Saudi Arabia and
recommends actions to propagate hydrogen research.

RDDI ecosystem in Saudi Arabia

Four important matrices for understanding RDDI in a country are gross expendi-
ture on R&D (GERD) as a percentage of Gross Domestic Product (GDP), research
personnel per million population, the Global Innovation Index (GII), and the World
Competitiveness Ranking. We examine how Saudi Arabia is performing on these
four measures.

GERD as a percentage of GDP and researchers per million population

Figure 6.19 shows GERD as a percentage of GDP and research personnel per mil-
lion population for selected countries. Total global R&D expenditure reached $2.3
trillion (purchasing power parity basis) in 2021, overcoming COVID-19-related
disruptions (Heney 2021). The United States ($598 billion) and China ($621 billion)
were the largest spenders, accounting for 2.88% and 1.98% of their respec-
tive GDPs. The data suggest that Africa, South America, and the Middle East’s
combined R&D was 5% of the global R&D spending, even though these regions
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FIGURE 6.19 A global snapshot of GERD as a percentage of GDP and researchers per
million population.

Source: Heney (2021) with permission.
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account for more than 13% of the world’s GDP. This regional disparity in R&D
spending is a clear red flag for countries that want to break out of this laggard group
and be tomorrow’s technology leaders. Saudi Arabia spent $8.9 billion on R&D in
2019, about 0.5% of the GDP, ranking 32nd globally (Heney 2021). Further, Saudi
Arabia had a low number of researchers (453) per million population, indicating
that the institutional infrastructure and human resources for S&T require a more
significant expansion to support the needed R&D growth.

Gl and world competitiveness ranking

The GII, published by the World Intellectual Property Organization, provides an
annual assessment of the innovation capabilities of countries in the form of innova-
tion inputs and outputs. In the GII, Saudi Arabia is categorized as a high-income
country and is ranked 41st of the 48 countries in this group. Saudi Arabia’s in-
novation outputs are low compared to its inputs, leading to a low rank among
the high-income group countries. Figure 6.20 shows the relationship between the

60

50

[
o 40
o
»
5 Saudi Arabia
o [ ]

30

20

10

7 8 9 10 11 12
GDP per capita [PPP$ logarithmic scale]
Innovation leader Performing at expectations for level of development

Performing above expectations for level of development @ Performing below expectations for level of development

FIGURE 6.20 The positive relationship between innovation and development. PPP:
Purchasing power parity.

Source: WIPO (2022). Global Innovation Index 2022: What is the future of innovation-driven growth?
Geneva: WIPO. DOI 10.34667/tind.46596. Attribution 4.0 International (CC by 4.0).
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development stages and innovation levels of countries, depicted as the GII and
GDP per capita. Saudi Arabia is performing below its developmental status, im-
plying that innovation investments do not produce the desired impact. Recently,
consistent efforts have been made to improve the country’s innovation ranking.
Saudi Arabia has jumped 15 places from 65th in 2021 to 51st in 2022. Figure 6.21
shows its performance on the seven GII pillars. In the market sophistication cat-
egory, the Kingdom performs on par with its high-income peers; however, in the
institutions, human capital and research, knowledge and technology outputs, and
infrastructure categories, its performance remains low. The GII and indicators pro-
vide helpful insights into areas for improvement in the innovation ecosystem in
Saudi Arabia.

The World Competitiveness Ranking published by the Global Competitiveness
Center for the International Institute for Management Development assesses coun-
tries based on how their institutions, policies, and other relevant factors provide
prosperity to their citizens. The World Competitiveness Ranking includes insti-
tutions, infrastructure, primary and higher education, and the ability to harness
technology and innovation as some of the 12 essential pillars for building an in-
novation ecosystem. Saudi Arabia was placed 24th in 2022 after registering an
eight-position jump over its 2021 rank of 32 (International Institute for Manage-
ment Development 2022). This large jump underscores the country’s investment
and progress in education, research, and innovation. Progress in infrastructure over
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FIGURE 6.21 The seven GII pillar scores of Saudi Arabia are benchmarked against those
of other high-income group economies in North Africa and Western Asia.

Source: WIPO (2022). Global Innovation Index 2022: What is the future of innovation-driven growth?
Geneva: WIPO. DOI 10.34667/tind.46596. Attribution 4.0 International (CC by 4.0).
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the previous years was particularly noticeable, with the following sub-rankings in
the infrastructure category: basic infrastructure (20), technological infrastructure
(30), scientific infrastructure (30), and education (37). The challenges Saudi Ara-
bia faces with regard to improving its competitiveness are the need to accelerate
economic diversification, promote renewable energy, reduce carbon emissions, and
close the gap between higher education and job markets.

Institutional framework in Saudi Arabia

The Kingdom’s research infrastructure is built around its major universities and
associated research centers, strategic research institutions (e.g., King Abdulaziz
City for Science and Technology (KACST), KA CARE), and national companies
(Aramco, SABIC). The Hydrogen Innovation and Development Center at NEOM
recently entered this list (Saudi Press Agency 2022). Table 6.4 lists some of the top
globally ranked universities in the Kingdom. KAUST’s endowment is one of the
largest in the world, a factor that is core to its success. Major financial support for
Saudi universities also comes from the government’s fiscal budget. This is different
from the endowment model on which some universities rely.

TABLE 6.4 Major universities in Saudi Arabia

University US News  Endowment
ranking®  (USD billion)
King Abdulaziz University, Jeddah 44 1
King Abdullah University of Science and Technology 97 20
(KAUST), Thuwal
King Saud University, Riyadh 266 2.7
King Fahd University of Petroleum and Minerals (KFUPM), 445 n/a
Dhahran

Source: US News ranking from US News & World Report (2022). Endowment amount from Wikipedia.

These universities have top-100 ranked departments and high research output
in disciplines crucial for global energy transition research and innovation, includ-
ing chemistry, chemical, electrical, electronics, computer science, mechanical en-
gineering, biotechnology, energy and fuels, and material and polymer sciences.
KAUST is a remarkable success story that shows what is possible with political
will, immaculate planning, committed funding and resources, and a vast pool of
local and international human talent. Within 10 years of its inception, it broke into
the top-100 best global universities (US News & World Report 2022). KAUST is
first in the Middle East and sixth in the world according to the latest Nature Index,
which ranks the research output of 175 young universities (aged 50 years and un-
der; Conroy 2019). As exemplified by KAUST, institutional growth can be a future
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template for universities and research institutions that need to support R&D and
innovation goals.

Research, development, and innovation authority

Saudi Arabia’s focus on RDDI is becoming a central theme for diversify-
ing its economy, achieving its long-term socioeconomic goals, and building a
knowledge-based economy. The Kingdom recently established its research, de-
velopment, and innovation authority (RDIA), targeting a GERD of 2.5% of GDP
by 2040 and intending to create human resources to support this objective. The
goals are to enable Saudi Arabia to become an R&D and innovation powerhouse,
develop into the region’s largest economy, and develop Saudi universities and
research institutions such that they are on par with the best in the world. Collab-
orating and co-funding with research institutions, global companies, non-profit
organizations, private companies, and startups are prioritized. The strategy sets
ambitious goals, including raising the country’s World Competitiveness Ranking
from 24 (2022) into the top 10 and having 5 of its universities in the top 200 in-
ternationally. Increasing public/private partnerships, building an extensive talent
pool, and creating high-value jobs in S&T are part of the R&D and innovation
strategy. The four priorities for R&D and innovation for the next two decades are
as follows:

1 Health and wellness: Infrastructure for medical research, biotech, and digital
healthcare

2 Environmental sustainability and meeting essential needs: CCUS technologies
and sustainable technologies for low-cost electricity generation

3 Energy and industry: Alternative energy sources such as green hydrogen, solar,
and wind and focusing on the mining sector

4 Future economies: NEOM and the Red Sea Project, digital technologies, deep
sea, and space exploration

The strategies to achieve these R&D and innovation targets and investing the allo-
cated funds are two essential components that warrant careful consideration. Both
will require an assessment of not only the R&D ecosystem in the Kingdom but also
the time it takes to develop the culture, interest, and human resources. A sustainable
innovative culture depends on local talent having a desirable mindset and driv-
ing the development of indigenous technology or adapting and improving existing
technology to local conditions. This signifies a move from a mostly consumer-led
society and economy to a productive society and economy built on manufacturing
and production.

While the development of human resources has been ongoing for a long time,
more work is needed to improve its integration and impact. This can be achieved
by creating a conducive environment such as that at KAUST in which R&D and
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translation are the focus. One approach could be to use existing universities and
national laboratories as the research focus. Another is to build technology accelera-
tion hubs that create the desired innovation environment for entrepreneurship to
flourish.

Another effective approach would be to establish strategic links with leading
research hubs globally to exchange personnel and expertise as well as develop
IP collaboratively. These well-established and reputable institutions would benefit
from offering their expertise to a country that needs them, while local talent could
be exposed to state-of-the-art research practices. Although such a win/win model
has been demonstrated numerous times, it can only succeed if the connection oc-
curs at the researcher level once an agreement has been reached. The additional
benefits are the identification, adaptation, and further development of the external
technology needed by the Kingdom, particularly to grow the SME sector, which is
lagging behind those in other economies of the same size.

The global nature of the decarbonization challenge, including the hydrogen en-
ergy vector, and the imposed short timescale require cooperation between countries
and organizations worldwide. Developing and adequately funding multinational
consortia that address the key challenges related to hydrogen and decarbonization
could be highly beneficial. Such an approach could be developed at the regional
or industry level. For example, most Gulf Cooperation Council countries plan to
develop a blue hydrogen infrastructure and adapt existing technologies to produce
it. Cooperation between the research institutions in Gulf Cooperation Council na-
tions could accelerate the development of this infrastructure by offering solutions
to intractable regional problems. The joint funding of these efforts would also help
reduce the burden and maximize the benefits.

Considering the relatively low base of low-carbon technology development
and manufacturing in Saudi Arabia, it is advisable to focus on the demonstration
activities of promising energy technologies to help de-risk adaptation, train the
local workforce, and enhance technology transfer. The Kingdom is experienc-
ing an economic boom, and decarbonization is high on the agenda. Investing in
demonstration projects would give it an advantage in large-scale deployment over
its competitors. This short-term strategy could also help generate new research
streams and accelerate the development of new IP that can be exploited both lo-
cally and internationally.

Translating university research into economic goals: KAUST’s
knowledge exchange model

This section describes the challenges with regard to developing the hydrogen econ-
omy in Saudi Arabia, including the importance of translating university research
into outputs that benefit the economy. Politicians, policymakers, and research
funders globally are seeking to translate university research into public benefits;
however, no clear model that can be described as sustainable, reproducible, or even
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measurable has evolved. This is despite several decades of intense debate. This
section discusses the challenges inherent in the transfer of university research, the
barriers that exist, and the misconceptions associated with the activity. Finally, it
outlines approaches that seem to be effective.

The KEM framework described in the following sections is technology-agnostic
and can be applied to advancements in most areas of science and engineering. The
translation of university research into an economic base is also known as technol-
ogy transfer, commercialization, and knowledge exchange. It describes the pro-
cess by which university research, usually ‘fundamental,’ but sometimes ‘applied,’
finds its way into the economy. Over time, many attempts have been made to cap-
ture, quantify, and refine this process. Figure 6.22, created by one of the authors
(Cullen) in the early 2000s, has often been used to contextualize the problem to
be solved (Campbell et al. 2020; Holi, Wickramasinghe, and van Leeuwen 2008;
Finne et al. 2009).

Given that we seek to describe a system that has challenged some of the best
policymakers globally, it appears deceptively simple. First, universities conduct
research, the primary outputs of which are new knowledge as well as new and bet-
ter researchers. These are thus the key outputs for university research: knowledge
and talent. Such primary outputs manifest in many ways, including publications,
processes, innovation, skills, technology, IP, and know-how. KAUST conducts ap-
proximately $500 million of research per annum and, therefore, is creating these
outcomes at a large rate. Multiplied across the university sector worldwide, these
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FIGURE 6.22 Knowledge exchange model.
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outputs are produced on a staggering scale, but how do they translate into an econ-
omy and create public benefits? There are two distinct pathways:

* Human capital: The skills, knowledge, and know-how of students are dissemi-
nated into the workforce, and each student contributes to the economy during their
career. Although this is thought to be huge, it is immeasurable, much like throwing
a handful of stones into the sea and measuring the additional energy of the waves.

* Technological capital: Codified knowledge, IP, and faculty know-how form a
relatively well-defined knowledge set. From this, we seek to create knowledge
exchange channels (Figure 6.23).

Knowledge exchange channels represent the mechanisms through which univer-
sities transfer tacit knowledge to people who can use it (see Figure 6.23). These
startups, spinouts, large companies, SMEs, licensees, and research collaborators
take this tacit knowledge, in whatever form, and put it to use in some way. The
importance of research users in this model is critical. Research users, who are sub-
ject to various other factors, take universities’ knowledge and put it to use. These
other factors (e.g., Icelandic ash clouds, exchange rate mechanisms, pandemics,
Brexit, Ukraine) are important, as they are often much more critical to the user than
is technology. These factors play a more intrusive role in the operations of these
companies and agencies than university research. Therefore, universities must un-
derstand their place and role.

Done successfully, the translation of university knowledge into the SME, large
company, startup, and spinout can help them develop a more competitive busi-
ness model. In doing so, they will create jobs, products, services, GDP growth,
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Facilities and equipment services 4
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Continuous professional
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Contract research
Contract research 34
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C i d investment : :
RIS R B B Intellectual property (including sale of shares) 2

FIGURE 6.23 Knowledge exchange channels and revenues. HEIF: Higher Education Inno-
vation Funding; HEFCE: Higher Education Funding Council for England.

Source: Adapted from Coates-Ulrichsen (2014).
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happiness, healthiness, wealth, greenness, and many other things that we now re-
fer to generically as ‘impact.” If they can demonstrate such impact, in the terms
described above, they have achieved their mandate. Unfortunately, this is not yet
possible, and the next section explains why.

Implications of the knowledge exchange model

The KEM (Figure 6.22) is a good representation of the system; however, some of its
implications can challenge current thinking. The first concerns whether universities
create impact. Universities do not create impact (e.g., jobs, products, services) but
they help others (e.g., students, startups, licensees) do so. Universities have long
told research funders that they create impact. This is a noble endeavor and one that
fits with the ethos of the university as an enabler and supporter of impact. If uni-
versities can enable their partners (research users, startups, spinouts, entrepreneurs,
government partners) to create impact (and they acknowledge universities’ input),
then everyone wins. This includes companies, the government, and universities
commercially, economically, and reputationally, respectively. This is the alignment
of different but complementary interests, which will unlock the system.

Another implication of the model is that despite looking linear, it is, in fact ‘cha-
otic’ in the scientific sense. It is a cause-and-effect system, the outcomes of which
are so unpredictable that they are effectively random. This is the best description of
the tech transfer world. Universities perform great research from which new ideas
and inventions emerge; however, research is not conducted to create inventions.
It is conducted to push forward the boundaries of human knowledge. Inventions
tend to be beneficial by-products of this process. This is not the case in industries
where research is conducted toward a predetermined goal or objective; by contrast,
university research is conducted to better understand the universe. If a valuable
invention emerges from this, that is a good thing, but it is not the purpose of uni-
versity research and neither should it be.

The job of technology transfer personnel is to take these inventions and maxi-
mize their benefits to the economy, society, and community. However, given that
the starting materials are observations and inventions that flow from research rather
than being the objective of research, it is difficult to create a sustainable business
model based on IP being delivered from university research. In other words, pre-
dicting the impact may be impossible during the university research stage, as too
many unknowns, variables, actors, and other factors (as previously described) are
involved in making that prediction, leading to chaos. What universities can do is
connect researchers with people interested in the research and those thinking about
how they might be able to use the outcomes of that research.

This is the conundrum. Academics are assessed and rewarded based on their
research and publications. They are not, in general, and despite protestations by
some, rewarded for the impact of their research in the economy, community, and
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society. Hence, why would an academic seek to ‘commercialize their research’
despite the fact that this seems to be what politicians, policymakers, and research
funders really want to know?

Recommendations for technology transfer in developing
new technologies

Improving the system of translating university research into the desired impact
demands taking certain actions and avoiding others.

Do understand and align academic interests with policy interests. Here,
policies could be both local and international policies that might impact Saudi Ara-
bia, especially those related to trade (e.g., emissions, carbon, border adjustments).
While this sounds relatively straightforward, it has previously resulted in counter-
productive approaches, including (1) asking faculty to become entreprencurs and
start companies and (2) rewarding researchers for filing invention disclosures.

In both cases, these factors lead to many ineffective activities that do not answer
the fundamental question. Asking faculty to create technology startups is particu-
larly problematic, as it misses the point on so many different levels.

The vast majority of faculty members do not wish to commercialize their IP.
They must teach students, research, write proposals, publish papers, and attend
conferences. They are extremely busy people. Therefore, asking them to add this
strange new commercialization agenda to their work is a challenging task, espe-
cially given the uncertainty regarding how likely it is to succeed and how long it
will take.

By contrast, all faculty members want their research to make a difference in the
world. This points to a simple policy direction. We should aim to encourage and
enable connections between researchers and the people who will put their research
to use. We should also help researchers engage with people genuinely interested
in the research and who can help shape it to maximize its impact. However, while
this works for industry-informed research, it is less effective for industry-directed
research, as discussed next.

Do not seek to direct university research toward predetermined objectives.
As previously stated, the system is chaotic and outcomes cannot be predicted.
While some areas are suitable for directed research, this should not be the case with
university research, which is characterized by curiosity-driven, investigator-led
research.

At the policy level, there is always a temptation to direct resources to those areas
with the greatest potential return. However, these are areas viewed through today’s
lens, and disruptive technologies being developed in labs are not considered. While
broad areas such as food, water, energy, and the environment are sufficient as the
focus of research efforts, a more granular focus risks running into the Kodak prob-
lem of perfecting technologies that are about to become obsolete.
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Do understand where the value lies between university research and indus-
try. A feature of the university/industry interface is that it has become more diffi-
cult over time. Universities and companies seem to view each other as competitors
or opponents in negotiating research, IP, and licensing deals.

This follows from the misapprehension that we are dealing with a billion-dollar
IP, but in the vast majority of cases, we are not. In fact, the evidence suggests that
the vast majority of knowledge exchange and transfer takes place through channels
other than IP, commercialization, and startups.

The work by Coates-Ulrichsen (2014) examined the flow of revenues from in-
dustry to universities in the United Kingdom. The author found that the knowledge
exchange mechanisms match the knowledge exchange channels (see Figure 6.23)
because the KEM is used as the basis for the metrics.

The following points are also noteworthy:

* Despite the policy-level obsession with IP and commercialization, this area ac-
tually generates the least revenue and, by extension, the least value of all the
knowledge exchange channels. This suggests that people have been fighting
furiously over the crumbs without appreciating the pie.

e Over half (57%) of the revenue that flows from industry to universities comes
through contracts and collaborative research. Any economic rationalist would
conclude that industry sees the real value of university engagement in the arca
of research rather than research commercialization.

* Consultancy and professional education generate 31% of the revenue. Al-
most one-third of the revenue flows from access to knowledge, expertise, and
know-how in contrast to the codified knowledge/IP model.

* The use of university equipment and facilities by industry generates twice as
much revenue as [P commercialization.

Essentially, the relationship between universities and industry in terms of transfer-
ring and translating knowledge is much more nuanced than considered thus far. More
value is translated through know-how, expertise, and collaborative thinking than has
been recognized in the past. This should inform policy discussions on the university/
industry interface, encouraging these rather than seeking to regulate IP matters.

Nonetheless, university IP is incredibly important. Groundbreaking research in
universities has led to inventions and technologies that can and have changed the
world. However, these are special cases, rather than norms. This does not mean that
we recommend a low focus on IP in universities. It is a critical part of the overall
knowledge exchange system and usually the most formal part that can create enor-
mous impact and value.

The issue has been the drift toward treating all IP as if it is hugely valuable,
when the statistics show that it is not. We need different approaches and strategies
to maximize the deployment of different types of IP. The tech transfer profession



Global landscape of research in hydrogen technology 145

aims to shepherd as many technologies as possible from the lab to the market and
see them change the world. However, treating all IP as world-changing IP is ulti-
mately self-defeating. Rather, maximizing the use of IP in industry and the econ-
omy is the most sensible approach.

Do maximize the numbers of actual and potential research users. As already
described, the effective use of university research to develop the economy requires
research users who can actually deploy the inventions and technologies. Insuf-
ficient effort is directed toward the development of qualifying and curating these
users as the ultimate creators of impact. Whether these are startups, multinational
licensees, local SMEs, government agencies, students, or entrepreneurs, universi-
ties need as many partners and research users as possible.

Every successful innovation ecosystem includes an excellent research univer-
sity within a dynamic entrepreneurial ecosystem. Here, we use entrepreneurial in
its broadest sense, defining a community that actively seeks to pull technology
from the university. In many cases, universities seek to push their inventions and
technologies toward the market, whereas the most effective systems are defined by
market-pulling technologies.

Hence, creating a community of well-informed, qualified research users, work-
ing with the research community to develop promising technologies seems like
a logical approach. Developing this community can take many forms. However,
there is a danger that given the numerous potential user groups, the effort is diluted
to the extent that no significant progress is made. This community can be divided
into three broad classes:

* Those uninterested in innovation: This category typically includes the majority
of businesses in any economy. Such firms are going about their business as they
have for years and not seeking change.

* Those interested in innovation: This category comprises businesses that think
that innovation could help them perform better, be more competitive, or grow.

* Those engaged in innovation: This category includes those businesses that al-
ready work with innovation agencies and universities and that see R&D as an
essential part of their business model.

From a university perspective, the first group is of little interest unless they can be
promoted from uninterested to interested in innovation—this is a marketing chal-
lenge rather than a technology challenge. Vision 2030 is an excellent example of
how a national movement can open up possibilities not previously considered by
entrepreneurs and companies. Here, the responsibility of addressing that dawning
interest falls on universities and others.

The third group is extremely important. However, from an economic develop-
ment perspective, this group has limited potential, as those engaged in innova-
tion already understand research and IP and can work with universities. Here, the
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challenge is to reduce the financial and bureaucratic workload to maximize the
flow of knowledge to research users.

The second group is of the utmost importance in terms of economic devel-
opment. With an interest in innovation, they are the key customer group for the
knowledge that universities produce (IP and know-how). Identifying, training, and
providing qualifications to this group as well as creating mechanisms by which
they can engage in the innovation economy step-by-step should be an extremely
high priority for creating a knowledge economy.

Do seek to make university technology as ‘usable’ as possible. University re-
search often ends at the publication stage simply because this is an internationally
applied metric for research quality. As previously stated, every researcher wants
their research to make a difference, and universities should therefore be creating
mechanisms to make that happen.

The gap between university laboratory research and industrially relevant tech-
nology is well recognized (sometimes called the valley of death). This is where we
must take early-stage technology to a place that can elicit interest and investment
from industry and markets. Many countries have formulated schemes, mechanisms,
and programs to address this gap, including Small Business Innovation Research
in the United States and Catapult in the United Kingdom. However, most such ac-
tivities seem to operate separately from the core academic efforts of the university.
Ideally, mechanisms should exist to encourage, fund, and reward the research arecas
that create a demonstrable impact. KAUST has set up a funding stream for this, as
described later.

Do reduce the barriers to engagement between universities and industry.
As previously stated, the interface between academia and industry appears to be
becoming more rather than less difficult. The focus on IP and value capture seems
to have obscured the value of knowledge exchange and aligned commercial and
reputational values.

We may have heard of cases where an industry partner wanted to discuss a
potential project, but the university first required a confidentiality agreement and
then a lawyer to attend the meeting. This is not how dynamic innovative relation-
ships work. These confidentiality and legal elements are seldom demanded by
academics but are the consequence of universities’ fear of missing out (on a lottery
ticket win).

Instead, universities should help their researchers and research users engage in
a regular, simple, and bureaucracy-free manner to the extent possible. Experience
shows that if something ‘valuable’ does come up, then both parties will seek to
reach an agreement to manage it. Trying to do so at the beginning, particularly with
an ‘innovation-interested’ party as described before, is likely to kill the relationship
before it has a chance to develop.
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KAUST-specific programs

KAUST has formulated specific programs to address the recommendations above.
These programs should apply to the development of the hydrogen economy in the
Kingdom and the region.

1 Research translation
Recognizing the need to make technologies more usable and the lack of product
development/proof of concept support, KAUST has introduced a $25-million/
year program to help technologies reach the marketplace. Specifically targeted
at moving technologies from TRL1 to TRL6, the stage at which industry can
credibly invest, as well as scaling technologies from grams to tons, the program
has funded a wide range of projects.

2 Technology Transfer
Universities often quote the number of invention disclosures, number of patents
filed, and number of patents granted as evidence of their innovation. However,
while these are good outcomes, the use of technology is a key. A granted pat-
ent that does not have a use has limited value. Thus, since 2019, KAUST has
switched its focus from patent filing to patent licensing. It has moved toward
the deployment of technology rather than its protection. In 2018, KAUST com-
pleted 15 license deals. In 2018/2019, it completed another 16 and has con-
tinued to grow the deal pipeline at 27 (2019/2020), 41 (2020/2021), and 63
(2021/2020). This is part of the philosophy of acquiring knowledge and IP and
placing them in the hands of people who can use them to create impact.

3 Entrepreneurship
As already stated, the research user community is vital for creating impact.
Entrepreneurs are a primary category of these users, and economies stagnate
without them. KAUST trains 3,500 entrepreneurs per year? and has partnerships
with around 20 other universities across the Kingdom. These universities send
their students to KAUST for experiential learning experiences around innova-
tion and entrepreneurship. This is part of the strategy for creating deep-tech
innovation and technology users in the future. KAUST cannot expect or wait
for others to develop these users, so it is developing them itself. It recognizes
that the journey from an undergraduate being exposed to entrepreneurship for
the first time to a technology entrepreneur who can drive a deep-tech company
is a long one. However, the journey has to begin someplace and the guide has to
come from somewhere.

Its flagship accelerator, Tagadam, in which KAUST partners with SABB,

is an excellent example of a developing program. From relatively small be-
ginnings, the entrepreneurship team at KAUST has developed Tagadam into
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the premier accelerator in the region, attracting hundreds of applicants per
cohort from within the Kingdom and internationally. KAUST has also created
a judging panel of over 30 investors, again local and international, to ensure
that the feedback given to companies is commercially and market-relevant.
In 2020, the Tagadam showcase at KAUST attracted 1,100 people who came
to see the final pitches in an auditorium for 1,000 people, again demonstrat-
ing the Kingdom’s appetite for such technology and innovation activities. In
2021, during the COVID-19 pandemic, KAUST’s showcases and pitches went
online. Over 7,000 people logged in for each session. KAUST is now reaching
people in the Kingdom on a scale never seen before, suggesting that there is
a massive audience to address and community to engage. In addition to the
entrepreneurial buzz created by this activity, KAUST is developing a pipeline
of strong technology companies in the market and raising significant invest-
ment rounds.

KAUST does not set out to create unicorns; it aims to create deep-tech start-
ups built on excellent technology that clearly understand the market that they
are seeking to address (i.e., where impact comes from). Unicorns will follow the
initial impact. However, universities are not in the business of creating unicorns,
but rather translating excellent science into innovations that make a difference
in the world. Entrepreneurs are an essential conduit of this.

4 SME Program

One objective of Vision 2030 is to increase the contribution of SMEs to GDP
from 20% to 35%. While this is an ambitious objective, the equivalent contribu-
tion in other developed economies is 50%—75%. Hence, 35% does not seem to
be unobtainable. However, this increase can only be achieved by moving SMEs
up the value chain. In line with the aim to maximize the number of research
users, KAUST surveyed SMEs in the Kingdom in partnership with the Jed-
dah Chamber of Commerce, Monsha’at, and Prince Mohammed bin Salman bin
Abdulaziz Foundation (MISK). This was the first university-led SME survey
in Saudi Arabia, to the best of our knowledge. Over 500 SMEs responded, and
90% said that they would like to innovate. When asked what would enable that,
the vast majority mentioned access to talent, expertise, and facilities, consistent
with our previous discussion on knowledge exchange channels. Moreover, the
SMESs were not looking for deep-tech research or university IP but rather access
to knowledge and capabilities.

Based on these results, KAUST is developing an SME capacity-building
program to take these SMEs through the innovation value chain, as they will
eventually become research partners and users that will create the impact dis-
cussed above. To date, KAUST has trained over 1,200 SMEs on innovation and
technology. Further, it is developing deeper relationships with these SMEs, as
they come to understand the value that the university can offer in terms of talent,
knowledge, expertise, and ultimately technology-led competitive advantage.
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5 Massive Open Online Course (MOOC)
Similarly, Saudi entrepreneurs will drive the innovation ecosystem in the fu-
ture, as entrepreneurs drive ecosystems globally. Universities must provide
the resources to help create those generations of entrepreneurs and innovators.
KAUST conducted its first MOOC in the innovation space, an online course de-
livered in Arabic and aimed at potential innovators and entrepreneurs. Launched
in June 2021 and supported by Amin AlNasr (Saudi Aramco), Lubna AlOlayan
(SABB Bank), and Andrew Liveris (Lucid Motors), the original target was to
register 10,000 young Saudis for the course in the first year. In the first month,
over 71,000 signed up and the number is now over 100,000, with participation
and completion rates among the best for any MOOC platform. This demon-
strates the appetite for innovation and entrepreneurship in the Kingdom and cre-
ates an enormous community of innovators with KAUST at its core. This will
make an enormous contribution to the entire ecosystem by 2030, as more young
people learn about innovation and S&T as well as make life decisions that will
take them on the technology, innovation, and impact journey.

6 Investment fund
KAUST Innovation Ventures is an $8-million-per-year fund that supports
founders and funds early-stage deep-tech startups working to solve our most
pressing S&T challenges. At present, we have 30 active startups. The fund is
aiming to grow an innovation and technology investment community and attract
international investors and venture capitalists to the emerging Saudi technology
ecosystem. KAUST will become the long-term strategic partners of these ven-
tures through seed-to-early stage investments. The fund has a substantial port-
folio investment, with a key indicator being that co-investment ($55 million)
in the portfolio surpassed KAUST’s own investment ($37 million) in 2022.
Having a third party invest in your technology is more difficult but also lends a
degree of credibility to the company, which helps hugely with future fundrais-
ing. As mentioned above, KAUST has created a powerful network of Saudi and
international investors to supply these co-investments.

7 Research & Technology Park
KAUST’s Research & Technology Park has been viewed as a natural home for
S&T companies in the Kingdom. With Aramco, Dow, and SABIC as the initial
tenants, the park has become a locus for a wide range of companies. The Re-
search & Technology Park attracts deep-tech companies to Saudi Arabia. Work-
ing in the Kingdom provides access to the largest and most rapidly developing
economy in the region. Furthermore, it offers access to capital (investment
funds described above), talent (the university and entrepreneurial ecosystem),
knowledge (KAUST research), technology (KAUST core labs), and quality of
life. From 40 tenants in 2018, KAUST now has 97 tenants, ranging from global
companies to spin-ins and SMEs to very small, entrepreneur-led startups. This
is the mix required to create an innovative ecosystem. Parks that have only large
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companies and parks that have only startups will always be limited, as an eco-
system requires a diversity of lifeforms.

In addition, KAUST has conducted pilot-scale product development and
manufacturing in areas as diverse as desert agriculture, algae production, solar
energy, and desalination, with 3 million square meters of land for develop-
ment. Hence, it is already becoming the pillar of deep-tech in the Saudi econ-
omy. It can provide knowledge, talent, capital, capabilities, and an innovation
ecosystem. The most important deep-tech areas, given KAUST’s founding
research themes of food, water, energy, and the environment, will relate to
the hydrogen economy, the carbon circular economy, marine sustainability,
and sustainable energy. KAUST will be an enabler, a partner, and a key player
in transferring its world-leading research to people who will use it to create
impact.

Conclusion

Hydrogen encompasses many technological topics and is deeply connected to sev-
eral technical fields and sectors. Only a few technologies in the hydrogen domain
have reached full-scale commercialization, and strategic RDDI investments are
critical to developing proven and reliable hydrogen-based energy systems. This
RDDI is intended to reduce levelized cost of hydrogen and improve energy conver-
sion efficiency across hydrogen and hydrogen derivatives and associated technolo-
gies (e.g., CCUS). Supply chains are necessary in addition to building economies
of scale, which, for climate technologies, are often high risk with low commercial
viability.

This chapter examines global R&D and innovation in the hydrogen value
chain. It elucidates the funding status of the public, private, and venture capital
used for furthering hydrogen technologies. It proposes a symbiotic relationship
between government departments that manage RDDI portfolios and national uni-
versities, research labs, and other research centers as well as with industry to
recognize and respond to their needs. Public funding will initially unlock pri-
vate capital investments in hydrogen technologies. However, global cooperation,
technology sharing, and the dissemination of climate technologies are essential.
In Saudi Arabia, the anticipated financing for hydrogen R&D must be based on
the expected revenue goals, proportion of home-grown to imported technologies,
and cost of broader innovation ecosystem development, which requires compre-
hensive study.

This chapter also focuses on critical technological gaps in the commercial-scale
penetration of hydrogen in industries and recommends RDDI strategies for es-
sential technologies. The faster adaptation of new technologies in the industry is
a critical factor in determining the effectiveness of innovation ecosystems. Fur-
ther, promising technologies that best suit Saudi Arabia’s climate goals, industrial
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priorities, and economic objectives are listed. Hence, the chapter offers a practi-
cal guide for policymakers and research institutions to target funding in selected
research innovation areas and develop a competent infrastructure. A roadmap for
Saudi Arabia’s hydrogen RDDI is presented, which identifies four categories of
technology infusions into the economy: (1) basic research and technology transla-
tion, (2) corporate or firm research, (3) technology acquisition, and (4) technology
licensing.

This chapter emphasizes the need to nurture a robust innovation ecosystem in
Saudi Arabia to disseminate and deploy hydrogen technologies to achieve national
priorities. Such an ecosystem is technology-agnostic, but a basic need for building
a knowledge-based economy. The current RDDI ecosystem is not on par with those
of global economies, which are highly innovative. Moreover, key innovation matri-
ces such as GERD/per capita GDP and researchers per million population are low.
On the GII and World Competitive Ranking, Saudi Arabia lags behind its peers in
high-income economies owing to its inability to translate innovation investment
into economic impact. Hence, Saudi Arabia must take steps to bridge this gap via
its new RDIA initiative. Finally, a KEM—as a plausible path from academic re-
search to industrial deployment in the Kingdom—is presented and discussed. This
model links R&D with innovation through the technology transition process.

Appendix 1: TRL scale.
Source: IEA (2020b).
SDS: sustainable development scenario

Initial idea
1 Basic principles have been defined
Application formulated
_ Concept and application of solution have been formulated Beyond
Concept needs validation the SDS

Solution needs to be prototyped and applied

Early prototype
_ Prototype proven in test conditions

o Large prototype
LARGE Components proven in conditions to be deployed
PROTOTYPE Full prototype at scale
6 Prototype proven at scale in conditions to be deployed
Pre- cial d ion
7 Solution working in expected conditions s §
- . & cope O
LS ] First-of-a-kind commercial the ';DS
8 Commercial demonstration, full scale deployment in final form
C cial op ion in rel envirc
9 Solution is commercially available, needs evolutionary improvement to stay competitive

EARLY ADOPTION Integration needed at scale
Solution is commercial and competitive but needs further integration efforts

Proof of stability reached
MATURE 1" Predictable growth
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Notes

1 An explanation of the RDDI ecosystem is necessary here. R&D is often the first step
of innovation and entails basic and applied research in universities, research institu-
tions, and firms by scientists and engineers. This R&D stage, which is also referred to
as the invention stage, is followed by the large-scale demonstration (D) of technology.
Venture capital’s role starts after the R&D component is de-risked and therefore bet-
ter suited to the innovation (I) stage. Innovation has a broader connotation in that it
includes all the steps leading to market success and new products and services and has
a significant role for entrepreneurs, business managers, and industrialists. Technology
transfer from universities to industry is one of the crucial links connecting R&D and
innovation.

2 Given that it has approximately 1,600 students, it is evident that KAUST is training
people from outside the institution as well.
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HYDROGEN INVESTMENT

Carving out a competitive position for the MENA
region in the energy transition

Wa’el Almazeedi

Introduction

The global energy supply chain is undergoing a major transition toward zero-
carbon energy resources. The transition has been accelerated by the commitment
of 198 countries to the legally binding 2015 Paris Agreement, an international cli-
mate change treaty reached at the twenty-first Conference of the Parties (COP 21)
of the United Nations Framework Convention on Climate Change (UNFCCC). The
Agreement calls for limiting global warming to below 2°C above pre-industrial
levels by the end of this century and pursuing efforts to limit it to below 1.5°C.

By the end of 2016, all countries in the Middle East and North Africa (MENA)
region became parties to the Paris Agreement. Except for three countries (Iran,
Libya, and Yemen), the MENA countries proceeded to ratify the Agreement shortly
thereafter. As of the end of 2021, over 140 countries have pledged or are consider-
ing committing to net-zero carbon emissions (Climate Action Tracker 2021a). Each
country’s pledge will be backed by plans and measures under enhanced Nationally
Determined Contributions (NDCs) updated every five years and submitted to the
UNFCCC Secretariat.

Under the UNFCCC-sponsored Race to Zero Campaign (UNFCCC 2021),
1,049 cities, 67 regions, 5,235 companies, 441 institutional investors, and 1,039
higher education institutions have pledged to net-zero emission targets by 2050.
Net-zero emissions are defined as the achievement of a state in which an entity
removes as much greenhouse gas (GHG) emissions from the atmosphere as it gen-
erates. Although still lacking in scope, architecture, and transparency, these targets
will guide countries, cities, regions, and companies in implementing proposed ac-
tions aligned with the Paris Agreement.
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Within the MENA region, only five countries have thus far pledged to reduce
their carbon emissions to zero. The United Arab Emirates (UAE) and Israel have
pledged to attain net-zero emissions by 2050, Turkey by 2053, and Bahrain and the
Kingdom of Saudi Arabia by 2060. Saudi Aramco has pledged to reach its target
by 2050 (Energy and Climate Intelligence Unit 2021; Net Zero Tracker 2021).
Despite these ambitious announcements, MENA countries’ response to the energy
transition has been slow. A World Bank (2020) report identified MENA countries
as among those most poorly prepared for the low-carbon energy transition.

Similarly, the Massachusetts Institute of Technology (MIT) placed all MENA
countries (except for Morocco) into the two lowest-rated categories of its 2022
Green Future Index (MIT Technology Review Insights 2022). Specifically, the re-
port stated that MENA countries are “making slow and uneven progress” and “will
be left behind in the green future.” Even without a net-zero target, Morocco was the
only MENA country whose actions to meet its Paris Agreement commitments were
rated “Almost Sufficient” (Climate Action Tracker 2021Db).

The hydrogen opportunity

MENA countries’ investments in renewable and low-carbon hydrogen may prove
to be the most cost-effective response to the energy transition and compensate for
lost time. It may be the only way for MENA oil and gas-producing countries to
avoid the high risk of rendering a sizable proportion of their hydrocarbon reserves
stranded. Market entry into the emerging hydrogen supply chain can reduce reli-
ance on hydrocarbons and public expenditure as the main drivers of economic
growth. It may also allow MENA countries that lack hydrocarbon resources to
replace growing fuel and ammonia imports, thereby improving fiscal balances and
enhancing energy security. In summary, hydrogen investments provide MENA
countries with a compelling value proposition (Table 7.1).

The energy transition holds a silver lining for MENA countries. As the most ef-
ficient energy carrier, renewable electricity has been spearheading the energy tran-
sition. However, on its own, it is not sufficient to decarbonize hard-to-abate sectors
such as heavy industry, heavy-duty transportation, aviation, and shipping. Moreo-
ver, alone, it cannot facilitate its integration into the heating, industry, transporta-
tion, and natural gas sectors, referred to as “sector coupling.” Both clean molecules
and electrons are required to attain the Paris Agreement carbon emissions reduction
targets. Renewable electrolytic hydrogen and low-carbon fossil hydrogen, termed
green and blue hydrogen, respectively, can achieve both objectives, either indepen-
dently or via carriers such as ammonia. Hence, they can complement the role of
electricity in the energy transition.

Blue hydrogen is produced by reforming oil, gas, and coal resources but with
carbon dioxide (CO,) emissions captured and stored underground or consumed in
other processes. Therefore, blue hydrogen presents a window of opportunity during
the transition to green hydrogen, which is produced by electrolyzing water using
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TABLE 7.1 Hydrogen’s value proposition for the Middle East and North Africa region

v’ Supply low-carbon or carbon-neutral energy products to end-use energy consumers
globally, thereby reducing the aggregate carbon footprint of energy exports.

v/ Substantially scale up installed renewable energy capacity.

v Incentivize investments in carbon capture, utilization and storage (CCUS) infrastruc-
ture and scale up the use of captured carbon dioxide (CO,) in enhanced oil recovery
(EOR) to:

* Maximize oil reserve recovery.

» Extend the life of oilfields.

» Attain (potential) carbon neutrality for petroleum exports (provided a disproportion-
ate amount of CO, is injected for every barrel of oil recovered).

* Maintain minimum investments in oil and gas reserves and the associated infrastruc-
ture to enable a smooth energy transition.

* Drive the creation of the circular carbon economy (CCE).

v/ Carve out a proactive role in the ongoing energy transition and join countries that have
announced and devised measures to attain net-zero emissions targets.

v/ Transform the private sector’s role in the national and regional economy and create
world-class companies that can compete globally (e.g., ACWA Power, OCI, and Gulf
Cryo).

v/ Create job opportunities in the emerging hydrogen and CCUS supply chains.

Source: Author.

solar or wind electricity. Turquoise hydrogen, produced by the pyrolysis of natural
gas, also offers a parallel track for oil and gas producers. Specifically, the technol-
ogy does not emit CO, but produces carbon black as a by-product. In the remainder
of this chapter, green hydrogen is referred to as “renewable” hydrogen, whereas
blue and turquoise hydrogen are termed “low-carbon” hydrogen.

By 2050, the value of the hydrogen market is expected to reach $1.0-$2.2 tril-
lion (up from $117 billion today) and account for 16% of the world’s energy needs
(Barclays Capital (2020), Bank of America (2020), Goldman Sachs (2020), Hydro-
gen Council (2020). However, to fulfill hydrogen’s decarbonization role, an annual
production volume of 660 mt by 2050, or 22% of final global energy demand,
is necessary (Hydrogen Council and McKinsey & Company 2021a). First, this
will require 3—4 TW of electrolysis capacity and 4.5-6.5 TW of renewable energy
generation capacity. Second, it will demand 140-280 mt of natural gas reforming
capacity for low-carbon hydrogen production coupled with the infrastructure to
store 1-2.5 Gt of CO,,

In 2021, the International Energy Agency (IEA) estimated that hydrogen de-
mand reached 94 mt, most of which was used in the refining and fertilizer indus-
tries. In the same year, Middle Eastern countries consumed 12 mt of hydrogen, the
third largest consumer globally after China and the United States. Of this, 45%,
36%, and 14% were used in the fertilizer, refining, and steel industries, respectively.
This proportion represents approximately 10% of global hydrogen demand,
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including by-product hydrogen production. Natural gas, accounting for 90%, is
the predominant hydrogen production feedstock in the Middle East and worldwide
(IEA 2021a, 2022; Qamar Energy and Netherlands Enterprise Agency 2020). As
an industry feedstock and a low-carbon energy vector, hydrogen demand, based on
IEA and International Renewable Energy Agency (IRENA) estimates, will reach
528-614 mt/y by 2050.

Within the MENA region, hydrogen demand is expected to reach 25-50 mt/y
by 2050 in Gulf Cooperation Council (GCC) countries alone (Roland Berger and
MENA Hydrogen Alliance 2021). This new demand will be fueled by renewable
and low-carbon ammonia and methanol production and local hydrogen consump-
tion in new transportation and energy applications. However, MENA countries’
exports are likely to outpace local demand by a wide margin, at least initially.

China, the European Union (EU), North America, and South and East Asia are
projected to become the markets with the largest demand. In particular, China is ex-
pected to become self-sufficient. North America will become both exporter and im-
porter, satisfying supply shortfalls from South American producers such as Chile,
Brazil, Uruguay, and Argentina. Hence, MENA countries are well positioned to
capture a significant demand share in the EU and South and East Asian markets
(Qamar Energy and Netherlands Enterprise Agency 2020).

The EU is projected to import between 30 mt/y and 60 mt/y of renewable or
low-carbon hydrogen by 2050 (World Energy Council 2022). In its efforts to re-
duce EU’s reliance on oil and gas imports, the European Commission announced
the RePowerEU strategy calling for a target of 20 million t/y of renewable hy-
drogen production by 2030, of which 50% would be imported (Helena Uhde
2022). Furthermore, according to Japan’s Ministry of Economy Trade and Industry
(METI) and the Hydrogen Council, Japan and South Korea will import 35 mt/y
of renewable or low-carbon hydrogen and a further 30 mt/y of ammonia by 2050.
The uncertainty about potential import requirements is driven by several factors.
It may be cheaper to produce low-carbon hydrogen domestically than to import it.
Conversely, some countries such as Japan and South Korea have limited access to
CO, storage capacity and/or renewable energy resources. To mitigate this problem,
production pathways such as the pyrolysis of liquefied natural gas (LNG) are being
considered.

Therefore, MENA countries could have substantial hydrogen opportunities.
GCC countries dedicating a large proportion of installed renewable electricity ca-
pacity to electrolysis could together capture 10%—30% of the European and East
Asian market share (Roland Berger and MENA Hydrogen Alliance 2021). In ag-
gregate, this could generate annual revenues of $70-$200 billion for the region’s
countries.

In addition, the demand for low-carbon fuels in the shipping and aviation in-
dustries presents a substantial opportunity for MENA countries. Renewable and
low-carbon ammonia may become the preferred bunker fuel for the shipping indus-
try, as it moves aggressively to reduce its carbon footprint. Meanwhile, synthetic
kerosene (e-kerosene) may play a critical role in decarbonizing global aviation.
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MENA hydrogen export potential: a reality check

Cross-border hydrogen trade could reach 50 mt/y and 132 mt/y by 2030 and 2050,
respectively, based on the IEA’s (2021b) global demand and IRENA (2022c)
cross-border trade projections. A significant proportion of the traded hydrogen is
expected to be transported as ammonia. Ammonia is an energy vector in its own
right and may not need to be reconverted into hydrogen at the receiving port.

MENA exporters would compete with Australia, Brazil, Canada, Chile, and
Russia to supply around 102 mt/y of imports by the EU and Asian markets in 2050.
MENA exports could capture up to 60 mt/y or around 58% of imports, represent-
ing approximately 11% of global demand. Exports would comprise both renew-
able and low-carbon hydrogen, with MENA capturing the lion’s share of the latter
(Table 7.2). By adjusting for capacity and energy conversion factors, exports would
require: (a) 96 mt/y of natural gas reforming capacity coupled with the infrastruc-
ture to store 0.3 Gt/y of CO, and (b) 232 GW of electrolysis capacity and at least
490 GW of renewable generation capacity.

TABLE 7.2 Middle East and North Africa’s hydrogen export potential

2030 2050
Global hydrogen demand forecast (mt/y) 200 530
Cross-border hydrogen trade (mt/y) 50 132
Net global hydrogen imports (mt/y) 40 103
Potential MENA hydrogen exports (mt/y) 21 60
Energy content (EJ/y) 2.5 7.2
Low-carbon hydrogen requirements
Methane volume (mt/y) 48 96
Carbon dioxide (CO,) storage (mt/y) 150 300
Renewable hydrogen requirements 51 197
Electrolysis capacity (GW) 107 414
Solar photovoltaic (PV) and wind capacity (GW)
Capital investment requirements
Reforming capacity (US §$ billion) 48 96
Electrolysis (US §$ billion) 35 79
Solar PV and wind (US $ billion) 109 419

Assumptions: Hydrogen demand: IEA net-zero emissions scenario for global hydrogen demand.
Cross-border trade: IRENA (2022c) for hydrogen cross-border trade. MENA export: Based on cross-
border trade less regional pipeline trade, add back the amount captured by potential North African
pipeline exports to the EU, discount local consumption to zero. Infrastructure requirements: 40/60 re-
newable energy/fossil (2030), 60/40 renewable energy/fossil (2050), 90% capacity factors (steam meth-
ane reforming (SMR)/and autothermal reforming), 11 kg CO /kg of hydrogen. Energy content (lower
heating value, LHV): 120.5 MJ/kg of hydrogen, 42 MJ/kg of crude oil, 45 MJ/kg of LNG. 70% load fac-
tor (electrolyzer), 30%/40% capacity factors (photovoltaic (PV)/wind) assuming energy storage and hy-
bridization and learning curve-associated efficiency improvements after 2030. CAPEX: $857/kW (solar
PV), 81,325/kW (wind), $2,950/ton for 350,000 t/y SMR + carbon capture not including ammonia (NHj)
synthesis loop, $400-$680/kW (alkaline electrolysis (AEL)/ polymer electrolyte membrane (PEM)).

Source: Author’s MENA Hydrogen Export Model.
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The latter requirement presents three challenges. First, the renewable generation
capacity required for electrolysis is a nearly 35-fold increase over MENA’s in-
stalled non-hydro renewable capacity of 14 GW in 2021. Barring Central America,
MENA’s renewable energy penetration is the lowest worldwide—approximately
4% of total installed capacity and less than 1.5% of global installed non-hydro
renewable capacity (IRENA 2022d). Second, renewable capacity may have to be
dedicated exclusively to electrolysis and not diverted from the grid to satisfy major
demand center regulators’ additionality requirements. This would ensure that the
energy supply chain is decarbonized in the most energy-efficient manner possible.
Additionality is a likely ingredient of hydrogen certification and a condition to
which exporters may need to adhere. Third, hydrogen producers may find them-
selves competing for low-carbon electricity with electricity-hungry crypto mining
centers. Certain MENA countries have recently been targeted by crypto mining com-
panies as a potential source of low-cost electricity. Indeed, some MENA countries
have already instituted favorable regulatory frameworks for virtual assets to attract
crypto miners and trading platforms (S&P Global 2022b). Moreover, the crypto
mining industry is under tremendous pressure to reduce the carbon footprint of its
operations due to its growing energy consumption.

On an energy-equivalency basis, MENA hydrogen exports in 2050 would be
7.2 Exajoule (EJ), only slightly surpassing 2021 LNG exports, estimated to be
112 mt/y, equivalent to 5 EJ/y. This pales in comparison with the region’s 2021
crude oil exports of 1,321 mt/y, equivalent to 56 EJ/y.

International hydrogen collaboration and procurement

Major industrialized countries have encouraged MENA nations to capitalize on
their cheap hydrogen production potential. Germany and Japan have created clear
momentum for international engagement in their national hydrogen strategies and
roadmaps with low-cost hydrogen producers in developing and emerging markets.
This engagement includes incentives ranging from discretionary funding for pi-
lot projects and feasibility studies to joint research programs. Despite these con-
structive developments, this engagement comes with strings attached. Most of the
proposed projects are export-oriented and subject to the evolving regulatory frame-
works of the destination markets in question. Moreover, the proposed projects are
contingent on the involvement of certain project developers, original equipment
manufacturers, and service providers. They may not facilitate local private sec-
tor participation or local ecosystem development, which are needed for MENA
countries to create a competitive advantage in the emerging hydrogen value chain.

However, one welcomed development is the launch of global hydrogen procure-
ment programs by both Germany and Japan. Although not specifically directed at
the MENA region, Germany’s H2Global program may have a far-reaching impact.
The program’s double auction-based mechanism finances renewable hydrogen im-
ports by competitively procuring long-term supply contracts globally and matching
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them with aggregated short-term offtake contracts locally. It compensates off-takers
for the price difference using “contract for difference” subsidies (H2Global 2022).
The success of H2Global could mainstream its procurement program across the
EU. Similarly in Japan, JERA, an alliance of two electric utilities and the world’s
largest LNG trader, launched an international competitive bid in early 2022 to pro-
cure up to 500,000 mt/y of low-carbon ammonia for delivery in 2027.

A new energy paradigm for MENA

Thus, prospective MENA exporters face new market realities. If they were to capi-
talize on the hydrogen opportunity, they would need to address the following eight
strategic issues.

1 Hydrogen is not the new oil: Hydrogen should not be treated as an energy com-
modity such as natural gas, oil, or petroleum products. IRENA (2020c) high-
lights that unlike oil and gas, hydrogen is a conversion and not an extraction
business and can potentially be produced competitively globally via electrolysis.
This alone will change how hydrogen and its derivatives are traded. IRENA esti-
mates that by 2050, only approximately 25% of global hydrogen demand will be
met by cross-border trade, with the bulk produced and consumed domestically.
By comparison, cross-border trade for LNG is slightly higher at 33%, whereas
that for crude oil comprises 74% of global demand. Hence, MENA exporters’
participation in import market hydrogen supply chains will be critical for captur-
ing a hydrogen market share comparable to their current oil and gas share.

Despite retaining some features of LNG, value in the renewable and low-
carbon hydrogen supply chains will be created closer to end-use customers and
driven by three factors (Figure 7.1):

e Acting mainly as a complement, the hydrogen value chain will be linked
more closely to that of electricity.

* End users will play an equal, if not larger, role to that of other stakeholders
whereby hydrogen use cases would send price and quality signals to produc-
ers that would need to adapt to evolving market requirements.

* Most regulators in end-use markets will emphasize inclusiveness and eq-
uity across the energy value chain, preventing producers from retaining a
disproportionate amount of value. Therefore, cost competition may not be a
sufficient strategy driver.

2 Time to market: Market entry should be expedited along three interrelated fronts:

a The handful of markets likely to experience chronic supply shortfalls, such as
the EU, Japan, and South Korea, should be targeted first. Furthermore, MENA
exporters should be prepared to compete on price with other equally if not
better endowed and cost-competitive suppliers such as Chile and Australia.
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b The implementation of hydrogen strategies should be expedited. This would
ensure capital investments in low-carbon hydrogen production and related
carbon capture, utilization, and storage (CCUS) infrastructure do not become
stranded as renewable hydrogen evolves into the default hydrogen produc-
tion pathway. Objective and dynamic assessments of the narrowing levelized
cost of hydrogen (LCOH) differential between renewable and low-carbon
hydrogen are necessary. This would optimize capital allocation and aid the
design of appropriate regulatory incentives.

¢ Substantial capital should be committed upfront to attain a first-mover advan-
tage under considerable market, regulatory, and technological uncertainty
both at home and overseas. Bankable projects require long-term offtake
agreements to attract limited project financing. Therefore, first-of-a-kind hy-
drogen and derivative projects face several challenges. First, no merchant
market for hydrogen exits at present. Currently, hydrogen serves captive
industrial markets, where it is fed into industrial processes as a feedstock
without third-party commercial agreements or prices. Second, significant
commercial-scale renewable or low-carbon hydrogen production is yet to
come on stream. Moreover, investment cases for hydrogen use as an en-
ergy vector in the industrial, heating, electricity, and transportation sectors
are still evolving. Third, dedicated hydrogen (and CCUS) legislation and
policy lag far behind the development of renewable and low-carbon hydro-
gen production. Fourth, a globally accepted hydrogen certification scheme
would need to be developed and consistently applied across borders. This
would ensure that end users can evidence the GHG and sustainability at-
tributes of their hydrogen consumption and meet their emissions reduction
targets.

3 Renewable electricity capacity: Significantly accelerating the rate of develop-
ment of renewable electricity capacity is a prerequisite for scaling up renewable
hydrogen. Low-carbon hydrogen will be unable to compete in the long term.
The supply chain of renewable hydrogen is simpler, cheaper to develop, and has
fewer entry barriers. It lacks an upstream component, and renewable electricity
costs have historically been deflationary. The scale up of renewable hydrogen
is likely to be held back not by cost but by the access to sufficient renewable
electricity capacity.

4 Local hydrogen ecosystems: Local ecosystems and end-use applications should
be developed as opposed to primarily creating an export-oriented hydrogen in-
dustry. Price and quality signals created by end-use applications and producers’
ability to quickly adapt to these signals determine value creation across the hy-
drogen supply chain. Furthermore, local ecosystems and the incentives for their
development are crucial to attracting entrepreneurs, small and medium-sized
enterprises (SMEs), and private companies. All these parties would strengthen
regional and national competitiveness.
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5 Incentive schemes: Overarching regulatory frameworks for the energy sector
are essential for removing entry barriers, creating a level playing field between
industry stakeholders, instituting standards, and introducing incentive schemes
to kickstart and scale up hydrogen production and applications. Regulation will
provide a basis for allocating funds and provisioning for contingent liabilities in
national budgets. This will then allow the financing of subsidies for projects and
consumers (e.g., contracts for difference) and the provision of financial support
to projects (e.g., grants, equity, loans, and loan guarantees). This would improve
the bankability of first-of-a-kind projects. As this may take time, the first step
could be to promote the development of hydrogen hubs and CCUS clusters,
which would create opportunities for local and international private sector play-
ers and act as a pull factor for foreign direct investment. Proximity to industrial
demand centers will lower costs, de-risk technology, and offtake and leverage
the existing infrastructure.

6 Role of the private sector: Governments should aggressively facilitate and
private industry should fiercely lobby for a proactive role of the private sector
and SMEs. First, this will require creating a level playing field for them with
the public sector in the energy space. Second, incentives must be provided to
build and upgrade the necessary institutional capacity to enable them to become
stand-alone project developers and service providers. Private companies and
SMEs, rather than governments, are driving innovation in the hydrogen supply
chain globally. Notable role models have already emerged in the MENA private
sector, such as ACWA Power, OCI BV, and Gulf Cryo. Many more private com-
panies would need to be established before 2030 for the MENA region to play a
meaningful role in hydrogen production.

7 Regulatory engagement: Proactive engagement with regulators in demand
centers by both MENA governments and project developers must be orches-
trated at a very early stage. This would ensure that hydrogen imports are treated
fairly and objectively. The impact of regulations on potential exports cannot be
underestimated and needs to be addressed sooner rather than later. An example
is the EU’s Carbon Border Adjustment Mechanism. In the absence of a global
binding agreement on carbon prices, this policy aims to reduce carbon leak-
age by regulating the carbon intensity of the EU’s imports. Presenting persua-
sive science-based arguments aimed at keeping low-carbon hydrogen relevant
and making a case for its inclusion in a portfolio of decarbonization options is
equally important.

8 Circular carbon economy (CCE): Promoting and institutionalizing the CCE
framework is crucial if low-carbon hydrogen is to be considered a sustain-
able decarbonization option. This can only be realized by developing bankable
business cases and outsourcing services across the CCUS supply chain to spe-
cialized firms. It also requires structured incentive mechanisms for carbon cap-
ture and storage (CCS) (including use of captured carbon dioxide in enhanced
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oil recovery [EOR]) and for carbon capture and utilization (CCU) (including
production of synthesis fuels and advanced materials). The appeal of CCE to
institutional investors and energy consumers may increase substantially if the
captured carbon dioxide and solid carbon (produced from the pyrolysis of natural
gas) are directed toward the manufacture of advanced materials, currently be-
ing or expected to be used in energy transition applications. Examples include
polyacrylonitrile-based carbon fiber composites (the material of choice for com-
pressed hydrogen fuel tanks in fuel cell electric vehicles [FCEVs]) and graphene
(a two-dimensional breakthrough material earmarked for energy storage, solar
energy, water desalination, and superconducting applications) (Almazeedi 2020).
These mechanisms can allow developers to recoup and earn a return on the capi-
tal invested. See the section titled Institutional capacity for hydrogen project
development and financing for more details on CCUS as well as Figure 7.2.
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FIGURE 7.2  Circular carbon economy.

Source: Author.

MENA’s competitive positioning

MENA countries possess the necessary resources to produce both low-carbon and
renewable hydrogen. The IEA’s (2019) report, “The Future of Hydrogen,” identi-
fies the Middle East as a region ideally positioned to produce low-carbon hydrogen
cheaply at a vast scale (Table 7.3).
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TABLE 7.3 Middle East and North Africa’s competitive positioning in hydrogen

Low-carbon hydrogen

Renewable hydrogen

v/ Access to a variety of hydrocarbon feed-
stocks that could be allocated to hydrogen
production

v Strong hydrogen and ammonia produc-
tion and liquefied natural gas (LNG)
export competencies

v First-of-a-kind locally articulated frame-
work for a circular carbon economy
(CCE) gaining traction globally

v/ Commitment to carbon capture, utiliza-
tion and storage (CCUS) and use of CO,
for enhanced oil recovery (EOR)

v Significant carbon dioxide (CO,) storage
capacity in depleted oil and gas wells and
deep saline formations

v Growing competencies within the local
private sector in CO, transportation, stor-
age, and distribution

v Strong interest from international indus-
trial gas and oilfield service companies
to invest in outsourced CCUS-related
services

v Demonstration projects with hydro-
gen and ammonia off-takers in end-use
markets

v/ Access to abundant renewable energy
resources: solar (high solar irradiation
levels) and wind (high mean power
densities and wind speeds in selected
MENA countries)

v Among the lowest levelized cost of
electricity (LCOE) worldwide; record-
breaking tariffs realized by independent
solar photovoltaic (PV) power projects:
1.3 to 1.7 US $ cents/kWh (Table 7.4)

v Proven and tested public/private part-
nership frameworks for power project
development, financing, construction,
operations and maintenance, and
ownership

v/ Emerging local world-class private
power and ammonia project developers

v Large-scale renewable hydrogen pro-
jects under development

v/ Strong interest from major international
companies in hydrogen and ammonia
projects being developed in the region

v/ Strong interest from international indus-
trial gas and electrolyzer original equip-
ment manufacturing companies

v/ International applied research collabora-
tions on Power-to-X and synthetic fuels

v/ Access to substantial equity and debt financing capacity to be sourced from sovereign
wealth funds, regional development banks, and local commercial banks

Source: Author.

MENA resource constraints

MENA countries have uneven access to renewable energy and hydrocarbon resources

and to the capital to develop them, and some experience severe water scarcity.
Renewable energy resources: Most MENA countries have access to abundant

solar energy resources; however, this is not true for wind resources. Renewable
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hydrogen projects with access to hybrid solar/wind electricity capacity have advan-
tages over those that primarily rely on solar energy. Combining solar photovoltaic
(PV) with wind considerably increases the electrolyzer’s capacity factor. Hybridi-
zation improves the electrolyzer’s profitability and reduces the need to access the
energy storage capacity required to mitigate the intermittency of solar and wind
resources. For example, Morocco, Egypt, Oman, and some areas of Saudi Arabia
have access to abundant wind resources. These countries have higher mean power
densities and wind speeds than other MENA countries (Global Wind Atlas 2021).
Morocco’s mean power density and wind speed values are 793 W/m? and 8.84 m/s,
respectively, whereas those of Egypt are 663 W/m? and 9.1 m/s, respectively. The
equivalents for Oman are 614 W/m? and 8.5 m/s, respectively, and those of Saudi
Arabia (Tabuk region) are 662 W/m? and 8.2 m/s, respectively. The NEOM Green
Hydrogen Company project at NEOM in Saudi Arabia, powered by 4 GW of solar
and wind power, is a case in point.

Natural gas resources: Natural gas is, by far, the dominant and most cost-
competitive feedstock for the production of low-carbon hydrogen via steam meth-
ane reforming (SMR) and autothermal reforming. For example, Kuwait is the
largest importer of LNG in the MENA region, which satisfies approximately 50%
of the country’s electricity requirements. It would need to identify alternative feed-
stocks to natural gas to develop low-carbon hydrogen or ammonia projects at scale.
These could include refinery petroleum products such as liquefied petroleum gas
(LPG) and naphtha for reforming and fuel oil and vacuum bottoms for partial oxi-
dation. Notwithstanding feedstock constraints, MENA oil and gas producers must
increase CCUS capacity to scale up low-carbon hydrogen production, a challenge
they share with energy majors.

Water scarcity: Water is a key input for hydrogen production. MENA countries
are among the most water-stressed countries worldwide. Producing hydrogen via
natural gas reforming (SMR) plus CCS and electrolysis requires 5.5 and 9.0 L of
desalinated water per kg of hydrogen produced, respectively. Adding steam and
evaporative cooling losses for SMR plus CCS and cooling, feed water treatment
and water disposal for electrolysis, water requirements would increase to a range
of 18-44 and 60-95 LH,O/kgH,, respectively (GHD Perspectives 2021). Even if
water represents approximately 2%-4% of the LCOH, this may necessitate sub-
stantial capital investments in the water supply and treatment systems, including
desalination capacity. Assuming that additional investments can be funded, a pro-
portion would need to be allocated to and reflected in the LCOH, undermining the
region’s competitiveness. Hydrogen certification schemes currently under develop-
ment may be compelled by regulators to include sustainability metrics such as wa-
ter consumption and land use, apart from production-related GHG emissions. This
is to ensure that economic and social developments are not compromised. IRENA
(2022b) now incorporates exclusion criteria into its LCOH methodology. This has
reduced MENA’s economic potential for producing electrolytic hydrogen by 84%.
(See Annex 1. for seawater electrolysis.)
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ANNEX 1 Middle East and North Africa’s technology research, development, and demonstration

roadmap
Technology  Technology  Description Objectives Benefits to MENA
readiness
level
Hydrogen 4-6 (liquid Efficient hydrogen Reduce the levelized Facilitate the storage
storage organic carriers are cost of production,  and cross-border
and trans-  hydrogen hydrogen-rich transmission, transportation of
portation carriers) liquid or solid phase dehydrogenation, hydrogen and potentially
materials from which and distribution. capitalize on the existing
hydrogen can be fossil fuel infrastructure.
liberated on demand.
Such carriers have
high hydrogen
densities at low
pressure and near
ambient temperature.
5-7 (liquid  Hydrogen carriers Reduce hydrogen Increase the
hydrogen) include one-way losses during competitiveness of

carriers such as
ammonia, methanol,
and liquid hydrogen
as well as two-way
carriers. Of the latter,
methylcyclohexane
(MCH) is typically
referred to as a liquid
organic hydrogen
carrier (LOHC).

extended storage
periods.

Liquid hydrogen
does not require
dehydrogenation
or cracking to
convert back to
hydrogen.

hydrogen exports from
MENA countries and
create local demand
for certain hydrogen
applications.

MENA example: The
Abu Dhabi National Oil

Company (ADNOC)
and Aramco-shipped
low-carbon ammonia
cargo to Japan and South
Korea as pilots. ADNOC
co-sponsored feasibil-
ity studies for ammonia
(South Korea), LOHCs
(EU and Japan), and
liquid hydrogen (Asian
trading and technology
companies).

(Continued)
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ANNEX 1 (Continued)

Technology  Technology  Description Objectives Benefits to MENA
readiness
level
8-11 Notes: This excludes Notes: Ammonia can
(ammonia) hydrogen carriers be used both as a
with a carbon content ~ hydrogen carrier
such as LNG and and directly as a
methanol. fuel or feedstock
for different
applications.
The production
of hydrogen
from ammonia
via catalytic
cracking or plasma
decomposition
remains under
development.
Methane 3-6 The production of Reduce the LCOH,  Eliminate the
pyrolysis hydrogen via develop improved need to access a
thermocatalytic plasma-based capital-intensive carbon
decomposition at high  processes, capture, utilization
temperatures in the and identify and storage (CCUS)
absence of oxygen, opportunities to infrastructure. Pyrolysis
producing solid carbon use solid carbon can also be used to
instead of CO, as a to manufacture produce hydrogen from
by-product. Hydrogen  a variety of waste.
produced from petrochemical, MENA example:
pyrolysis is referred to  chemical, and Waste-to-Hydrogen
as turquoise hydrogen.  advanced materials. (W2H) project under
development in Sharjah
(UAE). See
Table 7.4.
Seawater 3 Use of seawater directly Develop active, Eliminate the need to
electrolysis in electrolysis, stable, and selective  divert desalination
bypassing the need for  catalysts able to capacity to hydrogen
desalination. effectively split production in high

seawater without water-stress regions.
setting free ions of Develop brine-free
sodium, chlorine, electrolysis processes to
and calcium, which  reduce the environmental
render catalysts impact on fragile marine
inactive. ecosystems.

(Continued)
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ANNEX 1 (Continued)

Technology  Technology  Description Objectives Benefits to MENA
readiness
level

Synfuels 5 Synthesis of clean Increase electricity-  Use the existing fossil fuel

fuels and chemical
feedstocks from
renewable or
low-carbon fossil
hydrogen combined
with CCUS-sourced
carbon dioxide (CO,)
in the presence of

a catalyst is termed
Fischer—Tropsch
synthesis. Fuels
include e-kerosene for
aviation applications.

to-chemical energy
conversion efficien-
cies, as they require
substantial ad-
ditional renewable
energy electricity
capacity to offset
conversion losses.

conversion back to
electricity has low
efficiency. Therefore,
storing electrical
energy as chemical
energy can only be
justified for elec-
tricity sources that
would otherwise be
wasted. This under-
pins the Power-to-X
concept based on
utilizing curtailed
or excess renewable
energy electricity as
an input.

infrastructure, which
would otherwise become
stranded over the long
term.

Notes: The round-trip Stepping stone to realizing

the “solar refinery”
concept as a replacement
for conventional crude
oil refining.

MENA example: Industry

players and research
institutes from the UAE
and Morocco are working
with their counterparts

in Germany and Japan to
explore the production

of synfuels, including e-
kerosene (See Table 7.4).

(Continued)
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Technology  Technology  Description

Objectives Benefits to MENA

Direct air
capture

Water coolingN/A

(electrolyz-
ers)

Hydrogen
sulfide
decomposi-
tion

The use of forced draft
circulation to absorb
atmospheric CO, using
solvents or fixed-bed
sorbents.

Captured CO, can be
stored permanently
underground or utilized
as a feedstock for a
variety of applications,
including synfuel
production.

Electrolyzers have
significant cooling
loads requiring
additional 30—40
LH,O/kgH, for
evaporative cooling.

Conversion of hydrogen
sulfide to hydrogen
(main product),
water, and sulfur via
decomposition methods
(including catalytic,
non-thermal plasma,
electrochemical, and
thermochemical).
Natural gas is
considered to be sour
if it has more than
5.5 mg of hydrogen
sulfide per m* under
standard pressure and
temperature.

Reduce the cost of ~ Provides a tool that can
capture and develop  be readily paired with
efficient solvents hydrogen production
and sorbents that to offset uncaptured or
can be regenerated,  residual CO, emissions.
operate at high Under certain conditions,
temperatures, and net-negative lifecycle
remain unaffected GHG emissions for
by atmospheric hydrogen production
contaminants. could be attained.

MENA example:
Climeworks and 44.01
are developing a pilot
project for direct air
capture and CO, storage
in peridotite rock
formations in Oman.

Evaluate alternatives Reduce water demand for
to evaporative renewable hydrogen
cooling (e.g., production.
air cooling and
closed loop chiller
systems) to reduce
water consumption
and the volume of
wastewater/brine.

Develop stable
and low-cost
catalysts capable
of supporting
large-scale
production and
separation methods
and withstanding
hydrogen sulfide
toxicity.

The MENA region is
home to some of the
world’s largest sour gas
reserves.

(Continued)
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ANNEX 1 (Continued)

Technology  Technology  Description Objectives Benefits to MENA
readiness
level
Hydrogen sulfide is Hydrogen sulfide

considered a waste-gas
disposal problem,

and its emissions are
removed via the Clause
process to produce
elemental sulfur as the
main product.

decomposition provides
an opportunity to
monetize ultra-sour

gas reserves. It has the
potential to become an
economically viable
hydrogen production

pathway and a hedge
against low LNG prices
in the future.

MENA example: The
Ghasha ultra-sour
gas offshore project
comprising Hail,
Ghasha, Dalma, and
other oil, gas, and
condensate fields in the
UAE could be an ideal
candidate.

Source: Author, supported by IEA ETP (2022¢), IRENA (2022a), GHD Perspectives (2021), De Crisci, Moniri, and
Xu (2018) and Harrison (2022).

Notes: TRL: Technology readiness level.

Capital costs: The cost of capital for hydrogen projects affects their competi-
tiveness. The weighted average cost of capital (WACC) differs markedly between
MENA countries. For example, Kuwait, Saudi Arabia, and the UAE have lower
WACC:s than the other MENA countries. Key competitors such as Australia and
Chile command even lower WACCs. Lack of transparency over capital costs will
prevent MENA countries not only from applying appropriate discount rates to
hydrogen projects but also from designing fit-for-purpose policy incentives. The
impact would be larger for first-of-a-kind hydrogen projects, where low-cost debt
may be replaced with higher cost equity, driving up the WACC and thereby wors-
ening the LCOH.

Export market competitiveness

MENA countries are well positioned to produce renewable and low-carbon hydro-
gen at a lower LCOH than the target demand centers in the EU and East Asia. In
fact, given a sufficiently low cost of shipping hydrogen to these centers, hydrogen
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imports could compete with local production. The Hydrogen Council and McK-
insey & Company (2021b) estimates that shipping costs using selected hydrogen
carriers would add $0.3-$1.2/kg to production costs by 2030. If ammonia were
used, the cost would be at the lower end of the range. Economic assessments would
need to be extended further into the supply chain to incorporate other transmission
and distribution costs (inclusive of conversion and reconversion costs). This allows
the cost-competitiveness of hydrogen to be determined for the targeted end-use
application. Ultimately, it generates the requisite demand pull as well as price and
quality signals for hydrogen and/or its derivatives.

For the MENA region, the Arab Petroleum Investments Corporation (API-
CORP) estimates that based on an average gas price of $3-$4/MMBtu, the LCOH
for hydrogen produced by SMR coupled with CCUS would be $1.5-$2.5/kg. This
assumes that the captured CO, would either be used as a feedstock in the petro-
chemicals or refining industries or permanently stored in geological formations.
For renewable hydrogen via electrolysis, APICORP estimates that based on a lev-
elized cost of electricity (LCOE) for renewable electricity of less than $1.5/kWh,
renewable hydrogen’s LCOH would be $2.5-$3.5/kg. This assumes that MENA
project developers can procure renewable electricity at prices similar to those ob-
tained through competitively bid tariffs in awarded power purchase agreement con-
cessions in Table 7.4. Such concessions are lower than the subsidized electricity
tariffs offered to industrial users in most MENA countries, which range from a

TABLE 7.4 Independent solar photovoltaic projects’ awarded bid tariffs in the Gulf
Cooperation Council region

Country Solar PV Tariffs Capacity (MW) Date
(US § cents/kWh)
Saudi Arabia 1.04 600 April 2021
‘ Abu Dhabi 1.35 2,000 April 2020
3 Qatar 1.57 800 January 2020
Saudi Arabia 1.61 300 April 2020
‘ Dubai 1.69 900 December 2019
Saudi Arabia 1.99 400 January 2019
DN . .
Saudi Arabia 2.34 300 February 2018

Source: The APICORP.
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high 8.3 US¢/kWh for the UAE, a median 4.8 US¢/kWh for Saudi Arabia to a low
1.7 US¢/kWh for Kuwait (Strategy& 2020). Renewable electricity is the main cost
driver of electrolysis.

Long-term prospects: IRENA has identified four MENA countries as candi-
dates to become major hydrogen exporters: Oman, Morocco, Saudi Arabia, and
the UAE. Of these, Morocco is transforming itself from an energy importer to an
exporter, whereas the remaining three are pivoting from oil and gas to hydrogen.
They are expected to compete with Australia, Canada, Chile, Namibia, Norway,
and Russia. Notwithstanding renewable hydrogen production at an LCOH of less
than $2/kg in 2050, IRENA has discounted MENA exporters’ ability to mass-
produce renewable hydrogen because of water scarcity (Figure 7.3).

Short-term prospects: S&P Global (2022a) provides dynamic assessments of
the LCOH of several production pathways globally (Table 7.5). The July 2022
assessments indicate that GCC exporters would have a small cost advantage over
Western Australia in reforming with CCS. However, they would be at a cost disad-
vantage in alkaline and polymer electrolyte membrane (PEM) electrolysis.

Local market competitiveness

New local hydrogen demand will be fueled by renewable and low-carbon ammo-
nia and methanol production and local consumption in diverse transportation and
energy applications. Hydrogen can reach a breakeven production cost for several
applications in the MENA region by 2030.

The Hydrogen Council estimates that in MENA Countries, low-carbon hydro-
gen may already be cost competitive on a total cost of ownership basis with conven-
tional alternatives in several applications. These include use of hydrogen in refining;

China —————
Chile m————
Morocco
Australia m———
India
United States | s
Saudi Arabia BT
Canada S —
South Africa
Europe |
Indonesia
Middle East and North Africa s
United Kingdom ms s sa—
Germany
Russia s s

0 0.5 1 1.5 2 25 3 35 4 4.5
Levelized cost of hydrogen (USD/kgH2)

® Optimistic ® Pessimistic

FIGURE 7.3 LCOH range in 2050.
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TABLE 7.5 Current carbon-neutral hydrogen price assessments

Category Country LCOH ($/kg) LCOH (8/kg) LCOH (8/kg)
SMR+CCS* Alkaline PEM Electrolysis
Electrolysis
MENA Oman $4.07 $3.55 4.62
exporters Saudi Arabia $4.03 $3.21 $4.23
Qatar $3.99 N/A $3.52
UAE $4.13 $4.49 $5.7
Other Western $4.09 $2.75 3.85
exporters Australia
United States $1.75 $4.8 $6.07
Gulf (ex. CCS)
Importers Japan $4.34 $8.47 $10.58
(ex. CCS)
United $6.47 $11.47 $13.77
Kingdom
The $6.38 $11.48 $13.76
Netherlands

Source: S&P Global (2022a). S&P Global Platts Hydrogen Price Wall, monthly average cost-of-
production assessments include Capex and reflect a period of high natural gas prices (post-COVID-19
and Ukraine crises). S&P Global (2022¢). The SP Global price assessments reflect the market value of
hydrogen in which emissions have been, in order of priority: avoided where possible through the use of
low emissions generation, removed through the use of carbon capture and storage, and offset through
the use of carbon credits, renewable energy credits, or equivalent instruments.

ammonia in fertilizers and shipping; steel in the automotive industry (via direct iron
reduction combined with steel scrap); and hydrogen in long-haul trucking (Hydro-
gen Council 2021b). The development of hydrogen clusters in export hubs, port ar-
eas, and industrial centers will increase the competitiveness of hydrogen applications
substantially.

Short-term, renewable, and low-carbon hydrogen can decarbonize hard-to-abate
energy-intensive industries such as refining, petrochemicals, fertilizers, steel and
aluminum and long-haul transportation, and maritime shipping. Moreover, it can
contribute to resilient and flexible electricity grids, especially those in the MENA
region that experience peak load demand during the summer months. Hydrogen
can facilitate integration into the intermittent renewable energy resource grid and
compensate for the mechanical inertia lost due to the replacement of fossil fuel
generation. However, it can also deliver fast-ramping peaking power.

Over the medium and long term, hydrogen can be a part of a portfolio of
front-of-the-meter and behind-the-meter energy storage applications. In combina-
tion with battery storage, its role as a large-scale long-duration or seasonal energy
storage medium will allow transmission system operators to optimally shave de-
mand peaks and balance the grid. It will also avoid the curtailment of excess re-
newable energy capacity and provide demand-side responses, including frequency
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responses. This can enhance the capacity of energy storage systems to expand elec-
tricity trading on regional grid interconnections, which are underutilized in the
MENA region. Finally, hydrogen can catalyze distributed energy applications in
the residential, commercial, and industrial sectors (APICORP 2021).

MENA hydrogen roadmap

Figure 7.4 outlines a roadmap for MENA countries to carve out a competitive posi-
tion in the energy transition using renewable and low-carbon hydrogen as catalysts.
The roadmap comprises five pillars:

I Scale up commercially proven state-of-the-art low-carbon hydrogen produc-
tion technologies;
I Create local demand applications for low-carbon hydrogen;
IIT Facilitate financing for first-of-a-kind hydrogen and CCUS projects;
IV Develop efficient and well-functioning markets for merchant hydrogen and
derivatives to enable trading and match supplies with offtakes;
V Demonstrate key pre-competitive technologies with the potential to improve
sustainability and reduce hydrogen production costs (Table 7.3).

Hydrogen state of play: early movers

The MENA region has already reacted to the hydrogen opportunity, with five countries
emerging as early movers (K&L Gates 2021): Egypt, Morocco, Oman, Saudi Arabia,
and the UAE. All five have begun renewable and low-carbon hydrogen and ammo-
nia projects in partnership with international companies or are finalizing hydrogen
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FIGURE 7.4 MENA hydrogen roadmap.

Source: Author.
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roadmaps/strategies in collaboration with major demand centers. These early movers
dominate the projects operating or under development in the MENA region.

The hydrogen strategies of these early movers are driven by different objec-
tives, such as substituting imports and prolonging the life of hydrocarbon reserves.
Moreover, they are expected to leverage their unique resource endowments, techni-
cal competencies, institutional capacities, and competitive positioning within the
region and globally. This should expedite and enhance the effectiveness of their
strategy implementation plans.

COP 27 and COP 28 being held in Egypt and the UAE, respectively, will drive
them and other MENA countries to transform their announcements into concrete
action. Thus far, the NDCs submitted by MENA countries have not set tangible
quantitative targets despite substantial interest in hydrogen and CCUS (World En-
ergy Council 2022). These landmark events are also galvanizing industry stake-
holder support in demand centers and incentivizing them to deepen collaboration
with the COP hosts through mutually beneficial projects and initiatives (Table 7.6).

TABLE 7.6 Features of selected MENA countries (early movers) pursuing clean hydrogen
development

Kingdom of Morocco

Competitive v/ Highly successful institutional framework for renewable energy pro-
positioning ject development
v/ Geographic proximity to end users in Europe
v/ Maghreb—Europe Gas Pipeline (11.5 bem/y) connecting with the gas
grids of Spain and Portugal could be repurposed for hydrogen or
blending.
v Large local hydrogen and ammonia offtake opportunities (OCP
Group, the world’s largest phosphate producer, accounts for 10% of
energy consumption.)
v Electricity interconnectors with Spain (2+1) and planned for Portu-
gal, the United Kingdom, and East Africa
Strategy drivers = Become a leader in the production of renewable hydrogen via
Power-to-X for domestic use and export, seeking to capture 4% of
global production by 2030
= Reduce dependence on energy imports, accounting for 90% of its
energy needs
= Replace 2 mt/y of ammonia imports

Renewable energy 40% (2021); 52% by 2025 and 70% by 2040 (4.5 solar, 4.1 GW wind,
targets and 1.3 GW hydro); 25 GW potential wind generation capacity
(second in Africa, following South Africa)

(Continued)
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TABLE 7.6 (Continued)

Project developers OCP Group, Nareva, Port of Tanger Med, Institute for Research in

International
collaboration

Solar Energy and New Energies (IRESEN), Port of Hamburg, Fusion
Fuel, Vitol, Consolidated Contractors Company (CCC), ACWA
Power, Siemens Energy, Electricite de France (EDF), BASF, Vestas,
Enel, John Cockerill

* Memorandum of understanding (MOU) with Germany

* International agreement for the development of the Green H, Clus-
ter in Morocco, a local hydrogen ecosystem driven by industrial in-
novation and research. Members include IRESEN, ACWA Power,
Onhym, Nareva, Masen, OCP, Siemens Energy, EDF, Engie, BASF,
Vestas, Enel, and John Cockerill.

Source: Author supported by Middle East Economic Survey (MEES 2021)

Republic of Egypt

Competitive
positioning

Strategy drivers

v/ Emerging LNG hub for the Eastern Mediterranean (including poten-
tial extension of the EuroMed Gas Pipeline to Egypt)

v/ Suez Canal carrying approximately 12% of world seaborne trade

v Electricity interconnections with Jordan, Sudan, and Libya and soon
with Saudi Arabia

v Plans for interconnectors with Cypress, Greece, and Iraq via Jordan

v/ Strong ammonia competencies (20 fertilizer plants in operation)

v/ Large local hydrogen and ammonia offtake opportunities

v/ Extensive industrial and infrastructure construction expertise

v/ Substantial cross-border investment from the UAE and Saudi Arabia
in energy projects

v 11.62 GW pipeline of renewable hydrogen projects announced (as
of May 2022)

= Transform the Suez Canal Economic Zone into a global logistics hub
connecting Europe, Africa, and Asia while leveraging the Arabian Gulf

= Leverage the hub’s desalination, sewage treatment, and ammonia
bunkering facilities located in the Ain Sokhna region for hydrogen
production and export

™ Leverage the abundant solar and wind resources to produce renew-
able hydrogen and derivatives for local consumption and exports

= Maximize local content for hydrogen and related manufacturing
industries

= Replace unabated gray hydrogen consumption in the fertilizer, steel,
refining, and petrochemical industries

Renewable energy 11% (2021); 20% of electricity generation by 2022 and 42% by 2035

targets

(Continued)
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TABLE 7.6 (Continued)

Project developers OCI BV subsidiaries and affiliates, Egyptian Electricity Holding

International
collaboration

Company (EEHC), Egyptian Natural Gas Holding Company
(EGAS), TAQA Arabia, Siemens, Eni, Dredging, Environmental and
Marine Engineering NV (DEME) Concessions, Fluxys, Scatec, H2
Industries, ACWA Power, and AMEA Power

Egyptian state-owned enterprises signed MOUs with Siemens
(Germany), DEME/Fluxys/Port of Antwerp (Belgium), Eni (Italy),
Toyota Tsusho (Japan), Fertiglobe/ADNOC/Masdar/AMEA (UAE),
Scatec (Norway), EDF (France), and ACWA (Saudi Arabia)

Source: Author supported by MEES 2021, Habib and Ouki (2021).

at

Sultanate of Oman

Competitive
positioning

Strategy drivers

Key features

v/ Strategic global logistics position supported by established
air, sea, and land connectively with regional and international
markets

v’ Successful framework for the private development of renewable
power projects

v/ World-class export infrastructure led by the ports of Dugm and
Salalah

v First carbon-neutral liquefied natural gas cargo in MENA (June
2021)

= Adopt the Oman Hydrogen Strategy targeting 40 GW of renewable
energy for renewable hydrogen production by 2040

= Reduce vulnerability to the adverse impacts of climate change

= Promote local offtake opportunities

= Transform the Special Economic Zone at Dugm and Salalah Free
Zone into major low-carbon industrial hubs

= Repurpose existing and future hydrocarbon infrastructure

v/ Establishment of the Oman Hydrogen Center at the German Uni-
versity of Technology in Halban (GUTech) as a competency hub for
research, technology, education, and industry applications

v/ Formation of the Oman Hydrogen Alliance (Hy-Fly) led by the Ministry
of Energy and Minerals and including public and private organizations.
These organizations comprise government bodies, oil and gas opera-
tors, educational/research institutes, and ports to support the produc-
tion, transportation, and utilization of clean hydrogen for domestic
use and export. They include the Authority for Public Services Regu-
lation, Petroleum Development Oman, Energy Development Oman,
0Q, Oman LNG, BP Oman, Oman Shell and Total Energies Oman,
Sultan Qaboos University, GUTech, and the ports of Sohar and
Dugm.

(Continued)
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TABLE 7.6 (Continued)

Renewable energy 1% (2021). 10% of electricity generation by 2025 and 30% by 2030
targets Three Pillars Consulting is accredited by an international body (I-REC
Standard Foundation) to issue renewable energy credits
Project developers OQ, Ara Petroleum, Tatweer, InterContinental Energy, EnerTech,
Dredging, Environmental and Marine Engineering NV (DEME)
Concessions, ACWA Power, Air Products, Sumitomo, ACME Solar,

and Uniper
International Memorandum of understanding (MOU) to form Hydrogen Rise
collaboration Oman (partnership between Hydrogen Rise (Germany) and Oman

Educational Services). Several additional MOUs are outlined in the
MENA Hydrogen Project Pipeline.

Source: Author supported by MEES 2021, Energy Oman (2021).

Kingdom of Saudi Arabia
Competitive v/ Architect/advocate of the G20-endorsed CCE framework
positioning v Low-cost unconventional gas reserves that can be allocated to

low-carbon hydrogen and ammonia production

v/ Home to Saudi Aramco, the world’s largest energy company by market
capitalization, and NEOM, a 100% renewable energy-powered region
supported by a diverse industrial, technology, and services ecosystem

v/ Large hydrogen offtake opportunities in the well-established indus-
trial hubs of Jubail, Yanbu, and Jazan

v/ 4 GW integrated gasification combined cycle power plant in Jazan
producing unabated hydrogen as a by-product

v/ Considerable financial resources backed by some of the world’s larg-
est sovereign wealth funds

v/ Backbone of the Gulf Cooperation Council (GCC) Grid Intercon-
nection Project

Strategy drivers = Achieve net-zero emissions target by 2060 (Saudi Aramco by 2050)

= Implement the $101 billion renewable energy investment program

= Capitalize on extensive energy ties with Asia

= Leverage oil and gas reservoirs to enable large-scale cost-competitive
carbon capture and storage (CCS) projects

Key features * FEarmarking a proportion of the massive unconventional (shale) gas
reserves of Jafurah field for low-carbon hydrogen production instead
of LNG

Renewable energy 1% (2021); 10% of electricity generation by 2025 and 50% by 2030;

targets 27.3 GW of installed capacity by 2024 and 58.7 GW by 2030

CCS infrastructure ® Saudi Aramco is a member of the Oil and Gas Climate Initiative
(OGCI), a CEO-led initiative focused on developing a net-zero strategy,
reducing methane emissions and carbon intensities and scaling up CCS

* See the list of CCS projects in the section titled Institutional capac-
ity for hydrogen project development and financing

(Continued)
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TABLE 7.6 (Continued)

Project developers Saudi Aramco, Saudi Basic Industries Corporation (SABIC),
NEOM, Royal Commission of Jubail and Yanbu, ACWA Power,
Air Products, Hyundai, and Korea Shipbuilding and Offshore
Engineering Company (KSOEC)
International * Government-to-government agreements with Germany and business-
collaboration to-business agreements with Japan and South Korea
* Member of Mission Innovation, including its clean hydrogen mission
* Saudi Aramco is a member of the Hydrogen Council and the Oil &
Gas Climate Initiative (OGCI).

Source: Author supported by MEES (2021).

United Arab Emirates
Competitive v/ First MENA country to commit to achieving net-zero by 2050
positioning v/ Substantial sour gas reserves that can be allocated to low-carbon hy-

drogen and ammonia production

v/ Commissioned first renewable hydrogen project (Expo 2020) and
hydrogen refueling station in the MENA region (2017)

v/ Fujairah (world’s third-largest bunkering hub) candidate for ammo-
nia bunkering

v/ Masdar, a renewable energy developer and investor powerhouse

v/ 5 GW of nuclear generation capacity

v/ Al Dhafra solar plant holds the record for the lowest levelized cost
of electricity (LCOE).

v/ Substantial sour gas reserves that can be allocated to low-carbon hy-
drogen and ammonia production

v/ Considerable financial resources backed by some of the world’s larg-
est sovereign wealth funds

Strategy drivers = Achieve net-zero emissions target by 2050

= Implement the Hydrogen Leadership Roadmap, which calls for cap-
turing a 25% market share by 2030

= Seck early-mover advantage as a low-carbon and renewable hydro-
gen producer

= Develop over 50 GW of renewable capacity by 2030

= Decarbonize oil production, refining, and LNG operations

= Develop clean energy hubs internationally

= Evaluate synthesis fuel production with an initial focus on e-kerosene

= Reduce the carbon footprint of hydrogen and ammonia production

= Develop the Ta’ziz Derivatives Park at Ruwais as a world-scale
chemical production hub and industrial ecosystem

= Develop private sector capacity

(Continued)
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TABLE 7.6 (Continued)

Key features * Consolidate and pool resources within the public sector through the
formation by Mubadala, Abu Dhabi National Oil Company (AD-
NOC), Abu Dhabi Developmental Holding Company (ADQ), and
Abu Dhabi National Energy Company (TAQA) of the Abu Dhabi
Hydrogen Alliance and adding TAQA and ADNOC as shareholders
in Masdar, formerly a subsidiary of Mubadala
* ADNOC'’s purchase of nuclear and renewable electricity from Emir-
ates Water and Electricity Company to power its upstream and down-
stream facilities as evidenced by green certificates issued by the
Department of Energy accredited by the I-REC Standard Foundation
* Formulation of a technical regulation for hydrogen fuel cell vehicles
by Emirates Authority for Standardization and Metrology
Renewable energy Dubai: 25% of electricity generation by 2030 and 75% by 2050
targets UAE Federal: 5% (2021); 44% of electricity generation by 2050,
including nuclear power
The Abu Dhabi Department of Energy and the Dubai Electricity and
Water Authority (DEWA) are accredited by an international body
(I-REC Standard Foundation) to issue renewable energy credits.
CCS infrastructure There are plans to increase CCS capacity to 4.3 mt/y by 2030. Al
Reyadah CCUS facility was commissioned in 2016 and recovers
800,000 t/y of carbon dioxide (CO,). See the section titled The
Arabian Lights project: Toward a regional role for Saudi Arabia.
Project developers ADNOC, TAQA, Mubadala, Masdar, ADQ, DEWA, Abu Dhabi Ports,
Fertiglobe, Inpex, JERA, Siemens, Marubeni, BP, Engie, Itochu,
Mitsui & Co., and GS Energy
International * There are government-to-government agreements with Germany,
collaboration Austria, the Netherlands, Malaysia, Japan, and South Korea.
* UAE is a member of the International Partnership for Hydrogen and
Fuel Cells in the Economy.
* Mubadala and ADNOC are members of the Hydrogen Council.

Source: Author supported by MEES (2021).

Hydrogen state of play: project pipeline

A total of 47 renewable and low-carbon hydrogen projects at an estimated cost of
$55 billion have been announced in the MENA region. Most are renewable hydro-
gen and ammonia projects (75%) and have been announced by the early movers:
Morocco (six), Egypt (nine), Oman (seven), Saudi Arabia (four), and the UAE
(15); Clean Energy Business Council 2022).

Some of these projects are under development, with final investment decisions
expected toward the end of 2022 or in early 2023. The projects have been devel-
oped by industry consortia comprising local and international companies. Lead
developers from the MENA region comprise national oil companies (NOCs), sov-
ereign wealth funds (SWFs), state-owned energy enterprises, independent power
developers, and fertilizer companies. Their international consortium partners
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include a wide range of companies from Belgium, France, Germany, India, Italy,
Japan, the Netherlands, Norway, South Korea, the United Kingdom, and the United
States. These companies include original equipment manufacturers, Japanese trad-
ing companies, industrial gas companies, major energy companies, energy traders,
utilities and steel manufacturers (Tables 7.6 and 7.7).

TABLE 7.7 Middle East and North Africa’s renewable hydrogen project pipeline

Country Project Cost Hydrogen Ammonia  Electricity Startup Developers
Operating
UAE Dubai Expo $14 million 180 t/y n/a 1.25 MW 2020  Pilot by DEWA and
Siemens Energy
In development
Egypt Ain Sokhna, (Gulf n/a 16,000 t/y 90,000 t'y 185 MW 2022 Fertiglobe/Orascom/
of Suez) Scatec
Waste-to- $3 billion 300,000 t/y 4 mt/y plastic 2026  SCZone /H2
Hydrogen and organic Industries
(Port Said) waste
Saudi NEOM Green $5 billion 237,000 t/y 1.2Mtly 4GW 2026  ACWA Power/Air
Arabia Hydrogen Com- Products /NEOM
pany (NEOM
City)
UAE Helios (Kizad) $1 billion 40,000 t/y 200,000 t'y 800 MW n/a NGHC/
ThyssenKrupp
Oman Hyport (Dugm)  n/a 20,000 t/y 250-500 MW 2026  OQ/DEME/Uniper
UAE Waste-to- $180 million 6,570 t/y to Plasticand ~ 2023  Bee’ah/Chinock
Hydrogen refueling organic Sciences
(Sharjah) stations waste
Country Project Cost Hydrogen Ammonia  Electricity Startup Developers

Memorandum of understanding (MOU)/strategic framework agreements/feasibility studies

Morocco HEVO Project $850 million 31,000 t/y 183,000 t/y 400 MW 2026  Fusion Fuel/Vitol/
ccc
Oman Green Mega Fuels $30 billion  1.75 mt/y 9.9 mt/y 25 GW 2023  OQ/InterContinental
Project (Al Energy/EnerTech
Wasta)
MOU for the development of an 800,000-t/y green ammonia project in the special ACME Solar
economic zone at SEZAD (Duqgm) at a cost of $2.5 billion Holdings/Tatweer
Joint development agreement for a 400-MW electrolysis and 360,000-t/y green ~ OQ/Marubeni/Linde/
ammonia project Dutco Group
MOU for a feasibility study for the development of a 1-mtpa renewable ammonia OQ/ACWA Power/
project in Dhofar Air Products
UAE Joint venture for the development of up to 30 GW of renewable energy capacity ~ADNOC/TAQA

and a renewable hydrogen market
Agreement for the development of a renewable hydrogen and synthesis fuels
pilot project to fuel buses/heavy transportation and produce aviation fuels

(e-kerosene)

Masdar, Mubadala,
ADNOC,
Siemens,
Marubeni, Etihad,
Lufthansa, DoE,
Khalifa University

(Continued)
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TABLE 7.7 (Continued)

Country Project Cost Hydrogen Ammonia  Electricity Startup Developers
Strategic framework agreement for the development of a clean hydrogen hub BP/ADNOC/Masdar
based on 2 GW of renewable energy electricity capacity
MOU to explore co-development of a green hydrogen hub by 2030 at an estimated Masdar/Engie
cost of $5.0 billion based on 2 GW of renewable energy electricity capacity
MOU for the development of hydrogen-derived synthetic fuels Mubadala/Siemens
MOU for the development of a 2 GW green ammonia storage, export, and bunker TAQA/Abu Dhabi
fuel project to be based in Kizad Ports
MOU for the evaluation of hydrogen development and investment opportunities ~ Mubadala/Snam
Strategic framework agreement for hydrogen, CCUS, EOR, and unconventional ~ADNOC/Petronas
gas development
Agreement for the development of a decarbonization roadmap for Abu Dhabi’s ADNOC/GE Gas
downstream operations Power
Partnership to co-develop the HyGreen Teeside green hydrogen project (United =~ Masdar/BP
Kingdom) to produce 60 MWe of hydrogen by 2025, increasing to 500 MWe
by 2030
Feasibility study to explore the production of synfuels for aviation using ADNOC/Masdar/
municipal waste as a feedstock Tadweer/Etihad
Airways/BP
Egypt MOU to co-develop a 100-200-MW green hydrogen pilot project for export EEHC/Siemens
MOU to assess the technical and commercial feasibility of green and blue Eni/EEHC/EGAS
hydrogen production
Feasibility study for a green hydrogen project for export to Europe DEME/Fluxys
Cooperation agreement to develop up to 4 GW electrolysis capacity to EMERA/SFE/
produce 2.3 mt/y of green ammonia and 100,000 t/y of e-methanol for SCZONE/Masdar/
bunkering in the Suez Canal Hassan Allam
MOU for a 240,000-t/y project to produce green ammonia and hydrogen in Ain ~ SCZONE/SFE/
Sokhna EETS/AMEA
Power
MOU for a 350,000-t/y project at a cost of $3 billion in Ain Sokhna to produce SCZONE/SFE/EDF/
green ammonia for bunkering with startup scheduled for 2026 Zero Waste
Mauritania Prefeasibility study to assess the technical and commercial viability of up to 10 Chariot/Ministry of
GW green hydrogen export project (Project Nour) Petroleum, Mines
& Energy
Algeria Prefeasibility study to assess the technical and commercial viability of a pilot Eni/Sonatrach
project for green hydrogen production
Morocco MOU to develop an industrial-scale green hydrogen production plant Ministry of Energy

and Minerals/
BMZ

MOU to promote hydrogen technologies (including the electrocatalytical synthesis IRESEN/OCP

of ammonia, biotechnological phosphorous modification) and develop a

Power-to-X ecosystem in IRESEN’s Green Energy Park, Ben Guerir, Morocco
Letter of intent for the export of renewable hydrogen to Germany
encompassing port cybersecurity and digitalization procedures

Group/Fraunhofer
IGB

Port of Tanger Med/
Port of Hamburg

Repurposing the Sahara Wind Initiative to develop regional green hydrogenNATO/IPHE/Sahara

platform in Maghreb countries and Mauritania

Wind

Source: Author supported by MEES 2021; S&P Global (2022a); IEA; World Hydrogen Leaders Platform

(Continued)
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TABLE 7.7 (Continued)

Legend:

ADQ: Abu Dhabi Developmental Holding Company.

BMZ: The German Federal Ministry of Economic Cooperation.

CCC: Consolidated Contractors Company.

DEME: Dredging, Environmental and Marine Engineering NV.

DEWA: Dubai Electricity and Water Authority.

DoE: Abu Dhabi Department of Energy.

EEHC: Egyptian Electricity Holding Company.

EETC: Egyptian Electricity Transmission Company.

EGAS: Egyptian Natural Gas Holding Company.

EMERA: Egyptian Ministry of Electricity and Renewable Energy.

IEEJ: Institute of Energy Economics Japan.

IPHE: International Partnership for Hydrogen and Fuel Cells in the Economy.
IRESEN: Moroccan Research Institute for Solar and New Energies (IRESEN).
JOGMEC: Japan Oil, Gas and Metals National Corporation.

KIZAD: Khalifa Industrial Zone Abu Dhabi.

KSOEC: Korea Shipbuilding and Offshore Engineering Company.

MASEN: Moroccan Agency for Sustainable Development.

METI: Japan Ministry of Economy, Trade and Industry.

NATO: The North Atlantic Treaty Organization.

NREA: Egyptian New & Renewable Energy Authority.

SCZONE: Suez Canal Economic Zone.

SEZAD: Oman Special Economic Zone at Dugm.

SFE: Sovereign Fund of Egypt.

Tadweer: Abu Dhabi Waste Management Center.

TAQA: Abu Dhabi National Energy Company.

Tatweer: Company for Development of Special Economic Zone at Dugm (Oman).

Capacity building for hydrogen project development
and financing

Compared to renewable hydrogen, low-carbon fossil hydrogen projects are likely
to have higher capital requirements, larger infrastructure demands (to access CCUS
capacity), and higher engineering sophistication. Therefore, they are better suited
for energy majors and NOCs, which have access to the required capital, infrastruc-
ture and technical resources, and a proven track record as gray hydrogen producers.
However, renewable hydrogen projects are more suited to private developer con-
sortia, where numerous project risks are allocated to members of the consortium
deemed acceptable to debt lenders. These projects are based on securing access to
independent power projects that generate electricity from renewable sources such
as solar and wind energy.

In theory, the MENA region possesses the necessary capacity to develop low-
carbon fossil and derivative projects and houses, some of the world’s leading NOCs.
Saudi Aramco (Saudi Arabia), the world’s largest publicly listed energy company,
Abu Dhabi NOC (ADNOC) (UAE), and OQ (Oman) have ambitious hydrogen
and CCUS strategies. Some have embarked on the development of large-scale,
first-of-a-kind hydrogen and ammonia projects. Sonatrach (Algeria), Africa’s the
largest oil and gas company, is expected to capitalize on its early lessons from the
In Salah CCS project, the first in the MENA region.
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In addition to NOCs, the MENA region is home to large state-owned enterprises
that have become national champions and committed to low-carbon hydrogen and
its derivatives. The Abu Dhabi National Energy Company (TAQA) (UAE) is a
regionally integrated electric power and water utility company listed on the Abu
Dhabi Securities Exchange. It has $50.8 billion in assets and 22.6 GW of power
generation capacity (gross) under management (TAQA 2022).

The OCP Group (Morocco), a vertically integrated fertilizer company, is the
world’s largest producer and exporter of phosphate rock and phosphoric acid and
second largest producer of phosphate-based fertilizers. It had annual production
capacities of 46.6 mt, 7.7 mt, and 12.0 mt of phosphate rock, phosphoric acid, and
phosphate-based fertilizers in 2020, respectively. To replace the 2 mt of ammonia
imported annually, OCP has developed a strategy to synthesize green hydrogen and
ammonia feedstocks for use in fertilizer production.

The MENA region is home to 14 of the world’s 25 largest SWFs, with com-
bined assets of $3.5 trillion in 2021 (Sovereign Wealth Fund Institute 2021).
Two wealth funds, namely, the Public Investment Fund (Saudi Arabia) and
Mumtalakat (Bahrain), have played a role in capitalizing two of the private sec-
tor champions namely: ACWA Power and Gulf Cryo. The Mubadala Investment
Company (UAE) has already initiated several hydrogen-related projects and initi-
atives. Along with industrial investment companies such as Dussur (Saudi Arabia),
these SWFs will expand their role as private equity investors and act as venture
capitalists to seed local hydrogen and CCUS ecosystems.

However, the prospects are much less favorable for the private sector’s capacity
for energy project development. With a few exceptions, state-owned enterprises in
the MENA region have crowded out the private sector. They have confined their
role to the supply and provision of contracted services and equipment, often in
partnership with international contractors and original equipment manufacturers.
Going forward, MENA governments should assist the private sector, particularly
SMEs, in developing renewable hydrogen production projects and spearheading
the development of domestic hydrogen ecosystems.

It is entrepreneurial companies and SMEs, and not large electric utilities, which
are pioneering innovation in the electricity sector. The same is likely to hold true
for hydrogen. A recent analysis by Hydrogen Europe determined that of the 280
companies actively developing hydrogen technologies in Europe, 170 were SMEs
(Hydrogen Europe 2020). Therefore, MENA governments will need to reduce entry
barriers, create a level playing field, and seed supporting ecosystem development
(with policies and financial incentives). This will allow private sector companies,
particularly SMEs, to develop or acquire the necessary capacity to

* Develop hydrogen and hydrogen-related projects;

* Deploy, operate, maintain, adapt, improve, and reproduce imported hydrogen
technologies;

* Invent new technologies and commercial solutions tailored to local consumer
requirements.
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Notwithstanding capacity and regulatory challenges, the MENA region has pro-
duced a number of private sector champions (Table 7.8). ACWA Power (Saudi
Arabia) is a global independent power producer and owns over 22 GW of power
generation capacity, worth more than $32 billion, across 11 countries. Other inde-
pendent power producers have started charting their own courses, such as Nareva
(Morocco), Infinity (Egypt), and AMEA Power (UAE). OCI (Egypt/the Nether-
lands) is one of the world’s leading producers of ammonia and methanol. Its joint
venture with ADNOC, Fertiglobe, has recently completed an initial public offering
on the Abu Dhabi Securities Exchange, which was oversubscribed by 22 times.
Gulf Cryo (Kuwait) is a leading manufacturer of industrial, medical, food-grade,
and specialty gases in the Middle East.

The MENA region’s project financing capacity will also need to be increased sub-
stantially, with most of the burden on the two regional development organizations.
The Gulf Investment Corporation is a regional development bank established in
Kuwait by the six GCC member states with $3.27 billion in assets (Gulf Investment

TABLE 7.8 Middle East and North Africa’s low-carbon fossil hydrogen project pipeline

Country Project Cost Hydrogen — Ammonia CCS Startup Developers
Operating pilots
Demonstrate the production and shipment (September 2020) of the Saudi Aramco/
world’s first blue ammonia cargo (to Japan) SABIC/IEEJ/

The carbon dioxide (CO,) captured from hydrogen production (which METI

Saudi . in turn is used as a feedstock for Haber-Bosch ammonia synthesis)
Arabia . . . . .
is used to produce methanol at Saudi Basic Industries Corporation’s
(SABIC) Ibn-Sina plant in Jubail Industrial City. It is also utilized for
enhanced oil recovery (EOR) at the Uthmaniyah oilfield.
UAE Sold blue ammonia cargo to Japan (August 2021) ADNOC/Ttochu
Corporation
In development
UAE TA’ZIZ Industrial n/a 200,000 t/y 1.0 mt/’y Al Reya- 2025  ADNOC/Fertiglobe/
Hub (Ruwais) dah ADQ/Mitsui &
CCS Co./GS Energy
Project
Saudi Agreement for the development of a blue hydrogen project in South ~ Saudi Aramco/
Arabia Korea based on imported LPG feedstock from Saudi Arabia Hyundai/Hyundai

Blue hydrogen to be used in liquefied natural gas boilers and sold as Oilbank/KSOEC
fuel for fuel cell vehicles in South Korea

CO, generated during hydrogen production to be captured, stored, and
shipped back to Saudi Arabia for use in EOR

Dual-use liquefied petroleum gas (LPG)-CO, ammonia-fueled ships
will also be developed.

Production of 11 mtpa of blue ammonia by 2030 Saudi Aramco

(Continued)



190 Wa’el Aimazeedi

TABLE 7.8 (Continued)

Country Project Cost Hydrogen — Ammonia CCS Startup Developers
Qatar Production of 1.2 mtpa of blue ammonia in Masaieed Industrial City =~ Qafco/Qatar Energy
with planned start of production scheduled for Q1 2026 Renewable
Solutions
Memorandum of understanding (MOU)/ strategic framework agreements (SFA)/feasibility studies
UAE Feasibility study to explore the commercial potential of blue ammonia ADNOC/INPEX/
production in the UAE JERA/JOGMEC

Partnership to co-develop the H2Teeside blue hydrogen project (United ADNOC/BP
Kingdom), taking a 25% ownership in the pre-FEED stage

Project plans to develop 1 GWe of hydrogen production by 2030

Saudi The Ministry of Energy has declared that a large proportion of the Saudi Aramco
Arabia natural gas from the estimated $110 billion development of the
Jafurah Gas Field will be earmarked for blue hydrogen production
instead of LNG. The field is estimated to have 200 trillion cubic feet
of reserves and could begin production in 2024.

Oman MOU to develop 300400 t/y of blue hydrogen using flared gas Ara Petroleum/
generated during oil and gas production as feedstock; a 20-MW solar ~ Sumitomo
plant to power the hydrogen plant Corporation

Hydrogen to be used as fuel for fuel cell vehicles at oil and gas
production sites

Sources: Author supported by MEES (2021); S&P Global (2022a); IEA (2021a); World Hydrogen Leaders Platform
(2022); author.

Legend:

ADQ: Abu Dhabi Developmental Holding Company.

BMZ: The German Federal Ministry of Economic Cooperation.

CCC: Consolidated Contractors Company.

DEWA: Dubai Electricity and Water Authority.

DoE: Abu Dhabi Department of Energy.

EEHC: Egyptian Electricity Holding Company.

EETC: Egyptian Electricity Transmission Company.

EGAS: Egyptian Natural Gas Holding Company.

EMERA: Egyptian Ministry of Electricity and Renewable Energy.

IEEJ: Institute of Energy Economics Japan.

IPHE: International Partnership for Hydrogen and Fuel Cells in the Economy.
IRESEN: Moroccan Research Institute for Solar and New Energies (IRESEN).
JOGMEC: Japan Oil, Gas and Metals National Corporation.

KIZAD: Khalifa Industrial Zone Abu Dhabi.

KSOEC: Korea Shipbuilding and Offshore Engineering Company.

MASEN: Moroccan Agency for Sustainable Development.

METI: Japan Ministry of Economy, Trade and Industry.

NATO: The North Atlantic Treaty Organization.

NREA: Egyptian New & Renewable Energy Authority.

Qafco: Qatar Fertilizer Company.

SCZONE: Suez Canal Economic Zone.

SEZAD: Oman Special Economic Zone at Dugm.

SFE: Sovereign Fund of Egypt.

Tadweer: Abu Dhabi Waste Management Center.

TAQA: Abu Dhabi National Energy Company.

Tatweer: Company for Development of Special Economic Zone at Dugm (Oman).
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TABLE 7.9 Private sector champions in Middle East and North Africa
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ACWA Power OCI BV Gulf Cryo
Industry Independent power Fertilizer producer Industrial gases company
segment producer
Annual $1.4 billion (2021) $6.3 billion (2021) $150 million (2021)
revenues
Market $27.9 billion (April 2022) $8.26 billion (May 2022) N/A
capitalization

Role in energy Scale up renewable Co-develop renewable and

transition electricity capacity low-carbon hydrogen
globally and open the and ammonia projects by
market to followers leveraging ammonia’s
who accelerate the position in three ways.
commercial deployment
of technologies.
Well positioned to extend The first is as the world’s
a proven track record second-most widely
in renewable electricity produced commodity
and water desalination (183 mt/y in 2020), which
project development to is expected to grow to over
electrolytic hydrogen 600 mt/y by 2050. The
and derivatives, second is as an efficient
including ammonia. hydrogen carrier. The third
is as a fuel used directly
in shipping and electricity
generation.
Formation Established in 2008 in Established in 1999 in Egypt
Saudi Arabia as Orascom Construction
.. Industries (spun off in
Headquartered in Riyadh, .
Sal?di Arabia withy 2015 on Nasdaq Dubai)

. . and redomiciled in
regional offices in

Dubai, Istanbul, Cairo, Amsterdam as OCI BV
in 2019 Headquartered
Rabat, Johannesburg, .
Hanoi. and Beiii in Amsterdam, the
anor, and Beying Netherlands.

Co-develop renewable and
low-carbon hydrogen and
ammonia projects.

Provide outsourced carbon
capture, storage, and
utilization services by
leveraging competencies
in the transportation,
storage, and distribution
of industrial gases across
the energy supply chain.
These include gray
hydrogen production, air
separation, liquid-to-gas
conversion, high pressure
compressed gases
handling, and associated
safety practices.

Established in 1953 in
Kuwait

Headquartered in Kuwait
and Dubai

(Continued)
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TABLE 7.9 (Continued)

ACWA Power

OCI BV

Gulf Cryo

Operations 64 projects in operation,
under construction or in
advanced development

in 12 countries (2021)

42.7 GW (gross) of
installed power
generation capacity and
6.4 billion m*/d (gross)
water desalination
capacity

The company has 3,500
employees.

Business model Fully contracted
long-term offtake
agreements with
electricity and water
price and volume
protections against
demand, currency, and
regulatory risks

Capital Publicly listed on
structure Tadawul, Saudi Arabia
(2021)
Role of Saudi’s Public Investment
government Fund has 44.16%

ownership. International
Finance Corporation
(IFC) was an investor
(2014-2020).

One of the world’s largest
ammonia and CH,OH
producers worldwide
and the largest seaborne
merchant exporter of
ammonia globally

The company has 3,600
employees.

Fertiglobe is a 60/40 owned
joint venture with Abu
Dhabi National Oil
Company (ADNOC)
covering operations in the
MENA region.

Chemical commodity
producer and trader

Publicly listed on Euronext,
the Netherlands (2013)

Fertiglobe is publicly listed
on the Abu Dhabi Securities
Exchange, UAE.

ADNOC (UAE) is a
40% shareholder of the
Fertiglobe subsidiary.

Largest merchant air
separation unit and dry ice
manufacturing capacity
in the region. Operations
in 10 Middle Eastern
countries, serving the
upstream oil and gas,
refining, petrochemicals,
metals and steel, food and
beverage, glass, mining,
construction, electronics,
and healthcare industries

The company has 1,250
employees.

Medium and long-term
take-or-pay supply
contracts with
creditworthy industrial
companies

Privately owned

Established in 1953 in
Kuwait and headquartered
in Kuwait and Dubai

Bahrain’s Mumtalakat was
an early investor.

(Continued)
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TABLE 7.9 (Continued)

ACWA Power OCI BV Gulf Cryo
Hydrogen/ Co-developer, NEOM Co-developer, via Fertiglobe, ~ Carbon dioxide (CO,)
CcCcus green ammonia Ain Sokhna, Gulf of Suez, recovery plant capacity
project project, Saudi Arabia Egypt (Table 7.4) expected to reach 250,000
pipeline (Table 7.4) t/y by the end of 2022,
largest in the Middle East
Founding member, Green Carbon capture and storage Producer of grid-based
Hydrogen Catapult projects in the Netherlands, electrolytic hydrogen
initiative, which aims the United States and with plans to expand to
to develop up to 25 GW ~ MENA renewable hydrogen
of renewable hydrogen
capacity globally
Partnerships with Expansion into
ExxonMobil/ Essar carbon capture and
(Biofuels); RWE storage-enhanced oil
(waste-to-hydrogen); recovery and energized
Nouryon/RWE (synthetic CO, fracking for natural
CH,OH); Eastern Pacific gas fields

Shipping, /Hartmann Group,
/Man Energy Solutions
(low-carbon ammonia and
CH,OH)

Source: ACWA Power (2021); OCI BV (2021); Fertiglobe (2021); Gulf Cryo (2021).

Corporation 2021). APICORP is a multilateral development bank established in Al
Khobar (Saudi Arabia) by 10 Organization of Arab Petroleum Exporting Countries
member states with $7.89 billion of assets in 2021. APICORP is expected to play a
key role in financing hydrogen, ammonia, and CCS projects in the MENA region.
It recently announced a framework to govern the issuance of green bonds. This
would enable it to expand the share of green financing within its lending and invest-
ment portfolios and invest up to $1 billion in green energy projects and companies
(APICORP News 2021). Owing to its experienced human resources and progres-
sive vision, APICORP is expected to play a critical role in financing hydrogen and
CCS projects.

The MENA region scores poorly in terms of innovation. The UAE ranks
within the top 50 countries in the Global Innovation Index (2021) rankings.
Research institutions in the MENA region can thus become key stakeholders
and make tangible contributions to demonstration and pilot projects aimed at
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commercializing hydrogen and CCUS technologies. Technologies with the po-
tential to improve the competitiveness of hydrogen projects in the MENA region
are outlined in Annex 1 MENA hydrogen roadmap. Several research institutions
have taken the lead in this regard. As members of the CCE National Program,
King Abdullah Petroleum Studies and Research Center (KAPSARC) and King
Abdullah University of Science and Technology (KAUST) helped develop the
CCE framework (CCE National Program 2021). In collaboration with the IEA, the
Global CCS Institute, Organisation for Economic Co-operation and Development
(OECD), IRENA, Nuclear Energy Agency, and KAPSARC (2020) published the
CCE Guide, which has been disseminated globally.

NOCs can make a considerable contribution. Saudi Aramco has research and
technology centers and research programs with leading local universities such as
KAUST. In addition, it operates such centers in China, France, the Netherlands,
Russia, Scotland, Saudi Arabia, and the United States (three centers). It is also
collaborating with industrial gas companies (e.g., Air Products) to develop refu-
eling infrastructure for FCEVs. The first refueling station was commissioned in
the Dhahran Techno Valley Science Park in June 2021. Saudi Aramco is partner-
ing with car manufacturers (Toyota and Hyundai) on fuel cells and the advance-
ment of the hydrogen economy. In addition, it has partnered with several Japanese
companies to evaluate the feasibility of using LPG as a hydrogen carrier and the
subsequent transportation of CO,. Saudi Aramco has advanced and showcased
its proprietary mobile carbon capture technology as an example for reducing the
carbon footprint of transportation. Other institutions within Saudi Arabia include
King Abdulaziz City for Science and Technology, King Fahad University of
Petroleum and Minerals, and the Center of Research Excellence in Renewable
Energy.

The ADNOC Research and Innovation Center, managed jointly by ADNOC
and Khalifa University in the UAE, is poised to play a critical role. Khalifa Uni-
versity is a part of the e-kerosene pilot project. It is also collaborating with
Air Liquide and Al-Futtaim Motors to develop hydrogen refueling stations and
lease FCEVs to government institutions. Masdar is involved in the e-kerosene
pilot project. Moreover, it is collaborating with BP and ADNOC to develop
low-carbon hydrogen and CCUS hubs in the UAE and the United Kingdom and
decarbonized air corridors between the two (BP 2021). Although not focused
on energy transition technologies, the Kuwait Petroleum Corporation has a
research and technology center in Rotterdam, the Netherlands. This center is
well positioned to develop hydrogen-related technologies in collaboration with
industry partners.
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Sultan Qaboos University and German University of Technology (GUTech)
are members of the Oman Hydrogen Alliance (Hy-Fly). Muscat University is col-
laborating with Cranfield University in the United Kingdom to reduce the carbon
footprint of LNG production. The latter was made possible by Ejaad, a platform
organization bringing institutions from the government, industry, and academia to-
gether to collaborate in research and development (R&D). Hosted by GUTech, the
Oman Hydrogen Center was created to build competencies within Oman through
collaboration with national and international research partners. The Center’s R&D
activities include hydrogen use cases and applications and modeling and optimiz-
ing the hydrogen supply chain in Oman. The Moroccan Research Institute for
Solar and New Energies has galvanized support from industry players for the
Green H, Cluster, which is driven by industrial innovation and research.

A key requisite for the development of a well-functioning, transparent, and ef-
ficient hydrogen market is a globally accepted certification scheme. Such schemes
track the environmental and sustainability attributes of the hydrogen and CCUS
supply chains. While several national and regional schemes are being developed
worldwide, none have yet become operational (IRENA 2022d). In the interim, TUV
Rheinland, a German independent testing, inspection, and certification agency, is
conceptually certifying the GHG emissions associated with two hydrogen and am-
monia production projects. These are the ACME Group’s green ammonia project
(TUV Rheinland Insights 2022) and Aramco and Saudi Basic Industries Corpo-
ration’s (SABIC’s) integrated hydrogen and ammonia project, inclusive of CCU
(Table 7.4; SABIC 2022).

As hydrogen is not a primary energy source and both renewable and low-
carbon hydrogen production require significant renewable electricity inputs, track-
ing electricity and hydrogen attributes should be integrated. For over a decade,
energy attribute certificates (EACs) have been traded and sold separately from the
electricity to which they are attributable. Several strides have been made in the
MENA region.

The Dubai Electricity and Water Authority (DEWA) and Abu Dhabi
Department of Energy are the leading issuers of EACs in the form of renewable
energy credits (I-RECs). These are accredited by the I-REC Standard Foundation,
a non-profit standard-setting body. I-RECs validate power producers and end users’
claims that the energy and/or product output and the electricity consumed, respec-
tively, are renewable. Several renewable solar and wind projects in MENA have
begun issuing I-RECs. Table 7.10 lists the project registrants.

Three notable examples are worth highlighting. In a landmark development in
2021, Emirates Global Aluminum procured 560,000 MWh of solar electricity
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TABLE 7.10 Renewable energy project registrations for electricity energy attribute certificates

Country Project Technology Capacity Registration
Py N Benban Solar 378 MW January 2020
y photovoltaic
(PV)
Egypt Ras Ghareb Wind Energy Wind onshore 262 MW June 2019
Solar Park (Benban 2) Solar PV 50 MW January 2020
Al Mafraq Solar Park Solar PV 50 MW April 2018
Al Ambaratouria Solar Park  Solar PV 67 MW June 2019
FRV Solar Holdings Solar PV 67 MW June 2020
Jordan
Noor 1 Solar Solar CSP 160 MW January 2018
Khalladi Wind Farm Wind onshore 120 MW January 2018
Morocco
Amin Ground Mounted PV Solar 105 MW May 2022
Solar PV Plant
Oman PV Barka Solar Plant PV Solar 1.65 MW May 2022
(Al Madina Logistics
Services Company,
AMLS)
Sakaka PV Solar PV 300 MW January 2021
Saudi Arabia
Barakah Nuclear Plant Nuclear 1,390 MW August 2020
c Sweihan PV Plant 935 MW August 2020
UAE Mohamed bin Rashid PV Solar 800 MW January 2019
Solar Park Phase 3
Mohamed bin Rashid PV Solar 200 MW March 2017
Solar Park Phase 2
Mohamed bin Rashid PV Solar 13 MW January 2017
Solar Park Phase 1
CMX-1 Solar Solar PV 4 MW January 2020
Aggregated

Source: Evident Registry (2022).

from the Mohammed bin Rashid Al Maktoum Solar Park. This supported the claim
that the 40,000 mt of aluminum intended for one of its clients, Germany’s BMW,
were green, or labeled CelestiAL (Emirates Global Aluminum 2021). In another
development, the Abu Dhabi Department of Energy issued clean energy certificates
based on the same attribute tracking standard as that for I-RECs. This validated
its claim that the energy procured by ADNOC for its internal electricity require-
ments is 100% generated by low-carbon nuclear power (Abu Dhabi Department of
Energy 2021). In 2018, the Khalladi Wind Farm in Morocco, owned and operated
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by ACWA Power, issued I-RECs for each MWh generated (ACWA Power 2018).
This initiative enabled industrial customers to declare that the electricity they are
consuming is renewable.

Despite parallels and synergies between today’s hydrogen industry and the solar
and wind industries of the early 2000s, one key difference exists in the evolution
of certification. When EACs for electricity were first introduced in 1997, mature
electricity transmission and distribution infrastructures, regulations and use cases
were in existence, none of which exist today for hydrogen.

The Arabian lights project: toward a regional role for Saudi Arabia

Saudi Arabia has launched several initiatives with the potential to shape cer-
tain segments of the emerging hydrogen supply chain. For example, the coun-
try has articulated and is championing a CCE framework, the centerpiece of
its 2020 G20 presidency. CCE elements are prerequisites for producing low-
carbon hydrogen and mitigating the accumulated atmospheric CO, emissions.
In October 2020, the establishment of a dedicated fund to invest in the CCE
was announced.

Saudi Arabia can leverage the CCE framework by positioning itself and the
Middle East as a global CCUS hub. This hub would be able to capture, transport,
utilize, store, and import CO, at scale cost-effectively (e.g., with a target capacity
to store 50-100 mt/y). It could also create local ecosystems for CO, utilization sup-
ported by bidirectional supply chains linking the hub with end-use markets in ma-
jor demand centers globally. The proposed CCUS hub would be named the Arabian
Lights project (Figure 7.5) and could achieve several objectives:
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FIGURE 7.5 Arabian lights CCUS project framework.
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1 Enable the scaling up of low-carbon hydrogen and ammonia production (referred
to as CCUS-enabled hydrogen).

2 Incentivize investments in CCUS technologies and infrastructure.

Exponentially expand the CO, utilization market.

4 Maintain competitiveness when carbon border taxes are introduced (e.g., the
EU’s Carbon Border Adjustment Mechanism) via the supply of carbon-neutral
synfuels and chemical products to end users worldwide.

5 Scale up the use of captured CO, in EOR, which would:

w

* Maximize the recovery of oil reserves

» Extend the life of its oilfields

* Attain (potential) carbon neutrality for petroleum exports (provided a dis-
proportionate amount of CO, is injected and retained for every barrel of oil
recovered).

6 Play a proactive role in shaping a global carbon market.

Expedite the path toward reaching net-zero emission targets.

8 Transform the role of the private sector in the economy, potentially creating
world-class carbon management companies that can compete globally.

9 Create job opportunities for its citizens in the emerging hydrogen and CCE
economy.

~

CCUS hubs are proven mechanisms for accelerating the reduction of CCUS
costs through economies of scale and standardization and incentivizing the
decarbonization of existing fossil-based power and industrial plants. They
also expand opportunities for CO, utilization. The Oil and Gas Climate Initia-
tive (OGCI) (2022a) has identified 279 potential CCUS hubs in 56 countries,
matching emission sources with possible storage locations, of which five with
a CCS cost of less than $100 per ton are located in Saudi Arabia. The largest
of these five potential hubs is located close to the industrial cities of Jubail
and Yanbu.

Eight conditions must be satisfied to transform this concept into a commercially
viable project opportunity. Saudi Arabia and other GCC countries already satisfy
the first three, whereas other regions and countries offer precedents for the remain-
ing five (Table 7.11).

Except for the GCC Grid Interconnection Authority, headquartered in Dam-
mam, Saudi Arabia, the track record of GCC member states partnering on energy
projects has been weak. The Authority plays an instrumental role in creating a
regional electricity market among member states and beyond. However, to avoid
stranding a large proportion of their hydrocarbon reserves, they may be incentiv-
ized to pool their resources for the development of cross-border CCUS projects.
Saudi Arabia is well positioned to spearhead and ensure support for the develop-
ment of a regional CCUS hub and CO, shipping fleet.
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TABLE 7.11 Arabian Lights project conditions

Condition

State of play

1 Geological
formations
suitable for
large-scale
carbon dioxide
(CO,) storage

2 Large CO,
emission
sources

3co,
transportation
and utilization
infrastructure

The Global CCS Institute recently determined that subject to a technical appraisal, the
Middle East may possess highly suitable geological basins for CO, storage (Minervini,
Consoli, and Kearns 2021). Three types of geological reservoirs can be used for
long-term CO, storage: deep saline formations, depleted natural gas reservoirs, and
depleted oil reservoirs with potential for CO,-enhanced oil recovery (EOR). The
Middle East has up to 2,511 Gt CO, of storage capacity with a substantial amount
within Saudi Arabia (UNIDO 2011). However, only 0.74 Gt have been assessed in
Saudi Arabia (OGCI 2022b). Geological formations in central eastern Saudi Arabia
are already used for CO, storage. Other suitable candidate sites are in the UAE and
potentially in Kuwait, Qatar, Iraq, and Iran.

There is no inherent seismic activity in most parts of the region. Furthermore, because
of their level of maturity, substantial subsurface data exist for oil and gas reservoirs. In
addition, an extensive pipeline infrastructure is already in place.

v A comprehensive CO, storage assessment should be conducted to identify and
determine the suitability of geological formations.

v Investment in suitable CO, storage projects being developed in Europe and the
United States is necessary.

Concentrated point source emissions from electric power, refining, chemical, cement,
steel and aluminum plants are clustered in industrial and oilfield zones across the Gulf
Cooperation Council (GCC). These are expected to reach 407 mt in 2025, with power
generation being the largest emissions source (Qamar Energy 2021). Annual point source
CO, emissions in Jubail and Yanbu industrial cities are estimated to be 75.5 mt and
22.5 mt, respectively (OGCI 2022b). Emissions from upstream oil and gas and mining
operations in Saudi Arabia provide an additional and important source of emissions.

Carbon capture, utilization and storage (CCUS) technology requires an efficient
infrastructure platform. It is relatively small but growing quickly. Transportation
infrastructure is available to serve three carbon capture and storage (CCS) projects
in the GCC, capturing 3.7 mt/y of CO, (Global CCS Institute 2020). Plans to capture
a further 11 mt/y of CO, by 2026 in the GCC region have already been announced
(Qamar Energy 2021).

Country Project CO, source CO, capture  Primary

capacity storage/use

Saudi Arabia Uthmaniyah Natural gas 0.8 mt/y EOR
(Saudi Aramco) CCS-EOR processing

UAE (AbuDhabi Al Reyadah Iron and steel 0.8 mt/y EOR
National Oil CCS-EOR production
Company)

Saudi Arabia Jubail CO,-to-  Chemicals 0.5 mt/y Methanol,
(Saudi Basic Chemicals production urea, and
Industries food and
Corporation; beverage

SABIC) *Note 1

(Continued)
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Condition

State of play

4 Business
models

5 National
regulatory
framework

Qatar (QP) CCS-EOR LNG production 2.0 mt/y EOR
Saudi Arabia (Gulf  Saudi Industrial Industrial boilers 0.1 mt/y Food and
Cryo) Beverage Co. beverage
Kuwait
(Gulf Cryo) EQUATE CO,  Ethylene glycol ~ 0.05 mt/y Food and
Recovery production beverage

*Note 1: In late 2020, Saudi Aramco established the supply of blue ammonia to Japan. The CO,
captured from hydrogen production (which is used as feedstock for the Haber—Bosch ammonia
synthesis) was used to produce methanol at SABIC's Ibn-Sina plant in Jubail Industrial City. It was
also used for EOR at the Uthmaniyah oilfield. These projects are real-life examples of the CCE
framework's implementation.

Example: CO, uses in the GCC are diverse. They range from EOR to feedstocks for
chemical and other industries and distribution to the food and beverage industry and
recently, to greenhouses.

Business models must be developed for CCUS hub developers (e.g., emitters, transport
and storage [T&S] operators, and traders). This will enable them to recoup their
capital investment and operating expenditure. Moreover, they will be able to earn a
suitable return on investment from projects across the CCUS supply chain, including
cross-border CO, transportation projects. Emitters would need to generate revenue
streams to cover the investment for capture, purification, and compression, and
T&S operating expenses are typically paid to an operator. T&S operators are paid
to transport and store CO, emissions via a tariff that covers their investment and
operating costs and provides a return on investment. CCS-as-a-service business
models are among the innovative approaches being developed.

At the outset, business models must integrate low-carbon hydrogen production
into their designs. They must also identify and mitigate the commercial, technology,
financing, and regulatory risks across the CCS supply chain. Furthermore, they must
enhance the commercial viability of projects. This would include the interdependency
between the supply chain elements (technology, sources, pipelines, and sinks) and
long-term storage liability, with insurance against leakage.

A global CO, value chain cost model should be built to evaluate the economic viability
of importing Scope 3 CO, emissions from industrialized countries for permanent
storage and utilization. All supply chain costs including capture, compression, and
dehydration, transportation, injection (EOR), permanent geological storage, and
monitoring and verification must be covered.

Example: In partnership with Japanese and Korean firms, Saudi Aramco is evaluating
the feasibility of using LPG as a hydrogen carrier. It is also assessing the viability of
the transportation of CO, produced at destination markets back to Saudi Arabia.

Creating a regulatory and policy framework to incentivize investment across the CCUS
supply chain and enable business models is essential. Many policy mechanisms are
already provided by the governments in Australia, the EU, the United States, and
the United Kingdom to support CCS projects. These policy mechanisms include
capital grants for feasibility studies and first-of-a-kind projects as well as investment
and production tax credits. They also comprise contracts for difference to enable
emitters to cover the cost of capture and regulated T&S tariffs for an open-access
T&S infrastructure. Other policy mechanisms include public procurement, industry
standards, verifiable CCUS credits, and CCUS infrastructure funds.

(Continued)
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TABLE 7.11 (Continued)

Condition State of play

To ensure that CO, is stored in an environmentally safe and transparent manner, clearly
defining long-term liability provisions among CCUS supply chain actors is necessary.
For GCC countries in which EOR is a major CO, utilization route, additional revenues
from increased oil production could be earmarked for CCS investments.

6 Regional A variation of the European Commission’s framework Important Projects of Common
regulatory European Interest (IPCEI) should be implemented for GCC member states. An
umbrella IPCEI approach is needed to incentivize cross-border investment in regional CCUS

projects by governments, national oil companies (NOCs), and state-owned and private
enterprises. This is to attain economies of scale and pool human, capital, technical and
geological resources in a cost-efficient manner. Such a framework would facilitate the
following:

Ju—,

Structuring of commercial public/private partnership frameworks for private sector

bidding to develop regional CO, storage sites and providing economic incentives for

both host governments with bidding consortia;

2 Issuance of climate and/or green bonds to finance CCUS infrastructure and projects
potentially backstopped by sovereign guarantees;

3 Treatment of avoided CO, emissions under each country’s respective Nationally

Determined Contributions (NDCs).

Example: In the EU, IPCEI are eligible for funding from the €30 billion Connecting
Europe Facility. This is an effective tool for developing key energy infrastructure
projects aimed at creating an integrated European energy market.
7 Large-scale A CO, shipping company owned by GCC member states, via either their NOCs or

cross-border sovereign wealth funds, should be created.
CO, shipping The large-scale shipping of CO, is in its infancy. Small-scale ships (800-1,800 m?) are
industry usually used to transport CO,, catering primarily to the food and beverage industry.

CO, ships operating at scales suitable for CCS have not yet been developed. However,
CO, ships and terminals are expected to benefit from the in-depth experience of the
liquefied natural gas (LNG) and liquefied petroleum gas (LPG) industries. Saudi
Aramco is evaluating the conversion of LPG ships to handle liquid CO, cargo.
However, the volumes involved will not be sufficient to cover the large amounts of
CO, that could be imported. The technology readiness level for CO, shipping ranges
from 3 to 9 (Global CCS Institute 2021).

Example: Several shipping companies have started to develop large-scale liquefied CO,
ships. These include Mitsui O.S.K. Lines (Japan) and Larvik Shipping (Norway).

8 Carbon Carbon markets should be developed over two phases. In the first phase, a voluntary
markets market should be created by building demand and supply. In the second phase, a
compliance market should be established via a regulated cap-and-trade system. The
first would incorporate both carbon credits (ex-ante instruments) and energy attribute
certificates or renewable energy certificates (ex-post instruments):

a This would involve trading and retiring CCUS-related credits (e.g., CO, reduction,
removal, and potential storage) backed by robust carbon accounting methodologies
approved by carbon credit standard-setting bodies. These credits would assist in
financing otherwise unviable projects.

(Continued)
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TABLE 7.11 (Continued)

Condition

State of play

b Energy attribute certification schemes will need to be developed for carbon removal
and reduction. These would measure the lifecycle greenhouse gas emissions of CCUS
and CCUS-enabled hydrogen projects to establish that the captured CO, is being
sequestered or utilized sustainably. Such certification schemes may integrate carbon
credits into their design to offset residual emissions that could not otherwise be abated.

The carbon market and its instruments must eventually be consistent with Article
6 of the Paris Agreement (including the planned use of the International Transfer
Mitigation Outcomes). This would allow them to be used in NDCs and facilitate
international carbon trade.

Example 1: Two initiatives aimed at creating a voluntary carbon market in the Middle
East were recently announced. First, the AirCarbon Exchange was launched at the
Abu Dhabi Global Markets in Abu Dhabi (AirCarbon 2022) and second, a carbon
exchange platform backed by the Public Investment Fund, Aramco, ACWA Power,
Saudi Airlines, Ma’aden, and Enowa, a NEOM subsidiary, will be established in
Saudi Arabia (MSN News 2022).

Example 2: KAPSARC has proposed tradable carbon sequestration units, a verified ton
of CO, securely stored in geological formations (KAPSARC 2022).

Source: Author.

Conclusion

Hydrogen investments provide MENA countries with a tangible opportunity
to assume a proactive role in their ongoing energy transition. Energy-exporting
countries can act as global energy suppliers, prevent their hydrocarbon assets from
becoming stranded and reorient their economies and social contracts toward the
emerging energy paradigm. For energy-dependent countries, such investment
would help make their chemical, fertilizer and manufacturing industries self-
sufficient and even reposition some of them as energy suppliers.

In response, several early movers, including Egypt, Morocco, Oman, Saudi
Arabia, and the UAE, have already begun to develop renewable and low-carbon
hydrogen and ammonia projects. They have prepared hydrogen strategies and road-
maps and entered into collaborative agreements with industrial countries. A total of
47 projects at a cost of $55 billion were announced by the end of 2021. However,
MENA countries experience numerous mindset, industry, regulatory, and institu-
tional challenges to capitalize on this narrow window of opportunity for renew-
able and CCUS-enabled hydrogen. With pressure on countries, companies, and
individuals to target net-zero carbon emissions by 2050, a key concern for MENA
energy suppliers is capturing a sizable global energy market share.

To overcome these challenges, MENA countries must undertake the follow-
ing actions. First, they must invest across the hydrogen and CCUS supply chains,
including in hubs, use cases, and applications in European, Asian, and North
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American demand centers. Second, they must develop local ecosystems and industry
clusters to lower the LCOH and create applications in the electricity, industry, and
mobility sectors. Third, they must provide subsidies and grants to projects and con-
sumers to de-risk hydrogen production, incentivize demand uptake, enhance bank-
ability and include funding in public budgets. Fourth, they must create overarching
and enforceable regulations to govern the entire energy sector and create a level
playing field for all industry stakeholders. Fifth, they must engage with governments
in major demand centers over regulations, including certification schemes, to ensure
fair treatment and reciprocity. Sixth, they must incentivize industrialized countries to
channel a proportion of their funds earmarked for export promotion toward develop-
ing the local ecosystem and demonstrating pre-competitive technologies. Seventh,
they must finance key enabling technologies to reduce water consumption and lower
the LCOH of cross-border hydrogen and derivatives transportation. Moreover, they
need to reduce carbon production pathway emissions and exploit sour gas reserves.
Eighth, they must strengthen the local private sector’s (including SMEs) project de-
velopment capacity for it to lead in renewable hydrogen and CCUS project develop-
ment at home and abroad. Allowing international developers, industrial gases, and
oilfield service companies to dominate the development of renewable hydrogen pro-
jects or provide CCUS-related services would diminish national competitiveness.

Notwithstanding the Ukraine crisis, the energy transition is likely to resume if
not accelerated its pace in the affected energy markets. During this period, MENA
exporters will reap substantial and previously unbudgeted windfall revenues cre-
ated by high crude oil and LNG prices. These accumulated revenues will eliminate
any doubts about MENA countries’ capacity to fund their market entry strategies
into the emerging hydrogen and derivative market. MENA NOCs, SWFs, and pri-
vate developers will also be able to compete with energy majors for the mergers
and acquisition opportunities likely in the hydrogen space. This would enable them
to develop new competencies and improve market access.
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EUROPE’S HYDROGEN PATHWAYS

Toward a balanced partnership with Saudi Arabia
and the Gulf

Jan Frederik Braun, Ad van Wijk, and Kirsten Westphal

Introduction

Compared with other regions globally, Europe has formulated the most comprehen-
sive policy framework to achieve its hydrogen ambitions and advance its hydrogen
development trajectory.! The continent has the dual aim of becoming a global clean
hydrogen leader and fueling its decarbonization efforts. Hence, the European Un-
ion (EU) is aiming to incorporate a large proportion of low-carbon and renewable
hydrogen into the continent’s energy mix by 2030. Moreover, Russia’s unprec-
edented invasion of Ukraine in early 2022 turbocharged the EU’s energy transi-
tion ambitions, radically shifting its willingness to depend on any singular fossil
fuel exporter. Shortly after Russia’s act of war, the European Commission (2022a)
proposed a Hydrogen Accelerator as part of the REPowerEU plan, with 10 Mt pro-
duced in the EU and 10 Mt of imports.

Prominent scenarios that project the supply of and demand for renewable hy-
drogen and its derivatives by 2030 highlight the imbalance between these two
variables (Breitschopf et al. 2022). These supply gaps in 2030 must be covered
by imports from outside the EU. However, current hydrogen imports from outside
the EU are almost non-existent. Indeed, less than 90 tons was imported in 2020,
of which two-thirds came from Switzerland (Hydrogen Europe 2021). In short,
producing 10 Mt domestically and importing another 10 Mt of renewable-based
hydrogen by 2030 is a hyper-ambitious challenge. Meeting this challenge will re-
quire massive investment throughout the value chain and international cooperation,
including with major fossil fuel and (projected) hydrogen exporters in the Gulf
region such as Saudi Arabia.

While Gulf players are long-standing energy partners for Europe, the EU is
aiming to strengthen its strategic relationships with them to realize REPowerEU.
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Gulf countries have the capacity and know-how to produce renewable-based and
low-carbon hydrogen (and derivatives) and now have the additional geopolitical
and climate incentive to position themselves as reliable providers of clean energy
imports for Europe. In turn, EU policymakers have taken a front-and-center posi-
tion in shaping standards and setting up certification schemes. Likely to become a
critical future import market, the European Commission is seeking to denominate
the global price of hydrogen in Euros and propose the currency as an international
benchmark as the market expands (IRENA 2022). This is a win/win for Europe’s
hydrogen leadership ambitions, as the continent is the world’s largest geographical
market for electrolysis, with over a third of the global announced capacity (Hydro-
gen Council 2023).

On the surface, Europe’s hydrogen approach under REPowerEU seems coher-
ent. It is driven by a shared ambition to become the world’s industrial leader in
renewable hydrogen while fueling the continent’s decarbonization efforts. Beneath
the surface, however, Europe’s national and supranational hydrogen pathways are
marked by incompleteness of legislative action, resulting in discord between Eu-
rope’s supranational hydrogen ambitions and the required fast implementation of
European legislation at the national level. Other issues include the incoherence
of regulatory approaches supporting a European market for hydrogen and coor-
dinated development of storage, pipeline facilities, and port infrastructure. There
are also differences between countries. Some nations are against hydrogen imports
and instead focus on local production and demand. Meanwhile, some have adopted
an international, pan-European, import-oriented vision. Lastly, the hydrogen color
debate is ongoing. Most countries favor a focus on renewable-based (or ‘green’)
production and have prematurely excluded technological routes related to natural
gas and carbon capture, utilization, and storage (CCUS) (blue) as a temporary solu-
tion that could be more carbon-effective. Prospective exporters therefore assume
Europe will not accept deals for anything other than green hydrogen. However,
with strong methane controls and world-leading carbon capture and storage (CCS),
fossil fuel-derived hydrogen can also be low-emission hydrogen. This hydrogen
can be produced and scaled at a much cheaper rate in fossil fuel-rich regions such
as the Gulf (Azadegan and Tovar 2022; IPCC 2022). These factors make Europe a
complicated partner and a complex future import market for ambitious hydrogen
exporters such as Saudi Arabia and the Gulf region at large.

This chapter provides an overview of and insights into Europe’s hydrogen path-
ways. It discusses how the continent must quickly establish a balanced import strat-
egy that features renewable and low-carbon hydrogen. The main messages of the
chapter are as follows:

* The key focus in Europe toward 2030 is on scaling electrolyzer manufacturing
capacity, decarbonizing hydrogen use in industry, promoting hydrogen in new
use cases, and building the transport infrastructure, including storage facilities.
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* The EU and national governments are focusing on renewable hydrogen. This is
giving prospective exporters the impression that the continent will not accept
deals for anything other than that. However, several countries such as the United
Kingdom and the Netherlands are taking a more technology-neutral approach
toward hydrogen. Further, large consumers such as the Port of Rotterdam intend
to accept various production methods so long as the fuel is low carbon.

* Europe is broadly focusing on eliminating carbon emissions in the medium-
to-long term. Saudi Arabia’s Circular Carbon Economy (CCE) approach is fo-
cusing on commodifying carbon emissions. Its aim is to reframe the discourse
on CO, from being viewed solely as a negative externality to recognizing the
value that can be extracted from it. These different sustainability approaches
and their end goals must be reconciled in a collaborative policy approach, pref-
erably as part of the EU’s Strategic Partnership with the Gulf.

* The EU must present a long-term roadmap for hydrogen imports from the Gulf
region that departs from a balanced strategy between renewable-based and
low-carbon hydrogen. This should include coherent and full-fledged support for
a continued pathway for the production and sale of hydrocarbons from Saudi
Arabia and the Gulf region at large. Such production must be in an environmen-
tally sound manner. For example, by using harmonized certification and strict
CCUS rates, including near-zero upstream methane emissions.

The remainder of the chapter is organized as follows. The second section consists
of a two-part analysis. The section first examines the EU’s strategic action on hy-
drogen. The EU is a treaty-based organization that can only act within the limit of
the competencies conferred to it by its member states; hence, energy policy is a
shared competency. The second part examines the national hydrogen approaches in
several key European countries since EU members have the right to determine their
national energy mix and conduct bilateral energy relations with non-EU countries.
The third section presents hydrogen applications across Europe. The fourth sec-
tion assesses European research and innovation (R&I) with a focus on hydrogen
technologies. The fifth section presents a case study of the EU’s hydrogen corridor
approach and the opportunity this initiative offers Saudi Arabia. The final section
concludes.

EU and national hydrogen strategies

Europe is the world’s leading hydrogen region in terms of the comprehensiveness
of its policy packages and combination of technology push, demand-pull, and fiscal
policies (Figure 8.1).

The strategies and policy packages analyzed here provide substantial fund-
ing to kickstart the scaling of hydrogen production and clusters or ‘valleys’ of
large-scale demand. In parallel, offtake and utilization in end-use sectors are
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FIGURE 8.1 Clean hydrogen production by 2030: regional targets and policy compre-
hensiveness.

Source: Jan Frederik Braun and Linah Al Hamdan based on DNV (2022).

Notes: This figure represents the percentage total score (0.1-1) given to each region in the categories
push and pull policies and measures across the X- and Y-axes. The bubble size represents the regional
hydrogen production targets by 2030 (renewable or low carbon). Push policies and measures include
technology evolution and R&D (e.g., renewables procurement) and standards and certification (e.g.,
certificated of origin). Pull policies and measures include markets and financing (e.g., carbon pricing,
fiscal incentives) and matching supply and demand (e.g., supply quotas, public tenders). The total score
was taken before the United States Senate passed its landmark IRA in August 2022. The IRA includes
an unprecedented tax credit for clean hydrogen production.

stimulated (e.g., proposed legally binding targets and obligations on fuel suppli-
ers). Cost competitiveness against conventional fossil fuel-based technologies is
advanced by tightening carbon pricing (e.g., including more sectors and remov-
ing exemptions). It is also helped by international initiatives such as the Global
European Hydrogen Facility, which aims to create a level playing field between
EU and non-EU suppliers.

The EU Hydrogen Strategy (2020) (Figure 8.2) aims for at least 40 GW of elec-
trolyzer capacity installed by 2030. The strategy’s main priority is to develop renewa-
ble hydrogen (European Commission 2020a). In the short-to-medium term, however,
other forms of low-carbon energy are needed to rapidly reduce emissions from
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FIGURE 8.2 The EU hydrogen strategy.

Source: Informaconnect (2020).

existing hydrogen production and support renewable hydrogen’s parallel and future
uptake. Low carbon encompasses fossil fuel-based hydrogen with carbon capture and
electricity-based hydrogen, with significantly reduced full life-cycle greenhouse gas
(GHG) emissions than existing hydrogen production (European Commission 2020a).

Like most government strategies in Europe, the EU Hydrogen Strategy recog-
nizes three stages of hydrogen development (European Commission 2020a):

* Scaling up and laying the market foundations (early 2020s).
* Pursuing widespread adoption and market maturity (late 2020s and early 2030s).
* Fully implementing hydrogen as a clean energy vector (after 2030).

The strategy focuses on two end-use sectors: industry and transport. An immediate
application in industry is to reduce and replace carbon-intensive hydrogen in refin-
eries, ammonia production, and methanol production as well as replace fossil fuels
in steelmaking. In the second phase from 2025 to 2030, the strategy states that hy-
drogen can form the basis for investing in and constructing zero-carbon steelmak-
ing processes in the EU. In transport, it proposes the early adoption of hydrogen in
aviation, shipping, and long-haul transport; road transport such as city buses and
taxis; and specific parts of the rail network in which electrification is not feasible.

In 2021, EU member states formally adopted the EU Climate Law. The Law
sets the binding objective of reducing GHG emissions by 55% by 2030 (compared
with 1990 levels) and climate neutrality (or net-zero emissions) by 2050. In turn,
the Climate Law has set the stage for the EU’s Fit for 55 legislative package parts
I and II (2021). These measures promote emissions reductions by increasing
demand for and the production of renewable and low-carbon hydrogen across
the EU economy.
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Figure 8.3 summarizes the EU’s energy- and climate-related legislative acts and
revisions with the highest potential impact on the hydrogen market.

‘Fit for 55 part I’ indirectly reinforces the incentives for member states to sup-
port renewable hydrogen by setting new and increased national targets for specific
sectors’ consumption:

* From the end of 2023 onward, the Carbon Border Adjustment Mechanism
(CBAM) will be set up to equalize the price of carbon paid for EU products op-
erating under the EU Emissions Trading System (ETS) and the one for imported
goods. This will be achieved by obliging companies that import into the EU to
purchase so-called CBAM certificates to pay the difference between the carbon
price paid in the country of production and the price of carbon allowances in the
EU ETS.2 CBAM will cover iron and steel, cement, aluminum, fertilizers, and
electricity (European Parliament 2022). From 2026, imports of hydrogen into
the EU will be subject to an adjustment based on their carbon content (European
Commission 2023a). Additionally, the EU plans to ‘lead efforts for developing
a solid framework for a global rules-based and transparent hydrogen market’
(European Commission and High Representative of the Union for Foreign Af-
fairs and Security Policy 2022a). This could be translated into a plan by the EU
to implement certification processes with future exporting countries to ensure
that hydrogen imports are produced to the same standards as the renewable hy-
drogen produced domestically (Alsulaiman 2023).



214 |an Frederik Braun et al.

* The amended Renewable Energy Directive (or RED) states that by 2030, 42%
of the hydrogen consumed in the industry should be green and that this propor-
tion is set to rise to 60% by 2035 (European Commission 2021a; European
Parliament 2023). The EU’s Hydrogen Delegated Acts (2023), which supple-
ment RED, outline the conditions that a hydrogen project developer would need
to meet to classify the power used for hydrogen production as renewable. The
delegated act states that its scope includes hydrogen produced both inside and
outside of the EU, meaning international market participants seeking to contrib-
ute to REPowerEU’s target of 10 Mt of renewable hydrogen imports by 2030
will need to adhere to the delegated act. Annex 1 describes the rules for produc-
ing renewable hydrogen in the EU, which gives European and global hydrogen
market participants the highly-anticipated clarity required for bringing the hy-
drogen market forward.

* Refuel EU Aviation promotes sustainable aviation fuels (SAFs), which can take
the form of power-to-liquid, and synthetic fuels such as kerosene. Airline opera-
tors and fuel suppliers must ensure increasing levels of SAFs with minimum
proportions of synthetic aviation fuels in jet fuel from 2025 onward (European
Commission 2021b) (Figure 8.4).

* Refuel EU Maritime sets a maximum limit on the GHG content of energy
used by ships calling at European ports with the reduction targets shown in Fig-
ure 8.5. These targets incentivize the uptake of low-carbon and clean hydrogen
in the maritime sector.

70%

63%
60%
50%
40% 38%
= Sustainable Aviation Fuels
32% u Synthetic Aviation Fuels
30% 28%
20%
20%
11%
10% 8%
5% 5%
0%
2040 2045
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FIGURE 8.4 Minimum levels of the sustainable and synthetic aviation fuels required
in jet fuel.

Source: Jan Frederik Braun based on Refuel EU Aviation. Source: European Commission (2021b).
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FIGURE 8.5 Reduction targets for GHG emissions for ships calling at European ports.

Source: Jan Frederik Braun based on European Commission (2021c¢).

e The Revised Alternative Fuels Infrastructure Directive calls for hydrogen
refueling stations at least every 150 km on highways for compressed hydrogen
and every 450 km for liquid hydrogen by 2030 (European Commission 2021d).

* The amendment of the regulation setting CO, emissions standards for cars
and vans establishes an EU fleet-wide target to reduce the CO, emissions pro-
duced by new passenger cars and light commercial vehicles by 100% by 2035
(compared to 2021) and mentions hydrogen as a decarbonization option for
heavy-duty vehicles (European Commission 2021e).

* The Revision of the Energy Tax Directive establishes preferential tax rates
for using green and low-carbon hydrogen for end consumers, which may also
explicitly incentivize hydrogen uptake in maritime and aviation transport (Eu-
ropean Commission 2021f).

* The EU Emissions trading system (ETS) introduces Carbon Contracts for Dif-
ference. These contracts aim to ramp up clean hydrogen demand in industrial
plants by funding projects that produce clean hydrogen at a premium to cover
the cost gap between the ETS CO, price and breakeven production cost (Euro-
pean Commission 2021g).

The implementation of Fit for 55 part [ will have massive implications for Saudi
Arabia and the Gulf countries in several ways. First, it heralds the overall end
of the fossil fuel era in the EU as the package sets ambitious and binding tar-
gets for the phase-out of fossil fuels in key sectors like industries, transport,
and electricity. Second, both domestic and third-country producers will need
to comply with the EU’s requirements formulated as part of CBAM and the
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Delegated Acts for producing clean hydrogen. This will incentivize the Gulf
and other non-EU countries to produce clean hydrogen according to the EU’s
strict carbon policies or otherwise be excluded from this major and highly lu-
crative export market.

The Hydrogen and Decarbonized Gas package, or ‘Fit for 55 Part II’,
aims to regulate the transmission and distribution of renewable and low-carbon
hydrogen. One objective is to facilitate the emergence of an open and competi-
tive EU hydrogen market, including non-EU countries. Another is to ensure ac-
cess to renewable gases based on an EU-wide certification system to ascertain
their carbon content. The package strives to gradually phase out natural gas
assets, avoiding stranded costs, wherever electrification or switching to renew-
able or low-carbon gases is possible. To prevent the lock-in of natural gas,
long-term gas contracts should not extend beyond 2049 (European Commission
2021h).

Like the EU Hydrogen Strategy, the package recognizes the short- and medium-term
role of low-carbon hydrogen in reducing emissions of existing fuels and supporting
the uptake of renewable hydrogen. To support this, it aims to create a certification
system for low-carbon gases according to a life-cycle assessment of GHG emissions,
thereby supplementing the certification of renewable gases under Fit for 55 Part L.

Russia’s war against Ukraine has caused a tectonic geopolitical shift in Europe
similar to the fall of the Berlin Wall in 1989, thereby turbocharging the EU’s energy
transition. In response, the European Commission has formulated REPowerEU.
This revised EU energy security strategy boosts the aims and targets of ‘Fit for 55’
to achieve independence from Russian fossil fuels well before 2030. It consists of
three pillars to increase the resilience of the EU energy system:

* Diversifying gas supplies using LNG and pipeline imports from non-Russian
suppliers as well as biomethane.

* Incepting a Hydrogen Accelerator that targets production and imports of 20 Mt
by 2030.

* Reducing faster the EU’s dependence on fossil fuels by boosting energy effi-
ciency gains, increasing the share of renewables, and addressing infrastructure
bottlenecks.

REPowerEU envisages an almost fourfold increase in the production and import
of hydrogen compared with the Fit for 55 package, from 5.6 Mt to 20 Mt by 2030.
As noted earlier, this will be split equally between domestic renewable hydrogen
production and imports by 2030 (European Commission 2022a). Based on the ex-
pectation that supply capacity for transporting hydrogen into Europe is established,
REPowerEU assumes 6 Mt will be imported via pipeline as hydrogen and 4 Mt
as ammonia or other hydrogen derivatives, probably imported by ship (European
Commission 2022b; Lambert 2022).
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With the focus of hydrogen demand remaining on applications in hard-to-
decarbonize sectors in industry and transport, REPowerEU:

* Increases hydrogen demand by ramping up mandatory obligations for industry
and transport and focusing on conversion-per-geographical areas by drastically
increasing the number of ‘hydrogen valleys’ in Europe by 2025.

* Creates an EU Energy Platform for the voluntary joint purchasing of hydrogen.
In turn, this platform operationalizes the Global European Hydrogen Facility,
which draws on the architecture of the German ‘H2Global’ instrument (Box 1).
Furthermore, the Global European Hydrogen Facility facilitates the domestic
production and EU import of green hydrogen by developing a robust regulatory
framework and standards as well as coordinating EU-wide projects.

* Establishes Green Hydrogen Partnerships that promote the import of renewable
hydrogen from third countries while incentivizing usage and decarbonization
domestically and a dialogue on standards and certification.

BOX 8.1 THE H2GLOBAL INSTRUMENT

H2Global is an instrument for a quick and effective hydrogen or power-to-X market
ramp-up at an industrial scale. This instrument aims to accelerate production and im-
ports, thereby strengthening the creation of a sustainable hydrogen market and the
EU’s energy sovereignty.

How does it work? In the absence of pricing signals, an intermediary (in this case,
the Hintco) concludes long-term purchase contracts on the supply side and short-term
sales contracts on the demand side for sustainably produced green hydrogen and its
derivatives. The intermediary is backed by government support (in this case, the Ger-
man government) that provides these long-term offtake contracts and investors with
the necessary investment security and bankability to finance the projects. Shorter-term
sales contracts are concluded on the demand side. Pricing on the purchase and sales side
is carried out through a competition-based bidding process (‘double auction mecha-
nism’). In compliance with predefined (sustainability) criteria based on the existing EU
regulatory framework for the production and transport of the products, the lowest bid
price, or the largest quantity and highest sales price in Europe, will be awarded the con-
tract. Short-term sales contracts make it possible to reflect the expected increase in the
willingness of buyers to pay and thus in the market prices for the energy sources. The
divergence in the tenor of the purchase and sales agreements creates a symmetric market
premium instrument, which is highly efficient and market-based. This means that the dif-
ference between procurement costs and resale revenues to be compensated with public
funds is minimized (Figure 8.6).
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FIGURE 8.6 The H2Global Instrument.
Source: www.h2-global.de (2022).

* Accelerates the creation of the required hydrogen infrastructure and storage ca-
pacity across the EU and identifies a limited number of hydrogen import pipe-
lines. Three hydrogen priority corridors could allow for importing 10 Mt of
renewable hydrogen. This includes one in the Mediterranean, which will feature
Greece as a central hub. Saudi Arabia declared Greece a strategic hydrogen
partner in 2022 (Chatzimarkakis 2022).

The EU’s Strategic Partnership with the Gulf (2022) is formulated in the context
of realizing REPowerEU, as it (European Commission and High Representative of
the Union for Foreign Affairs and Security Policy 2022b):

* Recognizes the Gulf region’s prominent role as a producer and supplier of de-
carbonized energy and utilizes methane emissions reduction as a potential area
of cooperation with the EU.

* Explores opportunities for production and trade to enable undistorted imports of
renewable hydrogen (by building on existing projects in the Mediterranean region).

* Aimstoestablish an integrated gas and hydrogen infrastructure, hydrogen storage
facilities, and port infrastructure (i.e., through Green Hydrogen Partnerships).

Figure 8.7 summarizes the set-up and aim of REPowerEU and hydrogen coopera-
tion with Gulf countries. This intends to provide a level playing field between EU
production and third-country imports.

The EU is focusing on scaling renewable hydrogen production while low-
carbon hydrogen is recognized in the transitional phase. Its key focuses for 2030
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FIGURE 8.7 REPowerEU and a strategic partnership with the Gulf.

Source: Jan Frederik Braun based on European Commission and High Representative of the Union for
Foreign Affairs and Security Policy (2022B).

are accelerated efforts in scaling up electrolytic hydrogen production capacity and
integrated infrastructure and storage planning to decarbonize existing use in indus-
try and promote new use cases. Establishing a joint auction-based approach for EU
hydrogen and derivatives imports is emphasized.

REPowerEU has scaled-up Fit for 55 hydrogen targets for industry and trans-
port. It has also communicated the need to define renewables-based hydrogen and
address missing standards for hydrogen production, infrastructure, and end-use ap-
plications. Although the 10-Mt import scenario has many variations, a massive
amount of additional solar and wind capacity is needed, together with about 350
GW of electrolyzer capacity (Van Wijk, Westphal, and Braun, 2022). If all the
planned electrolytic hydrogen projects are carried out, around 118 GW of water
electrolysis capacity would be installed by 2030—Iess than half the required 350
GW (Hydrogen Europe 2021). Table 8.1 presents a feasible high-level scenario for
meeting the 20-Mt target.

To achieve REPowerEU’s 20 Mt target by 2030, additional tools and actions
that allow the EU’s common hydrogen system to be bootstrapped are needed. This
bootstrapping focuses on solving the chicken-and-egg dilemma, as it temporarily de-
couples supply and demand. This short-term decoupling then allows suitable infra-
structure and storage facilities to be established to balance supply and demand and
create a strategic reserve (Van Wijk, Westphal, and Braun 2022). A public/private
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TABLE 8.1 A 2030 scenario for producing 20 Mt of green hydrogen (10 Mt in the EU and 10 Mt

imported)
2*]0 Mt Green Renewable resource Electrolyzer Hydrogen
hydrogen production
2030 Capacity Full load Electricity Capacity Full load
hours production hours
GW hr/yr TWh GW hr/yr Mt TWh,,,
EU production
1 Offshore 30 5.000 150 30 5.000 3 118
2 Onshore wind 35 3.000 105 30 3.400 2 79
3 Solar PV 150 1.500 225 125 1.750 4 158
4 Grid-connected Renewable/nuclear electricity from 7 7.000 1 39
electrolyzers  grid
Import
5 Onshore wind 30 3.500 105 25 4.100 279
6 Solar PV 150 2.100 315 115 2.650 6 237
7 Offshore wind 10 5.000 50 10 5.000 1 39
8 Hydropower/ 8 6.000 51 8 6.000 1 39
nuclear
TOTAL 350 20 788

Source: Van Wijk, Westphal, and Braun (2022).

financing scheme within the Global European Hydrogen Facility should be dedicated
to building and repurposing transport infrastructure and storage facilities, especially
for importing hydrogen. The latter requires an intercontinental and cross-border off-
shore transport infrastructure of pipelines and shipping routes. Further, a European
Hydrogen Bank aims to unlock private investments in hydrogen value chains in the
EU and in third countries by connecting renewable hydrogen supply with the emerg-
ing demand by European off takers (European Commission 2023a). By providing
tools such as an EU-wide auction mechanism while aiming to increase transparency
on transactions and prices, the strategy behind the Hydrogen Bank is to cover and,
eventually lower, the cost gap between renewable hydrogen and the fossil fuels it can
replace (ibid.). The US Inflation Reduction Act (IRA), which includes a generous
tax credit of up to $3 per kilo of hydrogen production for a period of ten years (see
Chapter 10), has forced the EU to reconsider its initial complex and non-competitive
regulatory approach. The US’ new climate mandate can herald a cycle of competition
in clean energy technologies that could accelerate decarbonization. The initiative to
establish the H2Global instrument an integral part of the European Hydrogen Bank
and making this open to all EU governments interested in setting up hydrogen tenders
and a joint European auction is a step in the right direction in making a tangible contri-
bution to accelerating international hydrogen imports (European Commission 2023b).

With hydrogen demand in Europe of around 8.4 Mt (or 277 TWh) in 2019, all
projections show massive increases by 2050 (Figure 8.8).
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FIGURE 8.8 European hydrogen demand by 2050 (TWh/year).
Source: Jan Frederik Braun based on Azadegan and Tovar (2022).

The EU had reduced emissions by 24% by 2019 compared with 1990 levels,
leaving it minimal time to achieve a 55% reduction in emissions by 2030 (Eu-
ropean Commission 2022¢). Within the EU, hydrogen produced by electrolyzers
powered by renewable energy remains the primary focus. Simultaneously, Europe
is in a race to build renewables sufficiently quickly so as to decarbonize the elec-
tricity grid. This means that it will not have the additional renewable electricity
needed to produce significant volumes of green hydrogen in the near term. Funda-
mentally, difficult-to-electrify sectors such as heavy industry and heavy-duty trans-
port will require a new set of low-carbon fuels such as hydrogen and ammonia to
replace the fossil fuels used today. They will also need CCS to eliminate excess
emissions. In sum, combining blue and green hydrogen is likely to be necessary to
meet European demand toward 2030 and until the mid-century.

The Strategic Partnership with the Gulf is an essential first step toward recog-
nizing the region as a critical contributor to the EU’s 10 Mt import target and as
a cooperation partner throughout the hydrogen value chain. Simultaneously, this
chapter argues that the EU’s focus on importing renewables-based hydrogen is
one-sided, as it neglects the importance of a more balanced approach between re-
newables and low-carbon hydrogen. This is for Europe’s own sake and that of Gulf
countries.

Gulf states face twin challenges: on one side, moving to a more sustainable
growth model that is less dependent on hydrocarbons and able to provide valuable
jobs for their citizens; on the other, managing the transition to a global low-carbon
economic environment that could significantly reduce energy revenues in the long
term (Al-Tamimi 2022). As noted earlier, Saudi Arabia and other Gulf players are
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long-standing energy partners and have the capacity and know-how to produce
low-carbon hydrogen and ammonia. Next to moving to a more sustainable growth
model domestically, they now have the additional geopolitical and climate incen-
tive to position themselves as reliable providers of clean energy imports for Eu-
rope. Simultaneously, the clean hydrogen ‘window of opportunity’ allows the Gulf
countries to move toward a sustainable growth model that is less dependent on
hydrocarbons and their governments manage the transition to a global low-carbon
economic environment that could significantly reduce energy revenues in the long
term. Policymakers in Brussels can thus shape the global market for low-carbon
hydrogen and secure long-term supplies worldwide—a win/win for energy secu-
rity and climate policy (Azadegan and Tovar 2022). However, hydrogen can only
be considered a viable option for Europe when appropriate climate controls such
as solid methane management and significant CCS are installed. Further, the de-
tails of what constitutes low-carbon hydrogen are lacking from the EU’s Hydrogen
Strategy and Hydrogen and Decarbonized Gas Package. The latter package must
therefore lay out the terms to ensure that hydrogen imports do not adversely impact
the climate.

No effective certification system for low-carbon hydrogen yet exists, and the
Commission plans to introduce one in 2024. That is far too late. Many member states
have already secured import deals and are adopting their schemes, which will inevi-
tably lead to confusion among producers. Furthermore, these certification schemes
fail to consider adequate life-cycle analyses, ignoring upstream and transport-related
emissions that must be addressed. Consequently, the EU must step in.

For Saudi Arabia and the Gulf countries at large, not only the threat of billions of
dollars’ worth of fossil fuel-based stranded assets plays a role in our argument for
a balanced approach. The land-use and infrastructure challenges related to the nec-
essary additional renewable energy are massive. This means there is considerable
potential for the availability of this hydrogen to be delayed while suggesting that
renewable energy-derived hydrogen should be supplemented by fossil fuel-based
hydrogen options. This should include requirements for associated CCS, including
a strict certification system for low-carbon gases according to a life-cycle assess-
ment of GHG emissions (Azadegan et al. 2022). For example, Saudi Arabia’s in-
stalled (and planned) renewables capacity is minimal. Is it realistic to assume that
it can decarbonize its heavily carbon-intensive electricity grid with a 50% renewa-
bles target by 2030? This would need to be done while simultaneously ramping up
the renewables capacity required to produce the hydrogen needed to meet Europe’s
towering import target. This is only realistic if the EU and Saudi Arabia agree on
a joint development and import and export policy framework that incentivizes in-
vestment, enhances the bankability of projects, and much more.

Further, much of the world is suffering a gas-price crisis, which makes low-
carbon hydrogen unattractive in the short term. However, Saudi Arabia neither
imports nor exports natural gas, meaning the price is unaffected by global mar-
kets (Radowitz 2022). This allows energy giants such as Aramco to preserve its
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gas reserves for higher value-added products. Aramco is also targeting the annual
production of up to 11 Mt of blue ammonia by 2030, which requires 1.93 Mt of
low-carbon hydrogen produced from natural gas via CCS (Saudi Aramco 2022).
Europe’s determined focus on renewables-based hydrogen will not deter players
such as Aramco from abandoning these types of ambitions. On the contrary, it will
merely further cement the strong economic ties between Saudi Arabia and other
Gulf countries with willing off takers in Asia such as Japan and South Korea. As
Asia’s requirements on the method of production are less strict than in Europe, this
could undermine the EU’s capability to form mutually beneficial strategic partner-
ships based on a mutual understanding of common value creation, shared norms,
and the acknowledgment of certification schemes.

Finally, Saudi Arabia is determined to become a powerhouse producer and ex-
porter of hydrogen (and ammonia) by 2030. Indeed, it is aiming to export 4 million
Mt, with 3-Mt low-carbon of hydrogen (and ammonia) and 1 Mt that is renewables-
based (Saudi Green Initiative 2022). Moreover, while REPowerEU does not ex-
clude low-carbon hydrogen, Gulf countries see renewable hydrogen development
in conjunction with the low-carbon variant, at least until 2030. This difference in
focus is part of a more significant schism. Whereas Europe is focused on eliminat-
ing carbon emissions in the medium-to-long term, Saudi Arabia’s CCE approach
focuses on commodifying carbon emissions. The country is attempting to move
the discourse on CO, away from being viewed solely as a negative externality and
toward the value that can be extracted from it.

The difficulty in reconciling these different visions was made clear during the
Saudi presidency of the group of the world’s largest economies plus the EU, or
‘G20’ in 2020. In a last-minute effort of political logrolling, EU leaders endorsed
the Kingdom’s CCE approach in exchange for a renewed commitment to phasing
out fossil-fuel subsidies which the Saudi presidency had attempted to remove
from G20 documents (Farand 2020; Lo 2020). Preferably as part of the EU’s
Strategic Partnership with the Gulf, the EU should recognize that for a subset of
countries like Saudi Arabia, developing the capacity to reduce, reuse, recycle,
and remove CO, makes sense. These countries are heavily dependent on oil ex-
ports, face huge challenges in diversifying their economies, and are facing grow-
ing pressure from major consumer blocks like the EU to reduce emissions. The
recognition by Saudi Arabia that rechanneling the vast government support for
fossil fuel production and consumption to clean energy alternatives would pro-
vide an opening for deliberation with the EU and its political agenda of leveling
the playing field for truly affordable, clean energy services (Schroder, Bradley,
and Lahn 2020).

To drive a coherent scale-up of clean hydrogen, Gulf producers require a policy
framework that validates the necessary investment. Even beyond the mixed sig-
nals coming from Europe, the lack of on-the-ground engagement and absence of
plans for low-carbon hydrogen offtake agreements from European actors make
major Gulf energy players reluctant to invest in production projects (Azadegan
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et al. 2022). Simultaneously, Saudi Arabia’s hydrogen target of 4 Mt by 2030 is too
low for it to become a world-leading exporter. The Kingdom must at least double
its goal to 8 Mt of exports by 2030. In addition, the EU would be a more than will-
ing partner under certain conditions. First, the Kingdom would have to be willing
to offer 2 Mt of low-carbon hydrogen per year from 2028 for €1.5/kg and deliver
this to Crete (Greece) by pipeline. It would also have to accept an equal share of
the cost for transport and storage facilities.

To find a balanced policy approach in renewable and low-carbon hydrogen,
the EU-initiated Strategic Partnership with the Gulf should aim to address the
following:

* Set up a long-term strategic partnership with the Gulf countries based on a mu-
tual understanding of value creation, norms, and certification schemes. The lat-
ter includes enacting a harmonized certification scheme for clean hydrogen in
the EU that defines a life-cycle analysis that considers upstream and transport-
related emissions (Lockwood and Bertels 2022).

* Provide the necessary funding and the security of guarantees for building the
hydrogen backbone and the corridors into the EU, including intercontinental
transport and storage facilities (e.g., across the Mediterranean).

* Use existing instruments to flesh out the EU’s tool box such as H2Global. This
will save time and avoid costly competition.

* While prioritizing renewable hydrogen and derivatives, the European Hydrogen
Bank’s mandate should support low-carbon hydrogen for both EU production
and imports.

* Resolve barriers to a flexible and international market for CO,.

* Offer know-how and support on the EU’s Important Projects of Common Euro-
pean Interest approach. Explain how Saudi Arabia and other Gulf countries can
benefit by participating in projects modeled on this approach, such as regional
CCUS hubs and hydrogen valleys.

* Consider the cross-cutting role hydrogen plays in Saudi Arabia’s CCE approach.
Chapter 2 explains that hydrogen cuts across all four pillars (i.e., reduce, recy-
cle, reuse, remove) of the CCE. The renewables-based variant reduces and recy-
cles emissions (e.g., via synthetic fuels) and the low-carbon variant either reuses
emissions (e.g., in enhanced oil recovery) or removes them via CCS (IEA 2020).

A concrete example relevant in the partnership with the Gulf is the emerging co-
operation between the EU and Egypt on renewable hydrogen. Both parties signed
a Memorandum of Understanding (MoU) on this issue during the Conference of
the Parties (COP) 27 in Egypt in 2022 which marks the intend to work jointly on
developing the production, consumption, and trade of renewable hydrogen and its
derivatives (European Commission 2022d). The MoU aims to mark the start of
an ambitious and long-term partnership aimed at supplying Europe with renew-
able hydrogen and supporting Egypt’s pathway to low emissions and finding green
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energy alternatives via European technology transfer and innovation and industrial
partnerships between Egyptian and European companies. In turn, environmental
constraints are to be considered the MoU states that both parties will cooperate on
adopting the sustainable use of desalinated water as well as on mutually compat-
ible regulatory frameworks that facilitate ‘compliance with necessary European
standards, definitions, and rules applicable to qualify as renewable hydrogen’
(European Commission 2022d). In sum, the EU’s MoU with Egypt demonstrates
an intend to work constructively with a fossil fuel-exporting country on a mutually
beneficial hydrogen partnership. This approach could be replicated with the likes
of Saudi Arabia.

If no constructive modus operandi can be found, the longer the EU takes to pre-
sent its vision for clean hydrogen imports, the longer it will take for the continent
and Gulf region to transition away from the status quo. This would mean the con-
tinued extraction, transport, and consumption of unabated fossil fuels. This would
strengthen the Gulf region’s ties with Asia and result in progress on the Paris goals
drifting further out of sight (Tovar and Azadegan 2022).

Finally, only some EU and non-EU countries (e.g., Denmark, Germany, the
Netherlands, and the United Kingdom) have national CCS policies for achieving
their net-zero ambitions. Germany and the Netherlands are expected to develop
into large-scale importers of hydrogen, whereas Portugal, Spain, and Italy are set to
become exporters or transit hubs. Several hydrogen frontrunner countries have for-
mulated strategies and targets for installed hydrogen production capacity by 2030
to support the EU’s goals (Table 8.2).

TABLE 8.2 Key production targets for 2030 in various national hydrogen
strategies and estimations

Electrolyzer capacity (GW)

France 6.5
Germany 10
Italy 5
Portugal 2-2.5
Spain 4
The Netherlands 3-4/6-8**
Denmark 4-6
The United Kingdom (non-EU) 10
Scotland (non-EU) 5
Estimations:

Hydrogen Europe* 118
Aurora Energy Research™* 142
REPowerEU** 192

Source: Beer (2022); Hydrogen Europe (2021); Van Wijk, Westphal, and Braun (2022).

Notes: Total planned capacity of power-to-hydrogen projects across Europe *before and
**after the outbreak of the war in Ukraine.
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At the end of 2022, twelve EU member states made electrolyzer capacity com-
mitments for 2030 totaling almost 40 GW (Yovchev, Muse and Muron 2022). This
is significantly below the number needed to reach REPowerEU’s new target of 10
Mt of domestic renewable hydrogen production by that same year.

While governments generally recognize hydrogen as indispensable for reducing
GHG emissions in Europe by 55% (compared with 1990) by 2030, national strate-
gies differ depending on the country’s interests and industrial strengths. Below, we
discuss the approaches of some of the critical hydrogen actors in Europe.

France is focused on replacing carbon-based hydrogen in existing industrial
sectors (e.g., refining, chemistry, and agribusiness). It also aims to pilot projects in
the maritime and aviation industries and become a key producer of electrolyzers.
France’s focus on low-carbon electricity has opened the door to nuclear-powered
hydrogen. French hydrogen production is the subject of a ‘struggle’ between utili-
ties and transmission system operators. On the one hand is Electricité de France,
the country’s powerhouse utility. It appears to prefer a scenario in which local
hydrogen production, part nuclear- and part renewables-driven, feeds electrolyz-
ers near consumption points to decarbonize France’s heavy industry. On the other
hand, natural gas transmission system operators such as GRTgaz are collaborating
with their German counterparts. This cooperation is focusing on cross-border hy-
drogen infrastructure projects that connect the Saar (Germany), Lorraine (France),
and the Luxembourg border and enable the connection to the industry-initiated
European Hydrogen Backbone (EHB; see Section 2.3). At the end of 2022, and
in the wake of Europe scrambling to secure alternative energy supplies in the face
of a squeeze from Russia, France agreed with Spain and Portugal on building Eu-
rope’s first major green hydrogen corridor between Zamora (Spain) and Celorico
(Portugal) and Barcelona and Marseille called ‘H2med’. H2med will be able to
transport 2 Mt of hydrogen in Europe by 2030 (H2med 2022). The announcement
by France and Germany in early 2023 about the extension of H2med to the latter
may indicate a possible reproachment between the French vision of a hydrogen
future based on sovereignty and production within Europe and the German inter-
nationalist approach.

Germany is Europe’s biggest hydrogen producer and consumer. It is also a
premier proponent of international cooperation centered on imports and partner-
ships with exporting countries (Hydrogen Europe 2021). The German government
has earmarked €9 billion to implement its national hydrogen strategy, namely, €7
billion domestically and €2 billion for international cooperation. It is also investing
another €350 million ($405 million) to support renewable hydrogen-based projects
overseas (Federal Ministry for Economic Affairs and Energy 2020). Germany has
sought global partners to provide Europe’s largest economy with vast amounts of
green hydrogen from inexpensive renewable energy at the best locations world-
wide while simultaneously promoting domestically manufactured electrolyzers
and other hydrogen technologies ‘made in Germany’. The federal government has
identified a need for between 90 and 110 TWh_ . (between 2.3 and 2.8 Mt per

HHV
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annum) of climate-neutral hydrogen by 2030, mainly for the steel and petrochemi-
cal industries. A large proportion of this will need to be covered by imports. Be-
lieving that the renewable energy supply can be ramped up fast enough to produce
sufficient quantities of green hydrogen, the revised German national hydrogen
strategy will mention blue hydrogen for a transition phase to meet demand, es-
pecially from industry, which offers a window of export opportunity for the Gulf
countries (Collins 2022a).

With reference to the Gulf region, Germany is the only European country that
has established a bilateral hydrogen partnership with Saudi Arabia (see Chapter 2).
The German—Saudi MoU aims to promote bilateral cooperation in the production,
processing, application, and transport of clean hydrogen (Federal Ministry for
Economic Affairs and Energy, 2021). Germany is also in the process of establish-
ing a comprehensive hydrogen value chain with the United Arab Emirates, which
is Germany’s largest trading partner in the Gulf region. At the end of 2022, the
first-ever hydrogen-based ammonia test cargo arrived from the Abu Dhabi National
Oil Company to the German copper producer Arubis. Further ammonia test cargoes
are scheduled to arrive in Germany (Emirates News Agency 2022).

Italy’s National Hydrogen Strategy Preliminary Guidelines are targeting the
production of green hydrogen by introducing 5 GW of electrolyzer capacity and a
2% hydrogen penetration into final energy demand by 2030 and up to 20% by 2050
(IEA 2021). The Italian market’s extensive renewable energy assets and country-
wide gas transport network make it attractive for developing green hydrogen. This
will allow the dissemination of power-to-gas technology based on the storage of
surplus electricity produced by solar, wind, and hydraulic power plants in the form
of methane and hydrogen. Unlike France’s focus on industrial usage near con-
sumption, Italy is pushing to blend hydrogen in the grid for use by medium-sized
players. One opinion is that the country will become self-sufficient in meeting most
of its demand. Moreover, given Italy’s central location in the Mediterranean, it is
ideally situated to become a hub for hydrogen trade, as it lies between potential
major exporters in Africa and the Middle East and consumers in northern Europe
(Mazzei 2021). For example, Snam, a major natural gas grid operator, has a stake
in pipelines carrying Algerian gas into Italy, which is seen as paving the way for
green hydrogen imports from Africa into Europe (Jewkes 2021).

Norway is delivering around a quarter of Europe’s gas needs, primarily through
pipelines (Offshore 2022). In the short term, it is emphasizing its role as a provider
of low-carbon hydrogen. For example, it is producing hydrogen close to customers
and transporting the CO, back to Norway to be stored in its vast storage capacities
(World Energy Council 2021). The Norwegian hydrogen strategy could also aim
to blend natural gas with hydrogen in the existing pipeline grid for export. The
United Kingdom, Germany, and the Netherlands are major collaborators for blue
hydrogen (via the CO, return option). Equinor, the Norwegian energy company, is
studying the possibility of delivering natural gas to Germany and the Netherlands
to be converted into blue hydrogen. The hydrogen would then be transported to a
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steel plant in Duisburg, Germany, and the CO, would be shipped back for storage
under the seabed of the Norwegian shelf of the North Sea.

Portugal is focusing on producing and incorporating renewable gases, includ-
ing green hydrogen, mainly in sectors where electrification is not cost-effective. It
is also focusing on decarbonizing parts of the national economy, such as industrial
processes in chemicals, cement, and the production of raw materials. By 2030, hy-
drogen should reach 5% of the country’s final energy consumption. In addition, the
Portuguese government is considering the export of renewable hydrogen to the EU
(World Energy Council 2021). Its potential to produce cheap hydrogen is enormous
because of its access to excellent offshore wind; moreover, it secured the world’s
lowest winning solar bid in 2020 (Bellini 2020a). In this context, the Portuguese
and Dutch governments are working on connecting the 1-GW green hydrogen pro-
ject on the industrial site of Sines to the Port of Rotterdam. Another project is to
develop a strategic export—import value chain to produce and transport hydrogen
to the Netherlands (Bellini 2020b).

Spain is focusing on the production and domestic consumption of renewable
hydrogen. Next to an installed electrolytic hydrogen production capacity of at
least 4 GW, Spain aims to run large commercial hydrogen-based energy storage
projects. The government is striving for 25% of renewable hydrogen within the
industrial hydrogen mix by 2030. The country’s gas grid operator, Enagas SA,
is one of 23 transmission system operators proposing a Europe-wide hydrogen
network, or the “European Hydrogen Backbone” (EHB). The EHB intends to cre-
ate a 22,900-km grid by 2040 (see the fifth section). The country is also home to
HyDeal Espafia, whose production is scheduled to begin in 2025. Its total installed
capacity is expected to reach 9.5 GW of solar power and 7.4 GW of electrolysis
capacity by 2030. The International Renewable Energy Agency (IRENA) ranked
‘HyDeal’ as the largest GW-scale renewable hydrogen project globally (IRENA
2022). Roughly 10 GW of renewable hydrogen will be produced in Spain by 2030
if all announced projects proceed as planned, which is a 150% higher than the cur-
rent 4 GW target (Collins 2023a).

The Netherlands is Europe’s second-largest producer and consumer of hydro-
gen after Germany and is home to the continent’s largest port, namely, the Port of
Rotterdam. Following REPowerEU, the Port of Rotterdam strengthened its aim to
become Europe’s premier hydrogen hub by announcing that it will supply north-
western Europe with 4.6 Mt of hydrogen annually by 2030 (Port of Rotterdam
2020). At the Port of Eemshaven in the north of the Netherlands, a 10-GW hydro-
gen hub is planned to generate 3—4 GW of wind energy for producing hydrogen
before 2030, possibly rising to 10 GW around 2040. The country has also started
work on a national hydrogen backbone, which could be ready by 2027 following the
initial construction of hydrogen infrastructure from 2024 in the Rotterdam region
(Stones 2022). Different from the overall EU focus on renewable hydrogen, in the
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Dutch—Saudi MoU on Energy from 2023, the two kingdoms aim to encourage bi-
lateral cooperation on ‘clean hydrogen’ and carbon management (i.e., capture, uti-
lization, transport, and storage) via regular high-level, government-to-government
consultations, and mutual support for net-zero policies in frameworks like the CCE
(Rijksoverheid 2023). The Dutch—Saudi MoU points toward encouraging a more
pragmatic and ‘balanced’ partnership on clean carbon hydrogen similar to that pro-
posed in this chapter.

Despite these developments, we argue that there is a very serious risk that the
EU will not be able to achieve its ambitious hydrogen objectives due to slow im-
plementation, fragmentation, and lack of strategic alignment between key member
states. The consequence of an inability to formulate a coherent hydrogen strategy
for Europe may well be severe deindustrialization (van Hulst and Westphal 2023).

Table 8.3 describes several barriers related to demand, costs, infrastructure and
standards, and certification as well as enabling measures that must be implemented
over the coming decade (IRENA and World Economic Forum 2021).

The national hydrogen pathways in Europe are generally marked by:

i A gap between ambition and policy.

il Discord between import- and export-oriented countries.
iii An incoherent assortment of hydrogen colors and carbon intensity.
iv A lack of proper infrastructure planning.

Regarding point (i), there is considerable skepticism about whether the EU and
nation states can meet their decarbonization targets on time (Botts 2022). This is

because it could take at least two years before final versions are hammered out at

TABLE 8.3 Barriers to and objectives of hydrogen development in Europe

Barriers Key objectives

Production Remove cost and regulatory barriers for production and
deploy mechanisms to accelerate demand.

Demand Drive critical mass demand through major hydrogen pro-

jects, leveraging efficient capital, long-term certainty,
and sectoral and geographical targets.

Infrastructure Ensure early ramp-up of ‘no regret’ infrastructure,
including transport, storage, conversion, and trade
facilities.

Pace of development Accelerate the scale-up of electrolyzer manufacturing to
drive economics of scale.

Standards and certification Ensure clarity on carbon intensity, safety, and technical

standards for projects across the value chain.

Source: IRENA and World Economic Forum (2021).
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the EU level and subsequently implemented by its member states into national law.
This leaves little time to phase out natural gas. Hence, the EU will need to work
quickly and decisively to decarbonize the gas sector, with reductions in fossil gas
consumption of 32%—-37% required by 2030, in line with its impact assessment
(European Commission 2020b).

A pragmatic approach provides tailored support to selected flagship projects such
as industrial clusters in port areas in northwestern Europe’s ‘hydrogen advanced’
area. These areas combine high volumes of existing fossil fuel-based hydrogen
production that need to be decarbonized with logistical operations. Moreover, as
these industrial clusters typically have a natural gas infrastructure, repurposing gas
pipelines constitutes a low-cost option to build a hydrogen infrastructure (van Hulst
2021). Tailored support can be provided to selected flagship projects and scale up
hydrogen value chains through two main initiatives. The first is the EU’s Important
Projects of Common European Interest, which provide state aid to address market
failures for large cross-border integrated projects. The second is the EU-supported
stakeholder forum, named the European Clean Hydrogen Alliance.

Set up by the European Commission in 2020, the European Clean Hydrogen
Alliance brings together over 1,500 stakeholders from clean hydrogen production
and transmission to industry, mobility, energy, and buildings applications. The Al-
liance has more than 750 projects in the pipeline for rolling out clean hydrogen
on a large scale. Under this Alliance, and in the context of the EU’s REPowerEU
efforts, the Electrolyser Partnership was launched at the end of 2022. This Part-
nership brings together electrolyzer manufacturers and suppliers of components
and materials. With support of the European Commission in removing regulatory,
financial, and supply-chain roadblocks, the Partnership aims at achieving 17.5 GW
of combined annual electrolyzer manufacturing capacity by 2025 (Azzimonti et al.
2022).

This time-saving flagship project approach is already common in Japan and
Korea, but less so in Europe, where legislative and regulatory procedures can be
long and cumbersome (van Hulst 2021). The European Commission urges mem-
ber states to ensure the fastest planning and permitting procedures available when
formulating renewable energy projects (European Commission 2022¢). However,
since energy policy is a predominantly national prerogative in the EU, national
governments’ willingness and ability to accelerate planning and permitting are ulti-
mately decisive. For example, the German government intends to rapidly increase
the number of onshore wind auctions and streamline permitting procedures for
onshore wind. The target is to roughly double the capacity of onshore wind in the
country to 115 GW by 2030, meaning annual capacity additions will have to reach
around 10 GW as of 2025 (Appunn 2022).

While this wind power is required for the government’s pledge that 80% of elec-
tricity will come from renewable sources by 2030, the necessary dedicated capacity
for domestic hydrogen production is apparent. For Europe at large, the projected
hydrogen demand of 2,150 TWh,,,,, in 2050 would require around 2,530 TWh of
dedicated renewable electricity. However, producing such quantities is subject to
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public acceptance of an accelerated renewable installed capacity expansion even
beyond the planned expansion (Appunn 2022).

Europe’s national hydrogen pathways are further characterized by discord
(point ii) between countries and stakeholders. On the one hand are those nations
with a strict focus on domestic production and demand (e.g., France). On the other
are those with an export focus (e.g., Spain) or an international and import-oriented
vision e.g., the Netherlands and Germany (Collins 2022b; Radowitz 2021). We
argue that Europe will require vast amounts of imported hydrogen, primarily via
pipelines. Besides the established technology, available infrastructure, existing am-
monia market, and ongoing R&D, other factors will also have a defining role. In
Germany, for example, limited space, high electricity prices, and demand challenge
the continuous and competitive production of green hydrogen. Simultaneously, en-
ergy security issues, unstable political factors in exporting countries, and supply
chain disruption risks provide incentives to retain a significant proportion of hydro-
gen production in Europe (Wietfeld et al. 2021). Therefore, pan-European initia-
tives such as the EHB (see below) and production projects between countries such
as Spain, Italy, and Germany are being implemented or proposed (E.ON. 2021).

The discord between ‘exporters’ and ‘importers’ hinders the formation of a con-
sistent and realistic external EU ‘chorus’ on hydrogen. This results in confusion
among prospective exporters such as those in the Gulf, which assume that Europe’s
strategic priorities and demand preferences are focused exclusively on renewable
hydrogen.> We argue that this discord should be replaced by a coordinated Euro-
pean import strategy that balances renewables and low-carbon hydrogen based on
a grounded assessment of European production and demand capacities. Introduc-
ing flagship projects in industrial clusters is a good starting point. A subsequent
scale-up and interconnection of these clusters via a pan-European infrastructure
could strengthen the creation of a liquid hydrogen market, supplemented by im-
ports via pipeline and shipping from exporters beyond Europe.

The discord and confusion for outsiders are further fueled by the ‘hydrogen
color debate’ in Europe (point iii). National hydrogen strategies across Europe cite
divergent forms of hydrogen based on the color or carbon intensity of production
(Table 8.4).

In sum, the political discourse in Europe tends to focus on the color of the hy-
drogen produced. This focus is stifling innovation, with oversimplification and
color prejudice risking the premature exclusion of technological routes that could
be more cost- and carbon-effective (World Energy Council 2021). For the sake of
consistency, transparency, and technological neutrality, European countries ought
to understand the carbon intensity of hydrogen and adopt the EU taxonomy thresh-
olds as reference points (Zabanova and Westphal 2021). These thresholds open
the debate about the competition between various hydrogen production routes
that meet the required carbon intensity at negligible costs. This will vary with the
context, meaning that hydrogen produced using renewable electricity could be the
most appropriate in one case. In another context, hydrogen produced with carbon
capture could be more suitable and economical (World Energy Council 2021).
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TABLE 8.4 Carbon intensity of hydrogen and summary of colors across Europe

Country

By 2030

By 2050

Definition

EU

France

Germany

Italy

Netherlands

Norway

Portugal
Spain

United
Kingdom

Low carbon

Low carbon and
fossil fuel-based

Carbon-free

Renewable and
fossil fuel-based
Blue and green

Clean

Green
Renewable

Low carbon (blue
and green)

Clean/
renewable

Low carbon

Renewable

Green

Clean

Green
Renewable

Low carbon
(blue and
green)

Natural gas + CCS* or using renew-
able power with the EU Taxonomy
providing a benchmark of 3 tons
of CO,e per ton of hydrogen

Low carbon: Electrolytic hydrogen
production can include both
renewable and nuclear power

Carbon-free: natural gas with CCS*,
methane pyrolysis, etc.

Renewable: using renewable
power

Green: primarily electrolysis using
sustainable electricity and bio-
genic feedstocks ~ produced
sustainably.

Blue: produced from natural gas
with CCS*

Clean: steam reforming of NG/other
fossil fuels + CCS (90%-95%
capture rate)

Using renewable power

Water electrolysis using renewable
electricity and hydrogen obtained
by reforming biogas or biochemi-
cally converting biomass provided
that the established sustainability
requirements are met

Natural gas + CCUS*, renewable
electrolysis, nuclear electrolysis,
bioenergy with CCS, thermo-
chemical water splitting

Source: Authors adopted from the World Energy Council (2021); UK Secretary of State for Business,
Energy & Industrial Strategy (2021).

Notes: *The carbon capture rate is not defined in the strategy.

Regarding poeint (iv) on infrastructure development, significant investment
must be diverted into the hydrogen refueling infrastructure. This will be challeng-
ing, as almost 70% of all stations are located in Germany, which is planning for
1,000 stations by 2030 (European Commission 2021i).
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Most member states are not planning for sufficient investment in the hydrogen
refueling infrastructure to develop a coherent network across the EU (European
Commission 2021i). Second, there is a lack of planning with regard to placing
hydrogen assets where needed or making hydrogen deployment an integral part of
the gas network while supporting electricity grid resilience and reliability. Instead,
there is too much ‘silo thinking’ from the perspective of the needs of individual
sectors. Experts therefore argue for proper planning of demand and linking gas and
electricity networks accordingly.*

Application

The application of hydrogen is generally seen in Europe as a choice supplementary
to large-scale electrification and increased energy efficiency. Nonetheless, it is es-
sential for the comprehensive decarbonization of the EU’s economic sectors, as
shown in Figure 8.9.

Households
12%
Energy sector

30%

Tot. EU-27 CO, emissions
from fuel combustion
without LULUCF
(Mt CO, eq) in 2020:
3515.7

Transport

28%

FIGURE8.9 EU CO, emissions from fuel combustion by sector (Kt. CO, eq.), exclud-
ing land use, land-use change, and forest (2020).

Source: Jan Frederik Braun based on Enerdata (2022).
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Regarding energy supply, the EU’s energy transition requires almost completely
decarbonized power generation, which implies the need to integrate renewables
into the grid. Hydrogen is the only at-scale technology for ‘sector coupling’, which
allows for converting generated power into a usable form, storing it, and chan-
neling it to end-use sectors to meet demand. The advantage of hydrogen over other
flexible power options such as batteries and demand response is that it can be
supplied and stored in large quantities at relatively low investment. This makes it
particularly appealing for long-term storage (Guidehouse 2021a). Furthermore, hy-
drogen plays a significant role in the decarbonization of gas supply. The latter con-
nects Europe’s industry and delivers more than 40% of heating in EU households
and 15% of EU power generation (Fuel Cells and Hydrogen 2 Joint Undertaking
2019). Other options are seen as insufficient due to a lack of the necessary scale
(i.e., biogas) or costly. Some are even impossible, as in electrification with heat
pumps, which requires old buildings to be retrofitted (Fuel Cells and Hydrogen 2
Joint Undertaking 2019).

In the domestic and international transport sectors, hydrogen is a promising
decarbonization option and fuel. Here, electrification has significant disadvan-
tages due to the low energy density (i.e., lower range), high initial costs, and slow-
recharging performance of batteries. Transport modes targeted in Europe include
heavy-duty trucking. Meanwhile, hydrogen and synthetic fuels based on hydro-
gen are seen as the only at-scale option for direct decarbonization of the aviation
and maritime shipping sectors. In addition, the hydrogen refueling infrastructure
has significant advantages over fast charging in terms of the required space in ur-
ban areas and highways and reduced requirement for considerable electricity grid
upgrades.

To decarbonize industry, hydrogen is seen as an essential feedstock when electri-
fication is not an option. This is particularly so for ammonia, methanol, high-value
chemicals, iron and steel, and bio and synthetic kerosene production (Guidehouse
2021a). The most significant share of hydrogen demand in Europe comes from re-
fineries, followed by the ammonia industry. These two sectors consume four-fifths
of hydrogen consumption in the EU and the United Kingdom (Hydrogen Eu-
rope 2021). Thermal production methods (e.g., reforming, partial oxidation, by-
production from refining operations, and by-product production from ethylene and
styrene) dominate total capacity in Europe, whereas electricity-based hydrogen
(power-to-hydrogen, PtH) constitutes only a minimal share.

Overall, transport and industry are the most prominent application sectors in Eu-
rope. Industry has a particularly prominent role in countries with a robust industrial
presence and high priority on reducing GHG emissions, such as Germany, France,
the Netherlands, and Spain (Figure 8.10).

All these countries mention the possibility of using hydrogen in the industry
sector, although often without concrete steps, actions, or targets. Their focus is typ-
ically on existing chemical processes such as ammonia and methanol production.
In addition, clean hydrogen use in refineries will play a critical role in Germany,
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FIGURE 8.10 Main target sectors of current hydrogen strategies per country.

Source: Jan Frederik Braun and Yunus Syed adapted from World Energy Council Germany (2020).

the United Kingdom, and France due to the regulations included in the EU’s RED.
Steelmaking is recognized by a few strategies, including in the EU, Germany, the
United Kingdom, and France. However, this is mainly considered in the long term,
as the sector’s transition to an entirely new technology will take time (World En-
ergy Council Germany 2020).

Where the building sector is targeted, such as in the United Kingdom, the distri-
bution and transmission of hydrogen within gas networks and converting buildings
and appliances using hydrogen are central strategic elements. Overall, the general
approach in Europe is to increase the share of low-carbon gas, improve building
insulation, and implement intelligent hybrid solutions. These solutions include in-
sulating, which is easy and cost-effective, using a heat pump for baseload heat, and
supplying the peak demand and hot water with a hydrogen boiler.

European research and innovation in hydrogen technologies

The most common commitment in EU member states’ strategies are electrolyzer
capacity and public funding for hydrogen technologies (Yovchev, Muse and Muron
2022). Regarding European hydrogen production, capacity was spread over more
than 500 production points in 2019, which totaled 10.5 Mt of hydrogen per year.
However, it was dominated by ‘thermal’ production methods such as reforming,
partial oxidation, by-product production from refining operations, and by-product
production from ethylene and styrene (Figure 8.11).

To quickly improve on these meager numbers, the continent is leading elec-
trolyzer capacity deployment, with 40% of global announced capacity (Hydrogen
Council 2023). Europe, which has traditionally held a strong position in electro-
lyzer manufacturing, is thus set to remain the largest market in the near term. Even
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Europe total

95,5% production

capacity (2019):
10.5 Mt p/y

Thermal

u By-product electrolysis

» Reforming (carbon capture)
Power-to-hydrogen

FIGURE 8.11  European hydrogen production capacity by technology in 2019.

Source: Jan Frederik Braun based on Hydrogen Europe (2021). The 10.5 Mt number excludes by-
product hydrogen generated as part of coke over gas.

today, roughly half of all electrolyzer manufacturers are located in Europe and
component suppliers are primarily European (Fraunhofer ISE 2020). And while
Europe is the largest global market regarding announced electrolysis capacity, only
a fraction of this capacity has passed final investment decision, e.g., less than 2%
in 2023 (Hydrogen Europe 2023).

The EU is geared explicitly toward maintaining the region’s competitive
strengths in electrolyzer manufacturing. Its Hydrogen Strategy states that the EU’s
preference for renewable hydrogen builds on European industrial strength in elec-
trolyzer production. Europe is highly competitive in manufacturing clean hydrogen
technologies and well positioned to benefit from the global development of clean
hydrogen as an energy carrier (European Commission 2020a). Europe has a strong
desire to prevent its fledgling hydrogen industry from following the path of the
continent’s solar power-to-hydrogen (PV) industry. While the hydrogen industry
once held a solid position in Europe, particularly Germany, this collapsed in the
face of cheaper Chinese solar modules (IRENA 2022). However, the electrolyzer
industry has multiple issues with the EU’s hydrogen approach. Electrolyzer manu-
facturers have front loaded massive investment to reach their current capacities
and need clear signals to invest more (e.g., clear demand-side targets for green
hydrogen).’

CCUS has been acknowledged in the context of the European Energy Union
as a fundamental research and development priority to achieve the 2050 climate
objectives in a cost-effective way. Overall, the EU is in a good position when
it comes to publications, patents, and private and public R&I (Kapetaki et al.
2022). Also, a sufficiently high carbon price under the EU ETS may promote
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business and technology developments in CCUS across the continent. On a na-
tional level, France, Germany, and the Netherlands are the front runners in public
and private R&I investments and top patenting companies. On the downside,
Europe is lagging the US in terms of early-stage venture capital investments
(ibid.). Areas for research that are recognized by the European Commission’s
Joint Research Center (JRC) include improving solvents’ performance and envi-
ronmental friendliness for CO, capture (ibid.). The JRC also mentions increasing
the efficiency of CO, utilization pathways, which will require intensified research
on improved catalysts, higher efficiency levels, lowering costs, and new routes to
carbon-based functional materials. Concerning CO, storage, and again according
to the JRC, research priorities should be focused on increasing capacity, under-
standing large scale and optimizing injection and demonstrating reliable monitor-
ing techniques (ibid.).

A hydrogen project consortium can apply to several EU funding programs, such
as the public/private Clean Hydrogen Joint Undertaking, which accelerates the
development and improvement of clean hydrogen applications (Clean Hydrogen
Partnership n.d.). This is a public/private partnership between the European Com-
mission, fuel cell and hydrogen industries (represented by Hydrogen Europe), and
the research community represented by Hydrogen Europe Research. Combined, it
aligns European research and industry to a common agenda (Figure 8.12).

European
Commission
NGOs / \ MUNICIPALITIES
UTILITIES \
/ . MEMBER STATES
/ \
/ \ FUNDING PROGRAMMES
TRANSPORT OPERATORS  / \
ENERGY SERVICE COMPANIES ~ / \, REGIONAL AUTHORITIES
ENERGY AND MOBILITY ~ // \
ASSOCIATIONS / \
/ \
ﬂ Hydrogen ﬂ Hydrogen Europe
w Europe v Research
SMEs UNIVERSITIES
INDUSTRY RESEARCH ORGANISATIONS

FIGURE 8.12 Clean Hydrogen Joint Undertaking.
Source: Green Hysland (2022).
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Over the last decade, the EU contributed around €900 million ($1 billion) to
support R&I activities in hydrogen technologies in Europe. In particular, the Fuel
Cells and Hydrogen Joint Undertaking has funded 285 research and demonstration
projects with a budget of around €1 billion ($1.2 billion; FCH 2020). These efforts
have enabled several technologies to mature, such as buses, passenger cars, vans,
material-handling vehicles, and refueling stations.

Building on the work of the Fuel Cells and Hydrogen Joint Undertaking, the
Clean Hydrogen Partnership will accelerate the development and deployment of
a European value chain for clean hydrogen technologies. It will focus on produc-
ing, distributing, and storing clean hydrogen and supplying sectors that are hard
to decarbonize, such as heavy industries and heavy-duty transport applications
(European Commission 2021j).

Some EU research objectives could be challenging to meet. For example, in-
creased focus on innovation and R&D is necessary to enable technology scale-up
regarding the following (IRENA and World Economic Forum 2021):

* Mass producing cells and stacks to lower the cost.

e Implementing wind-to-hydrogen projects, which link wind turbines and PV ar-
rays to electrolyzer stacks directly at the DC electricity level and subsequently
pass the generated electricity through water to split it into hydrogen and oxygen.
These should be less expensive than a wind electricity turbine because of the
less amount of electrical conversion equipment, which is replaced with an elec-
trolyzer without adding extra cost.

* Ensuring the improved technology performance of electrolyzers and fuel cells,
including durability, cost, and efficiency (and less critical material use).

* Scaling and sharing pilot projects to build experience with commercial-size
facilities.

* Identifying possible long-term supply chain bottlenecks by value chain
component.

Since hydrogen is a conversion rather than an extraction business, Germany is co-
operating with export-oriented countries such as Saudi Arabia to develop hydrogen
technology. As part of their MoU on hydrogen cooperation and as a leader in required
technologies, Germany is supporting the entire value chain to speed the develop-
ment of the R&D infrastructure in Saudi Arabia. Annex 2 discusses the potential
areas of collaboration, which should be expanded to the EU level. It also describes
some of the bilateral partnerships between European states and the Kingdom.

Case study: the European Hydrogen Backbone and Saudi Arabia

REPowerEU’s target to import 10 Mt of renewable hydrogen rests on various vol-
umes and transport modes. Table 8.5 presents one example of the volumes and
transport modes required under the EU Hydrogen Accelerator initiative.



Europe’s hydrogen partnership with Saudi Arabia and the Gulf 239

TABLE 8.5 Feasible EU options for importing 10-Mt hydrogen per year by 2030

Import type  Volume Transport mode Possible source
(Mt/year) countries/regions
Ammonia 2-3 hydrogen  Ship Chile, Namibia,
(=11-17 Oman, Saudi Arabia
ammonia)
Hydrogen 4-6 New pipeline connecting Saudi Middle East and North
Arabia, Egypt, Cyprus, Africa:

Greece, and Italy
Repurposed pipeline connecting
Algeria, Tunisia, and Italy
New or repurposed pipeline Morocco, Algeria,

connecting Morocco and Tunisia, Libya
) )

Spain Egypt, Saudi Arabia
Hydrogen 2-3 New or repurposed pipeline North Sea, Norway,
connecting Norway, the North the United Kingdom

Sea, and Germany

New or repurposed pipeline
connecting the United
Kingdom, the North Sea, and
the Netherlands

New or repurposed pipeline
connecting the United
Kingdom and Belgium

Total 8-12 Mt
315-473 TWh,,,

Source: Van Wijk, Westphal, and Braun (2022).

We argue that the import goal of 10 Mt of hydrogen creates sufficient volume
for a feasible business case for pipeline transport. A 48-inch hydrogen pipeline
operating at 80 bar has a transport capacity of 15-20 GW hydrogen higher heating
value (HHV) and can transport between 1.5 and 2.5 Mt per year (depending on full
load hours). This cost-effective transport option can be considered in combination
with shipping.

There is a rationale to import hydrogen and hydrogen derivatives by ship. The
motivation for this import option is to create secure and flexible supply by diversi-
fying imports from different regions. In addition, shipping has an advantage over
pipelines across large and deep-water bodies and can also circumvent the crossing
of politically unstable regions. Further, shipping routes can be modified to react to
changes in market dynamics.

To facilitate the import of 10 Mt of hydrogen, REPowerEU mentions the de-
velopment of three major hydrogen import corridors: via the North Sea, Ukraine
(when possible), and the Mediterranean. In response to the REPowerEU ambitions,
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the industry-initiated EHB presented an accelerated plan involving 31 energy in-
frastructure companies from 28 countries. The EHB was first established in 2020
to develop a vision of a dedicated hydrogen pipeline transport network. The EHB
argues that a dedicated European hydrogen infrastructure by 2040 requires an es-
timated investment of €27—-64 billion based on using 75% of converted natural gas
pipelines connected by 25% new pipeline stretches. The EHB states that repurpos-
ing existing natural gas pipelines to transport hydrogen is the most cost-effective
solution for transportation up to 5000 km (Guidehouse 2020, 2021b). Figure 8.13
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shows the updated EHB plan supporting REPowerEU in up to five pan-European
import corridors for large-scale hydrogen transport.

The Kingdom’s clean hydrogen ambitions, based on low electricity prices and
high load factors, are a strong fit for the EU’s carbon-constrained hydrogen demand
market. A recent estimation states that green ammonia from Saudi Arabia to Eu-
rope based on an electricity price of €1.5 ct/kWh ($1.7 ct/kWh) matches the fossil
fuel-based local ammonia production cost. CO, prices would be around €60/tonne
($68/tonne), a price already reached under the EU ETS (Wietfeld et al. 2021).
Based on this estimation, the cost of importing green hydrogen via ammonia for
an exemplary industrial customer in Hamburg in 2025, including reconversion and
distribution, could be around €4.10/kg ($4.60/kg) for Saudi Arabia. This is ap-
proximately €1.10/kg ($1.23/kg) cheaper than the hydrogen produced in Germany
(Figure 8.14).

Next to shipping, the Saudi Energy Minister, His Royal Highness (HRH)
Prince Abdulaziz bin Salman Al Saud, mentioned in early 2021 the idea of con-
necting Saudi Arabia to Europe via a hydrogen pipeline (IEF 2021). There are
no concrete plans for turning this idea into practice for now. However, a linkage
to the EHB-initiated east and southeast European corridor could connect Saudi
Arabia with the European gas grid in a cost-effective manner. That is, transport-
ing by pipeline is still significantly more cost-effective than any shipping option
(Figure 8.15).

To illustrate a real-world comparison between pipeline and shipping, the EHB
examines both options from Saudi Arabia to southeast Europe (i.c., via Turkey,
Bulgaria, the Balkan countries, Slovenia, and Italy; Figure 8.16).

The EHB selected NEOM as the representative production site and Milan as the
representative demand site. A pipeline from NEOM to Milan (3,500 km) was com-
pared with a shipping route, including a pipeline from NEOM to Duba (300 km),
shipping from Duba to Sicily (2,300 km), and a pipeline from Sicily to Milan

V) £ (=
Renewable H2 Conversion Tranenert Storageand Last-mile Industry
energy production OnVOrsio Ll reconversion / distribution application

Electricity .5 gy AE +0.68 NHs +0.96 Ship +0.29 Central 4.5 Pipeline .5q, 4.1¢€/kg

at15 e

ct/kWh

FIGURE 8.14 Modeling the cost of importing green hydrogen via ammonia from Saudi
Arabia to Germany by 2025 (Euros per kg of hydrogen).

Source: Wietfeld et al. (2021).
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FIGURE 8.16 Comparison of shipping and pipelines as hydrogen transport methods
from Saudi Arabia to southeast Europe.

Source: Authors adapted from Guidehouse (2021a).
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(1,200 km). The dotted red lines from NEOM to Turkey and Greece indicate pos-
sible alternative routes under the Mediterranean Sea.

Shipping allows hydrogen exports to be started at lower volumes than pipelines,
which are competitive only at large volumes and rely on high upfront investment.
Saudi Arabia could thus focus on shipping hydrogen and hydrogen-based products
to establish an initial value chain. NEOM, the new economic region development
project along the Red Sea coast, is strategically positioned with excellent renew-
able energy resources and the accompanying capacity planning to kickstart these
developments.

The pipeline route shown in Figure 8.16 is almost entirely land-based. The
EHB analysis mentions that the routes and corresponding distances are illustra-
tive and estimations. It is not stated that pipelines are prone to geopolitical risks.
The pipeline route shown here from Saudi Arabia goes through a highly volatile
country (Syria) and assumes a transit route via Turkey to Europe. Quickly changing
geopolitical circumstances would make a hydrogen pipeline along this proposed
route a high-risk/high-cost investment. Alternatively, it would be possible to build
a shorter pipeline by routing part of it under the Mediterranean Sea. The Eastern
Mediterranean basin is well known for its rich offshore salt caverns under the sea
(Figure 8.17).

This is an ideal storage facility for the hydrogen produced in the Middle East
and would also serve as a strategic hydrogen reserve for the EU (Chatzimarkakis
2022). This option could be attractive by combining the current development of the
EastMed pipeline with low- and zero-carbon hydrogen production from natural gas
(the latter via methane pyrolysis).
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FIGURE 8.17 Hydrogen storage in offshore salt caverns under the Mediterranean Sea.

Source: Kuroda et al. (2014).

Note: Green areas are, in principle, suitable salt formations for salt caverns.
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In the Eastern part of the Mediterranean Sea, natural gas has been found under
the seabed areas of Egypt, Israel, Turkey, and Cyprus. Concessions for explora-
tion have been granted. A gas pipeline under the Mediterranean Sea is foreseen
to transport this gas to Europe by connecting Egypt, Israel, Cyprus, Crete, and
Mainland Greece to Italy. This pipeline has a length of 1,900 km (1,300 km off-
shore and 600 km onshore), with two compressor stations in Cyprus and Crete.
The pipeline capacity is in the first phase of 10 bcm (about 100 TWh), expanding
to 20 bem (about 200 TWh) in the second phase. It is estimated to become opera-
tional in 2025. However, it has been plagued by high costs, regulatory hurdles, and
long-running tension between Cyprus, Greece, and Turkey over maritime borders
and offshore oil and gas exploration. These issues forced the US government to
withdraw its support from the pipeline, after which EastMed was declared ‘dead’
(Stamouli2022).

As part of the EU’s geopolitical awaking following the Russia—Ukraine war,
we propose revitalizing the EastMed pipeline and designating and developing it
as a clean hydrogen-ready pipeline. This would also have the advantage of com-
plying with the aims and ambitions of the REPowerEU Hydrogen Accelerator.
‘EastMedH,’ would allow a shift from natural gas to hydrogen. For this, hydro-
gen must be converted at the resource into low- or zero-carbon hydrogen using
technologies such as auto thermal reforming with a CCS rate of 95%-98% (di-
rectly in the field) or methane pyrolysis, with only solid carbon as a by-product.
These options could produce low- and zero-carbon hydrogen from natural gas
at the resource. Saudi Arabia could then connect to EastMedH, via Egypt and
supply Europe with either zero or low-carbon hydrogen. It could even become
an active partner in developing this pipeline infrastructure by linking the dedi-
cated hydrogen facilities in the NEOM region to the proposed southeastern
European and Mediterranean corridors. This would include Sharm El-Sheik in
Egypt, with links directly to Crete and mainland Greece as well as to Italy via
the Poseidon interconnector pipeline, where it could join the EHB and provide
the European continent with hydrogen. What speaks for our proposal is that
EastMed H, could be linked via ‘Poseidon’ to the planned SoutH, corridor pro-
ject (Figure 8.18).

If fully constructed, SoutH, would allow Europe to import four Mt of clean
hydrogen per year from North Africa by 2030. The pipeline is planned to origi-
nate in the Hassi R’mel region in Algeria, which is Africa’s largest natural
gas-producing country and has a massive gas infrastructure. From here, the
pipeline would run via the Tunisian town of Sfax across the Mediterranean Sea
to Italy where it will continue through Austria and Germany. SoutH, is cen-
tered around the utilization of existing repurposed midstream infrastructure to
transport hydrogen, with the inclusion of some new dedicated infrastructure
where necessary. A high proportion of repurposed pipelines (>70%) will enable
cost-effective transportation, whilst access to favorable renewable hydrogen
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Greece and Italy linked with the SoutH, pipeline through the Poseidon
interconnector.

Source: Authors.

production locations (wind and solar) in North Africa would allow for switch-
ing from initially the transport of natural gas to low- and zero-carbon hydrogen
from natural gas at the resource and green hydrogen. Second, SoutH, could
deliver more than 40% of the REPowerEU import target (SoutH, n.d.). The
four gas network operators in the SoutH, scheme—Italy’s Snam, Germany’s
Bayernets, Trans Austria, and Gas Connect Austria—have all requested that the
sections of the pipeline for which they will be responsible are allocated the
status of an Important Project of Common European Interest by the European
Commission—which will allow them to receive EU funding and accelerated
permitting (Collins 2023b).

While it could be feasible for Saudi Arabia to connect to Egypt in this manner,
the EastMedH, pipeline network would also include Israel in the project. While
this geopolitical challenge must be solved for the sake of all regional stakehold-
ers, we argue that it is worth the time and effort to do so. A combined ‘SoutH,/
EastMedH,’ approach offers Saudi Arabia, Egypt, and other countries from North
Africa and the Eastern part of the Mediterranean with the unique strategic oppor-
tunity to engage and commit a range of ‘exporting’ and ‘importing’ countries from
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different continents to an ‘important project of common Europe-MENA interest’.
The EastMed H,/SoutH, corridor constitutes an essential part of the EHB approach
and could form a vital building block of a balanced European hydrogen partnership
with Saudi Arabia and the Gulf.

Conclusion

Europe is the world’s leading hydrogen region owing to the comprehensiveness
of its policy packages and combination of technology push, demand-pull, and fis-
cal policies. Only an energy system built around clean electricity and molecules
can realistically achieve the EU’s intermediate target of a net 55% reduction in
GHG emissions by 2030 and carbon neutrality by 2050. Hydrogen is essential to
deliver cheap solar and wind energy cost-effectively at the right time and place
and under the optimal transport and storage options. Ultimately, hydrogen will be
applied in Europe to decarbonize hard-to-abate energy use. Overall, transport and
industry are the most prominent application sectors in Europe. However, they are
also seen as the only at-scale technology for sector coupling, which can convert
generated power into a usable form, store it, and channel it to end-use sectors to
meet demand.

Another driver is that Europe is highly competitive in manufacturing clean hy-
drogen technologies and well positioned to benefit from the global development
of clean hydrogen as an energy carrier. The European hydrogen strategy is geared
explicitly toward maintaining the region’s competitive strengths in these R&D fields
and preventing its fledgling hydrogen industry from following the path of the con-
tinent’s solar PV industry. Europe leads in hydrogen production and storage tech-
nologies and traditionally held a strong position in the electrolyzer manufacturing
industry. Even today, roughly half of all electrolyzer manufacturers are in Europe
and their component suppliers are primarily European. Nevertheless, competition
from countries such as China and the United States will increase in the coming years.

Regulatory approaches such as ‘Fit for 55 Parts I and II” have initiated imple-
menting the required regulations for an open and competitive clean and low-carbon
hydrogen market in Europe to emerge. This is a pioneering effort, as internal mar-
kets for hydrogen and decarbonized gas globally do not exist. EU policymakers are
committed to making Europe a carbon-constrained market in which unabated fossil
fuels will play an increasingly marginalized role. This is also clear from EU efforts
in constructing (international) hydrogen certification to ensure that a hydrogen is
clean across the value chain.

Russia’s military attack on Ukraine in early 2022 has turbocharged hydrogen
ambitions. The EU’s new energy strategy (REPowerEU) has doubled the initial
target of the EU Hydrogen Strategy (i.e., 10 Mt of domestic renewable hydrogen
production and 10 Mt of imports by 2030). The accompanying Strategic Partner-
ship with the Gulf underlines the importance of cooperating with this region on
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renewable and low-carbon energy, including production, infrastructure, trade, and
regulatory development. Saudi Arabia and other Gulf players are long-standing
energy partners. However, they now have the capacity and know-how to produce
low-carbon hydrogen and ammonia as well as the additional geopolitical and cli-
mate incentive to position themselves as reliable providers of clean energy imports
for Europe.

However, while the EU recognizes the role of low-carbon hydrogen in reduc-
ing emissions of existing fuels in the short and medium term, its import focus
is heavily biased toward renewable hydrogen. This is unrealistic. Europe is in
a race to build renewables sufficiently fast to decarbonize the electricity grid.
Hence, it may not have the additional renewable electricity needed to produce
the volumes of renewable hydrogen required to meet the projected and massive
increase in demand over the coming decades. From the perspective of major
Gulf countries such as Saudi Arabia, this one-sided focus on green hydrogen is
unrealistic for land-use and infrastructure challenges. Further, it lacks renewa-
bles capacity and results in less environmentally demanding competition from
Asia. The production and infrastructure capacity required for green hydrogen
needs to be scaled up at an incredible rate to meet Europe’s towering import de-
mands while simultaneously allowing for decarbonizing their own—extremely
carbon-intensive—economies.

Second, several inconsistencies and discord mark national hydrogen pathways
in Europe. There are gaps between the continent’s strategic ambitions and the
expeditious implementation of the required regulation and permitting. There is
a lack of strategic alignment, or discord between hydrogen export- and import-
oriented countries that could create confusion among exporters about Europe’s
strategic priorities and demand preferences. National political discourse also tends
to focus on the color of hydrogen rather than the carbon footprints of hydrogen
production methods. This represents a constraint and voluntary limitation com-
pared with many other hydrogen-importing countries. This hinders the formation
of a consistent and realistic external EU ‘chorus’ on hydrogen, creating confusion
among prospective exporters in the Gulf region. This discord should be replaced
by a coherent import approach that balances renewable and low-carbon hydro-
gen based on a grounded assessment of the production and demand capacities in
Europe and the Gulf.

The EU Strategic Partnership with the Gulf and REPowerEU offer good starting
points for this approach. The partnership can incorporate a policy framework for
low-carbon hydrogen, including offtake agreements and support for an ambitious
Saudi CCE program, which has a prominent role in clean hydrogen. REPowerEU’s
proposal of establishing hydrogen corridors, including one in the Mediterranean
region, offers Saudi Arabia (and other Gulf states) a unique opportunity to develop
a direct link with the planned EHB. The case study presented herein argues that
Saudi Arabia is an excellent candidate to compare hydrogen transport options via
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pipeline and shipping. Based on the estimations of the EHB consortium, transpor-
tation by pipeline is significantly more cost-effective than all shipping options.
However, the latter offers benefits in transporting hydrogen-based derivatives,
providing market liquidity and supply security. In combination with the planned
SoutH, corridor, revitalizing the EastMed pipeline and designating and developing
it as a clean hydrogen-ready pipeline would allow Saudi Arabia to supply Europe
with clean hydrogen. A combined SoutH,/EastMedH, corridor will also create op-
portunities for the Kingdom to become an active partner in its development and en-
gage it in further ‘hydrogen-ready’ infrastructure and storage initiatives that would
align a range of ‘exporting’ and ‘importing’ states around a common ‘EU-MENA
purpose’.

Active engagement by exporters such as Saudi Arabia in initiatives such as
these would provide considerable opportunities for its low-cost, renewable, and
low- and zero-carbon hydrogen and hydrogen-based products. It would also of-
fer a limited window of opportunity for the Kingdom and other Gulf exporters
to push for parallel strategies for low-carbon and renewables-based hydrogen.
This could foster local demand for hydrogen and facilitate financing for hydro-
gen and CCUS-related projects. It could also lead to investment in demonstra-
tion projects in pre-competitive technologies that have the potential to reduce
the costs and improve the sustainability of hydrogen production. These engage-
ments could effectively serve the purposes of decarbonizing the Gulf econo-
mies and their ability to move toward a more sustainable growth model that is
less dependent on hydrocarbons and create a competitive advantage for them in
Europe’s carbon-constrained markets. In sum, these efforts would serve Euro-
pean and Gulf stakeholders in managing the transition to a global low-carbon
economy.

Annex 1: The rules for producing renewable hydrogen in the EU
(Stones 2023; European Commission 2023c, 2023d).

Pathways for producing renewable H,

: | H, plant is directly connected to a renewable asset. The renewable asset cannot come into
operation earlier than 36 months before the H, plant.

— -
Direct connection

I If the Proportion of renewable power exceeds 90% over the previous calendar year in the
bidding zone where the hydrogen plant is operating.
Grid connection
T~ H, takes place in a bidding zone where the emissions intensity of the grid is lower than

18gC0O2e/MJ. However, the H, plant must acquire a renewable power purchase agreement
Gridcomeetion — (PPA)), temporal and geographical correlation also apply.
I\ Power supply can be considered renewable if taken from the grid duting an imbalance
pply gl g
period. The power is either redispatched, or avoids redispatch.

Grid connection

| A renewable PPA is signed for the suppyl of power, and the principles of additionality,
temporal and geographical correlation apply.

Grid connection



Additionality
@

Temporal
correlation

Geographical
correlation

Europe’s hydrogen partnership with Saudi Arabia and the Gulf

249

Associated principles for production of renewable H,

| Principle | ________ Conditions ________|_____Exemptions __

The renewable asset came into operation not earlier
than 36 months before the H, plant & cannot have
received operating or investment aid.

Principle does not apply until 1 January
2038 to H2 plants that come into
operation begore January 2028.

Up to 31 December 2029

T 1 lation i i
Beyond January 1st 2030 emporal correlation is considered as

H, prod. occurs within the
same calendar month as
the renewable power was
generated under the
renewable PPA.

met if the H, prod. Occurs within the
one-hour period when the clearing price
for power resulting from the the day-
ahead market is lower than or equal to
€20/MWh, or lower than 0,36 times the

H, prod. occurs within the
same hour as the
renewable power was
generated under the

renewable PPA. EU ETS.

Considered if one of the following are fulfilled:
¢ The renewable asset and H, plant are in the same

bidding zone.
* The

renewable  asset

and H, plant are in

interconnected bidding zones. The renewable asset
is located in a bidding zone where the power price is
equal to or higher than that of the H, plant.

* The renewable asset is in an offshore bidding zone

to the H, plant.

Annex 2: Potential R&D areas for a Saudi—Germany hydrogen
collaboration (Braun et al. 2022).

Hydrogen value
chain

Central themes

Potential R&D areas

Production
technologies

Green
hydrogen

Blue hydrogen

Efficiency improvement for solar PV and wind;
improving capacity factors, digitization for variabil-
ity and grid stability; system integration for hybrids,
and decentralization.

GW-scale alkaline water electrolysis; advancements in
proton exchange membrane; solid oxide electrolyzer
cell; anion exchange membrane; seawater electroly-
sis; materials for electrodes and separators; novel
catalysts.

Seawater reverse osmosis, renewable-driven water
desalination.

Brine treatment; membrane technologies.

Advance reforming technologies; auto thermal reform-
ing; partial oxidation; reforming of liquefied petro-
leum gas; chemical looping; utilization of oxygen
from electrolysis in reforming (combined blue and
green).

Gasification of petroleum residues and biomass;
municipal waste; underground gasification; carbon-
negative technologies.

CCUS technologies (advanced solvents, cryogenic
carbon capture); oxy-combustion; advanced ther-
modynamics cycles (e.g., Allam, supercritical CO,
cycle); geological storage of CO,; CO, leakage
prevention.

(Continued)
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Hydrogen value  Central themes
chain

Potential R&D areas

Turquoise
hydrogen
Other routes

Hydrogen
valorization

Energy carriers;  Physical

conversion, conditioning
storage,
transportation,
and
distribution
Chemical
conditioning
Storage
Transport
Power (excess Chemicals and
electricity) to fuels
X and sector
coupling
(electrification)

Gas and power
Heat and
feedstock

Direct air capture (DAC) technologies and services.

Natural gas pyrolysis; sour gas sweetening; solid
carbon utilization.

Scaling up photochemical and microbial process-
based hydrogen; microwave/plasma enabled the
conversion of natural gas to hydrogen.

Technologies for the reduced use of hydrogen in indus-
try (e.g., hydrogen-less oxidative desulfurization of
distillate and heavy fuels).

Process improvements for hydrogen from refinery and
industry by-products (e.g., Chlor-Alkali processes);
waste heat recovery technologies.

Gas separation and purification, e.g., pressure swing
adsorption improvement and alternatives; efficient
compression, liquefaction, and boil-off loss reduc-
tion in hydrogen transport; ultrasonics, cryogenics,
and heat exchanger technologies; last-mile delivery
loss prevention.

Ammonia alternatives to the Haber—Bosch process;
electrochemical synthesis. Air-separation; ammo-
nia cracking, catalysts; integration of renewables
(e.g., solar-ammonia cracking); technologies for
other carriers such as methanol, dimethyl ether,
and formic acid.

Metal hydrides.

Liquid organic hydrogen carrier (LOHC).

Battery for hybrids.

Technologies for geological storage of hydrogen;
saline aquifers, basaltic formations, ocean storage;
round-trip efficiency.

Trucks, pipelines; hydrogen embrittlement abatement:
advance materials.

Carbon-neutral shipping with fuel cells; ammonia,
methanol, e-fuels.

Synthetic or e-methane, ammonia, and methanol; pro-
cess (e.g., Fischer-Tropsch) efficiency and carbon
footprint improvements for e-fuels: e-methanol;
e-gasoline; e-kerosene; e-diesel; fertilizers.

Synthetic natural gas for power; methanation process.
Process heating; hydrogen for refineries.

(Continued)
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Hydrogen value  Central themes Potential R&D areas

chain
Grid balance Integration of heat pump technology.
End-use Power Hydrogen/ammonia-fired gas turbines; ammonia
application co-firing in boilers.

Mobility Advanced fuel cells for mobility; fuel cells for
heavy-duty transport.
Low-purity hydrogen use: solid oxide fuel cells; direct
ammonia fuel cells; hydrogen-fired internal combus-
tion engine (ICE); ammonia ICE for shipping.

Heavy Hydrogen as a heat source for heavy industries; hydro-
industries gen integration in cement; aluminum, glass, mining;
steel-direct iron reduction.
Residential Building heating with hydrogen burners; heat pumps

for cooling and heating.

Hydrogen system Digitization High-speed computing; Al; Industry 4.0 technologies.

and grid Smart grids.
integration; Hubs Knowledge sharing and partnerships on
hubs industrial-scale hydrogen hubs.

End-of-life Circular End-of-life of fuel cells and hydrogen products: alka-
technologies; economy line water electrolysis, solid oxide fuel cells, and
stranded assets proton exchange membrane water electrolysis mate-

rial and mineral retrieval/disposal; strategies for val-
orization stranded assets.

Notes

1

This chapter defines Europe as the 27 member states of the EU (i.e., Austria, Bel-
gium, Bulgaria, Cyprus, Croatia, Czech Republic, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Neth-
erlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, and Sweden), the United
Kingdom, Switzerland, and additional members of the European Economic Area (i.e.,
Iceland, Lichtenstein, and Norway).

CBAM will be the first of its kind. It is designed to be in full compliance with World
Trade Organization (WTO) rules. It will apply from 1 October 2023 but with a transition
period where the obligations of the importer shall be limited to reporting. After an initial
transit period, the European Commission shall assess whether to extend the scope to
other goods at risk of carbon leakage, including organic chemicals and polymers, with
the goal to include all goods covered by the ETS by 2030.

Interviews with Noé van Hulst (January 27, 2022) and Jose Miguel Bermudez Menen-
dez (February 2, 2022).

Interviews with Constantine Levoyannis (Nel), October 13, 2021 and Jose Miguel Ber-
mudez Menendez (IEA), February 2, 2022.

Constantine Levoyannis (Nel), October 13, 2021 and February 9, 2022.
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HYDROGEN IN CHINA

Crucial opportunities for transitioning
to a low-carbon economy

Tianduo Peng, Xun Xu, Lining Wang, and Jiaguan Dai

Introduction

Hydrogen is a high-quality energy carrier that burns cleanly and efficiently as well
as has versatile applications in transportation, industry, building, and power gen-
eration. As a potential solution for achieving decarbonization and climate change
mitigation goals, it is expected to play a crucial role in the new wave of global
energy and industrial evolution. China, the world’s largest carbon emitter and hy-
drogen producer, is keen to expand the role of hydrogen in its future energy supply
and decarbonization policy. Indeed, given the country’s abundant renewable re-
sources and vast domestic market for clean energy, it has great potential to develop
a new energy system in which hydrogen plays a critical role. Hence, hydrogen has
recently been at the forefront of public policy discussions in China, and significant
resources have been dedicated to its technological research and market develop-
ment. China’s recent commitment to reach peak carbon emissions before 2030
and achieve carbon neutrality before 2060 has seen hydrogen gain even greater
policy and market momentum. In light of this fast-changing landscape, this chapter
reviews the strategic, production, application, and research aspects of hydrogen
development in China to analyze how hydrogen can contribute to developing its
low-carbon economy. It also explores the potential for mutually beneficial collabo-
rations between China and Saudi Arabia in the new ‘hydrogen era.’

The remainder of this chapter is organized as follows. The next section briefly
discusses the strategies that China has adopted to promote hydrogen development.
The third section describes recent trends in hydrogen production, distribution,
and applications in China. The fourth section briefly discusses hydrogen-related
research activities by state-owned enterprises, academia, and the private sector. The
fifth section uses the case of Zhangjiakou to illustrate the latest developments in the
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hydrogen economy in China. The sixth section discusses potential opportunities
for China and Saudi Arabia to collaborate in hydrogen development. The last sec-
tion concludes.

Strategy

Hydrogen as an important pathway to achieve the low-carbon
energy transition and green economic growth in China

The most fundamental driving forces for low-carbon hydrogen development in
China are decarbonization and climate change mitigation. After committing to the
Paris Agreement, China updated its climate goals in 2020 to achieve peak carbon
emissions before 2030 and reach carbon neutrality before 2060. In late 2021, it re-
leased an action plan for reaching its peak carbon emissions goal (Communist Party
of China Central Committee and the State Council of China 2021, State Council of
PR China 2021). The new policy guidelines stipulate that decarbonization should
be accelerated in all sectors through the application of clean energy; electrification;
and carbon capture, utilization, and storage (CCUS) technologies. Hydrogen, as a
high-quality carrier of renewable energy, is expected to play a critical role in de-
carbonizing energy- and carbon-intensive sectors such as industry and heavy-duty
freight transportation, which would be difficult to decarbonize otherwise.

The coordinated development of hydrogen production and renewable energy
generation offers a potentially viable solution to address China’s energy secu-
rity concerns. The country faces the dual challenge of promoting the low-carbon
transition and meeting domestic growth in energy demand, with national energy
consumption likely to increase by approximately 1 billion tons of standard coal
equivalent (1 ton of coal equivalent = 29,307 gigajoules) before 2030 compared
with the 2020 value (CNPC Economics & Technology Research Institute 2020,
Duan et al. 2021, He et al. 2020). However, China’s energy supply is highly de-
pendent on fossil fuels, with over 70% of oil and 40% of natural gas imported
(CNPC Economics & Technology Research Institute 2022).

Nonetheless, China has abundant renewable energy resources. The estimated
exploitable energy from renewable sources (e.g., hydro, wind, and solar) amounts
to 95.8 trillion kilowatt (kW) hour (kWh) annually. This is almost 13 times the
country’s total power consumption in 2020 (Wang et al. 2022). To reach the carbon
neutrality target and reduce reliance on fossil fuel imports, the proportion of renew-
able energy in the energy mix must increase significantly during the 2020s. While
most of China’s renewable energy sources are located far from its densely popu-
lated coastal regions and power generation from renewable sources has inherent
intermittency issues due to their inconsistent nature, hydrogen, as an easy-to-store
and easy-to-transport energy carrier, could be used to remove the energy mismatch
between supply and demand geographically and temporally, thereby improving the
resilience of China’s future energy supply.
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In addition to accelerating the energy transition, hydrogen development may
facilitate China’s ongoing industrial and economic transformation. With a value
chain spanning energy and chemical production to transportation and steel manu-
facturing, growing demand for hydrogen could benefit many. This includes raw
materials and parts suppliers, equipment manufacturers, and service providers,
among others. According to China Hydrogen Alliance (2019), the total annual
output of China’s hydrogen sector is projected to reach RMB 10 trillion (approxi-
mately $1.58 trillion) by 2050. Therefore, as growth in fossil fuel demand slows
and China undergoes a systematic energy transition, the development of hydrogen
and its associated technologies is well positioned to enable the country’s new green
economic development by creating new industrial value chains.

Government strategies on hydrogen development

In early 2022, China released its Medium- and Long-term Plan for the Devel-
opment of the Hydrogen Industry (2021-2035), which proposed a new set of
goals for the hydrogen sector to achieve in the next 15 years. In particular, the
plan set detailed targets for 2025, such as achieving an annual production of
100,000 to 200,000 tons of green hydrogen and 50,000 hydrogen fuel cell vehicles
(FCVs), while establishing a relatively complete hydrogen industrial value chain
(National Development and Reform Commission & National Energy Administra-
tion of China 2022). Hydrogen produced from industrial by-products and renew-
able sources is expected to dominate the supply of new end-use applications in
the near term. In the long run, the proportion of renewable-sourced hydrogen in
total supply is expected to increase significantly. Hydrogen applications will also
expand to multiple sectors, including transportation, energy storage, power gen-
eration, and the steel and chemical industries. Table 9.1 shows that most existing
policies to support hydrogen development focus on developing hydrogen FCVs
(China Center for International Economic Exchanges 2020, National Development
and Reform Commission & National Energy Administration of China 2022). This
is partly because long-distance road transportation is one of the most important yet
difficult sectors to decarbonize in China and because hydrogen fuel cell technology
as a potential solution has received the majority of policy and business attention.
According to the Energy-Saving and New Energy Vehicle Technology Road-
map 2.0 released by the China Society of Automotive Engineers (2021), the stock of
hydrogen FCVs is expected to reach one million by 2035. The main applications of
FCVs are in the commercial vehicle market, including coaches, heavy-duty trucks,
and special-purpose vehicles (e.g., forklifts). Hydrogen is also expected to play a key
role in other sectors, including energy storage, industry, and construction. Indeed, as
shown in Table 9.2, demand for hydrogen could reach 60 million tons by 2050 and
more than double that by 2060 (130 million tons). This would account for 20% of
all end-use energy, while the ownership rate of medium- and heavy-duty fuel cell
trucks could exceed 50% (China EV 100 2020, China Hydrogen Alliance 2021).
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TABLE 9.1 Selected government policies for hydrogen development since 2015

Policy Year of Content
release
Medium- and Long-term Plan 2022  Proposing phased targets for the development

for the Development of the

Hydrogen Industry (2021-2035)

New Energy Vehicle Industry
Development Plan (2021-2035)

Notice on Launching the
Demonstration Application of
Fuel Cell Vehicles

Energy Law of the People’s
Republic of China (Draft for
Solicitation of Comments)

Government Work Report

Automobile Industry Mid- and
Long-term Development Plan

National Development Plan for
Strategic Emerging Industries
during the 13th Five-Year Plan
Period

Energy Technology Reform
Action Plan (2016-2030)

Made in China 2025

2020

2020

2020

2019

2017

2016

2016

2015

of the hydrogen value chain in 2025, 2030,
and 2035

Proposing systematic plans for the
development of hydrogen fuel cells

Providing incentives to eligible urban
agglomerations for the research and
demonstration application of key fuel cell
technologies

Defining hydrogen as a type of energy

Advancing the construction of hydrogen
refueling infrastructures

Proposing a technological roadmap
for hydrogen FCVs, supporting the
technological breakthrough of the whole
industrial chain, and progressively
expanding the scope of the pilot
demonstration

Promoting the R&D and industrialization of
hydrogen FCVs in a systematic manner and
realizing mass production and large-scale
demonstration applications by 2020

Taking fuel cell technology innovation as a
key task by promoting R&D in fuel cells,
fuel cell distributed power generation,
hydrogen production, storage and
transportation, and hydrogen refueling
stations

Completing hydrogen production and refueling
infrastructures by 2025 and achieving
regional small-scale operations for FCVs

TABLE 9.2 Targets for the hydrogen industry in China

Item 2025 2035 2050

Hydrogen energy demand (million tons) 30 40 60
Industrial output value (trillion yuan) 1 5 12
Hydrogen refueling stations 200 2000 12000
FCVs (million) 0.1 1 30

Source: China Hydrogen Alliance (2019), China EV 100 (2020), and The State Council (2020).
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The central government has implemented several measures to support its policy
directives. For example, a fuel-cell electric vehicle (FCEV) demonstration city
cluster program has been launched to promote pilot projects and the early adoption
of FCVs across China, including the provision of a credit reward system. Depend-
ing on the year of purchase, each FCV can be rewarded between 0.9 and 1.3 credits,
with each credit being equivalent to RMB 100,000. For each eligible city cluster,
total rewards are capped at 17,000 credits (Ministry of Industry and Information
Technology et al. 2021). Since its implementation, the program has received almost
20 applications and has approved five city clusters for FCEV demonstration. At
the provincial and municipal levels, governments have been even more proactive
in promoting hydrogen development. Apart from being an essential component of
the low-carbon transition, local governments consider hydrogen to be an impor-
tant opportunity to promote economic growth and facilitate industrial restructur-
ing. By the end of 2021, more than half of all provinces and over 30 municipalities
in China had released specific plans to support hydrogen development. Table 9.3
shows some of the policy targets by province and municipality.

To kickstart local hydrogen development and attract private investment, govern-
ments often provide tax incentives and subsidies to procure FCVs and develop the
hydrogen infrastructure. For example, a hydrogen refueling station with a capacity
of over 500 kilogram (kg) per day would cost RMB 1020 million in China (China
EV 100 2020). In this case, local governments may provide a subsidy of between
RMB one and four million for each refueling station to accelerate the construction
of these infrastructures.

Overall, policymaking on the development of the hydrogen sector has increased
substantially in recent years. However, challenges remain for stakeholders at all
levels. On the one hand, the long-term development pathway for hydrogen needs

TABLE 9.3 Plans for FCVs in selected provinces

Province/city Year Number of FCVs Number of stations
Beijing 2025 10,000 74
Guangdong 2022 Demonstration 300
operation of
hydrogen FCVs
Jiangsu 2025 10,000 50
Shandong 2025 10,000 100
Shanghai 2023 10,000 100
Zhejiang 2022 1000 30
Chongqing 2025 5000 10

Source: Beijing Municipal Bureau of Industry and Information Technology (2021), Chongqing
Municipal Commission of Economy and Information Technology (2021), Government Office of
Shandong Province (2020), Guangdong Provincial Development and Reform Commission (2020),
Industry and Information Technology Department of Jiangsu (2019), Shanghai Municipal Commis-
sion of Economy and Information Technology (2020), and Zhejiang Provincial Development and
Reform Commission (2021).
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to be continuously optimized and improved as the hydrogen industry develops.
This is to minimize the risk and uncertainty facing the industry and investors. On
the other hand, market resources and policy efforts, especially those of local gov-
ernments, focus disproportionately on hydrogen applications in the transportation
industry. Meanwhile, other sectors have received less attention. Thus, China must
adopt a more comprehensive and coordinated approach to devise and implement
hydrogen policies to tap into its potential in other sectors. This will help it achieve
a more balanced development of hydrogen applications across the value chain.

Production, distribution, and application

Reliance on fossil fuels for producing hydrogen in China

China is the world’s largest producer of hydrogen, with annual output recently
exceeding 30 million tons (China Hydrogen Alliance 2021), amounting to approxi-
mately one-third of global hydrogen production (International Energy Agency
2019). However, China’s hydrogen output is primarily produced from fossil fuels
and consumed as an industrial feedstock. Meanwhile, the scale of hydrogen pro-
duction from clean energy remains small. As shown in Table 9.4, nearly 70% of hy-
drogen in China is produced from coal, natural gas, and petroleum. Approximately
30% comes from industrial by-product gases and water electrolysis accounts for
less than 1% of output (China EV 100 2020).

While existing hydrogen production capacity is sufficient to meet current do-
mestic demand, according to the new 2021-2035 plan, China’s future hydrogen
supply will transition to be based more on renewables. Thus, it will bypass blue
hydrogen, which uses natural gas to produce hydrogen and CCUS technologies
to capture and store CO, emissions underground owing to the high cost of apply-
ing CCUS systems in China. For example, the cost of producing hydrogen using
coal gasification would be 1.5 times to twice as high if CCUS technologies were
adopted (CNPC Economics & Technology Research Institute 2021, International

TABLE 9.4 Source of hydrogen production

Raw materials and methods of producing hydrogen Global China
Fossil fuels Coal 18% 43%
Natural gas (steam methane 48% 16%
reforming)
Oil 30% 13%
Hydrogen from industrial Coke oven gas, chlor—alkali / 28%
by-product purification tail gas, etc.
Hydrogen from electrolytic / 4% <1%
water
Other Biomass, photocatalysis, etc. / /

Source: Tsinghua University and China EV 100 (2020).
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Energy Agency 2019, U.S. Department of Energy 2020). Another important
determinant is China’s long-term plan to move to a renewable-dominated energy
mix that disincentivizes the use of fossil fuels for producing hydrogen.

In accordance with this production roadmap, China’s fossil fuel-based hydro-
gen supply chain is expected to maintain its primary role in the early stages of the
future transition owing to its low production costs and proximity to the market.
Endowed with abundant coal resources, China has developed a large coal chemical
industry with widely distributed capacity and substantial annual coal-to-hydrogen
output. By contrast, although steam methane reforming, a natural gas-based hydro-
gen production technology, is also mature and widely used, producing hydrogen
from natural gas is not cost-effective in China for a number of reasons. These in-
clude limited natural gas availability, high sulfur content, and significant impact of
natural gas prices on hydrogen production costs. Hence, producing hydrogen using
steam methane reforming may only be cost-competitive in regions endowed with
abundant natural gas resources.

In the long run, water electrolysis using renewable energy holds great promise
for producing hydrogen and is expected to play a dominant role in the hydrogen
supply. The three technology options available, namely, alkaline hydrolysis, proton
exchange membrane electrolysis, and high-temperature steam electrolysis, are at
different stages of maturity. Producing hydrogen production using electrolysis will
eventually become cost-effective in China. With China’s potential to produce 95.8
trillion kWh of renewable energy annually from solar, wind, hydro, geothermal,
and biomass power, using just 15% of total renewable output could produce 100
million tons of hydrogen using electrolysis, which would fully meet end-user de-
mand. Other technologies such as coal-to-hydrogen production combined with car-
bon capture and storage (CCS), bio-hydrogen production, and photocatalytic water
splitting will likely become effective supplements to water electrolysis production
(Figure 9.1).

Necessary improvements in hydrogen storage, transmission,
and distribution

The most common approach for transporting hydrogen over short distances in
China is to use tube trailers at a pressure of 200 bar. For long distances, liquid
tanker trucks with higher storage pressures and hydrogen pipelines are much more
economical and therefore desired. However, owing to technical constraints, hydro-
gen transportation at a pressure of 500 bar by road is rare, and the application of
cryogenic liquid hydrogen tanker trucks is also limited.

The length of existing hydrogen pipelines in China, mostly dedicated to re-
fineries, is slightly over 100 kilometers (km). This is less than 10% of those in
Europe and the United States owing to the high initial investment, dependence on
imports of expensive composite materials, and insufficient application scenarios.
Cities across China have recently explored the option of transporting hydrogen
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FIGURE 9.1 Cost range of hydrogen production technologies (RMB per kg of hydrogen).
Source: CNPC Economics & Technology Research Institute 2020.

using existing gas networks by blending it with natural gas. One direct application
of the gas mixture is as a fuel gas for kitchen stoves and internal combustion en-
gines. The city of Zhangjiakou, for instance, has launched a pilot project exploring
the possibility of injecting 4 million cubic meters (m®) of hydrogen into an urban
gas grid to use mixed gases for cooking and as a fuel for hydrogen enriched with
compressed natural gas vehicles. Another potential application is the separation
and purification of hydrogen from the transported gas mixture and its reuse in fuel
cells and power generators. However, such cases are rare in China owing to the
high technical barriers and costs.

Several issues arise when hydrogen is blended into the existing natural gas
infrastructure. Hydrogen may cause cracking and leakage in pipes because of
its impact on pipeline materials. Depending on the equipment connected to the
network, hydrogen can only be blended into natural gas up to a certain thresh-
old. Additionally, separating hydrogen from natural gas is costly despite its low
efficiency. Therefore, large-scale applications require dedicated long-distance
hydrogen pipelines. For example, the construction of a new hydrogen transmission
network located in Hebei Province has recently begun. This network will be longer
than any existing hydrogen pipeline in China (145 km) and primarily used to trans-
port hydrogen from north to south in the Beijing-Tianjin-Hebei region. Meanwhile,
the newly founded PipeChina, the largest operator of domestic oil and gas pipeline
networks in China, has established the Hydrogen Transmission, Development,
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and Innovation Consortium. Its primary objective is to combine the efforts of
businesses, academic and research institutions, and other key stakeholders in the
hydrogen value chain to develop new hydrogen transmission networks and over-
come potential technical challenges.

In terms of the distribution network, as of the end of 2020, China had built
118 hydrogen refueling stations, of which 101 were already operating. As high-
pressure hydrogen storage is costly and not widely available, most refueling sta-
tions operate at a pressure of 350 bar. The vast majority of existing stations rely on
an external hydrogen supply, with only the minority benefitting from the capacity
to produce hydrogen on site. For example, one station in the city of Dalian can pro-
duce hydrogen using a hybrid wind—solar power generation system. Another in the
city of Foshan in south China can produce hydrogen simultanecously from natural
gas and water electrolysis at the rates of 500 normal meter cubed per hour (Nm?/h)
and 50 Nm?/h, respectively, with the latter being powered by rooftop solar panels.

With strong policy support, the development of a new refueling infrastructure
may see explosive growth in the coming years. One potential trend in develop-
ing the refueling infrastructure is the increasing deployment of petrol/hydrogen
multi-fuel stations. For instance, 17.9% of new hydrogen refueling stations con-
structed in 2019 were multi-fuel stations and this proportion increased to approxi-
mately 50% in 2020 (Figure 9.2). The China Petroleum & Chemical Corporation,
the owner and operator of China’s largest petrol refueling network, is planning to
renovate and convert many of its petrol stations into petrol/hydrogen multi-fuel
stations.

New hydrogen demand driven by transportation

The transportation sector has been the major driver of new hydrogen demand in
China. With the exception of 2020 as a result of the COVID-19 pandemic, sales of
FCVs have rapidly increased annually since 2015 (Figure 9.3). Cumulative sales
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FIGURE9.2 Number of hydrogen refueling stations in operation in China.

Source: CNPC Economics & Technology Research Institute (2020).
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FIGURE 9.3 Sales of FCVs in China.

Source: China Automotive Technology Research Center (2021).

of FCVs have exceeded 7,000, second only to sales in South Korea and the United
States (China Automotive Technology Research Center 2021). Unlike countries
that focus on hydrogen applications in passenger mobility, commercial applica-
tions of FCVs are prioritized in China. Commercial FCVs such as hydrogen trucks
and buses dominate existing sales. The commercial demonstration of FCVs has
been conducted in 17 provinces in China and over 1,000 hydrogen FCVs have been
deployed in several regions (e.g., Guangdong and Shanghai).

Although hydrogen-powered heavy-duty trucks are likely to achieve cost com-
petitiveness by around 2035, as shown in Figure 9.4 (CNPC Economics & Technol-
ogy Research Institute 2021), hydrogen technology remains at an early stage and is
not cost-competitive compared with existing technologies. Market demand for new
hydrogen applications remains low overall, and hydrogen supply, use, and distri-
bution vary significantly across the regions. Mature business models must thus be
developed for various segments of the value chain (e.g., production, storage, and
transportation) to reduce the high utilization cost. For example, the vehicle pur-
chase and fuel costs of a 42-ton hydrogen-powered heavy-duty truck in China are
respectively 230% and 100% higher than their diesel-powered counterparts. The
resultant total cost of owning and operating a hydrogen heavy-duty truck over its
life cycle is approximately 150% higher than that of a regular internal combustion
engine truck. In the long run, with continued advances in technology, efficiency
improvements in the hydrogen supply chain, and economies of scale, utilization
costs are expected to decrease significantly. For example, the study conducted by
Tsinghua University suggested that the cost of hydrogen fuel cell systems may be
reduced by 80% in the next decade (Minggao Ouyang 2021). Another estimation
found that hydrogen-powered heavy-duty trucks may reach life cycle cost parity
with diesel-powered trucks before 2030 (Hydrogen Council 2020).
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FIGURE 9.4 Comparison of the life cycle costs between hydrogen-powered heavy-duty
trucks and traditional oil-powered trucks (RMB 10,000/truck).

Source: CNPC Economics & Technology Research Institute (2020).

Apart from FCVs, several other ongoing hydrogen applications in transporta-
tion and other sectors in China may reach commercial maturity.

* Fuel cell trams: At the end of 2019, the city of Foshan in Guangdong Province
started operating the world’s first commercial hydrogen fuel cell tram line. The
17.4-km tram line operates four fuel cell-powered trams daily. The daily re-
charge capacity of the refueling station for the tram line is 1,000 kg of hydrogen
and each tram, when fully refueled, can run for up to 125 km.

* Fuel cell forklifts: Hydrogen fuel cell-powered forklifts could be an ideal re-
placement for petrol- and LPG-powered forklifts. Several cities such as Tianjin
and Foshan have offered monetary incentives for the purchase or rental of fuel
cell forklifts.

e Inland waterway: The application of hydrogen fuel cell technology is being
explored for river/lake cruises and inland shipping. The Outline for the Devel-
opment of Inland Shipping issued by the Ministry of Transport in 2020 proposes
the development of pure electric and fuel cell-powered vessels. Moreover, a
500-kW inland hydrogen fuel cell ship is being developed by the China State
Shipbuilding Corporation. According to the China Waterborne Transport Re-
search Institute, the number of newly built hydrogen fuel cell vessels and ex-
isting vessels to be modified to incorporate a hydrogen fuel cell powertrain
(primarily short-distance inland cruise ships) could reach 400 and 200 by 2025,
respectively.

* Aviation: Research on hydrogen-powered aircraft is accelerating decarboniza-
tion in the aviation sector. For example, a test flight of a manned hydrogen
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fuel cell plane was successfully conducted in 2017. However, neither hydrogen
internal combustion engines nor hydrogen fuel cells, the two technology options
currently available, are likely to enter commercial applications soon.

* Steel production: Iron and steel production accounts for approximately 15%
of China’s carbon emissions, making it the largest domestic carbon-emitting
manufacturing sector (Ren et al. 2021). Hence, to reach the carbon neutral-
ity target, the iron and steel sector in China must significantly reduce—if
not completely eliminate—its carbon emissions. Decarbonizing this sector
using hydrogen has entered the commercial stage. The Hebei Iron and Steel
Group, a leading Chinese steel producer, is planning to build a 600,000-ton
direct reduced iron (DRI) plant, the world’s first such production plant pow-
ered by hydrogen-enriched gas. The emission intensity of the new plant
drops to 125 kg of carbon dioxide (CO,) per ton of DRI, which is approxi-
mately one-twelfth of the amount emitted under conventional production
methods. Meanwhile, new low-carbon technology is being developed by
Tsinghua University, the China National Nuclear Corporation, and the China
Baowu Steel Group for manufacturing steel using hydrogen produced with
high-temperature gas-cooled nuclear reactors. As the Chinese government
has restricted the development of energy- and carbon-intensive industrial
projects, hydrogen application in steelmaking is expected to accelerate. Ac-
cording to estimates by China Hydrogen Alliance (2021), annual hydrogen
consumption in the iron and steel sector is expected to exceed 14 million
tons by 2060.

* Combined heat and power (CHP): For heating applications in the building
sector, heat pumps and heating powered by distributed renewable energy sys-
tems have received much more policy attention in China than the potential use
of hydrogen for fuel cell CHP systems. Nevertheless, several 100-kW fuel cell
CHP pilot projects have begun, with effective electric efficiency reaching 54%
and total system efficiency rising above 90%.

* Power generation: China has a long-term aim to build a renewables-based en-
ergy system, with wind, solar, and hydropower becoming the primary sources
of energy. Given the cost and other constraints in its value chain, hydrogen is
expected to become a secondary option for power production. Its main applica-
tions would lie in energy storage, peak shaving, emergency, and standby power
systems. Two coastal provinces, Guangdong and Fujian, have started demon-
strations of emergency power vehicles with hydrogen fuel cell generators and
hydrogen-powered 5G base stations, respectively.

* Renewable methanol: A demonstration project of renewable methanol produc-
tion in the city of Lanzhou can produce low-carbon methanol through the syn-
thesis of CO, and hydrogen using solar-powered water electrolysis. The two
electrolyzers are powered by 10 megawatt solar power-generating facilities and
can produce hydrogen at 1,000 Nm?/h.
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Research priorities

The high utilization costs, unsatisfactory technical performance, and limited com-
mercial applications are all crucial barriers to hydrogen development in China.
The central government, in collaboration with leading academic institutions,
state-owned enterprises, and other key stakeholders, has increased its support for
R&D to address these issues. The top research priorities include improving the per-
formance of FCVs; reducing the costs of hydrogen production via water electroly-
sis and from fossil fuels with the adoption of CCUS technologies; and promoting
pilot and demonstration projects of steel production using hydrogen. Additionally,
research is evaluating the environmental impacts of hydrogen use, developing re-
lated policy regulations and standards, and designing future technology roadmaps
and development pathways. Table 9.5 shows the key technical and economic per-
formance targets for hydrogen FCVs.

The China Hydrogen Alliance, jointly established by China’s leading state-owned
enterprises and academic and financial institutions, is a consortium consisting of
over 100 member institutions from all segments of the hydrogen value chain. It
seeks to promote collaboration on hydrogen technology innovation, establishment
of standards and safety codes, and implementation of commercial demonstrations.
Apart from regular research publications to raise public awareness and inform
stakeholders, the Alliance plays a critical role in influencing policymaking on hy-
drogen development. In late 2020, it released one of the world’s first industrial
standards for low-carbon and clean hydrogen (China Hydrogen Alliance 2020),
which offers an important reference for decision-makers in national and regional
governments to formulate future hydrogen policies.

TABLE 9.5 Technical and economic indicators of FCVs in China.

2030 2035
Performance The cold start temperature reaches The cold start temperature reaches
—40°C and the performance of —40°C and the performance of
FCVs reaches that of hybrid FCVs is the same as that of internal
vehicles combustion engine vehicles
Commercial ~ Mileage >500 km Mileage >800 km
vehicle Hydrogen consumption by buses Hydrogen consumption by heavy-duty
<5.5kg/100 km trucks <10 kg/100 km
Lifespan >0.4 million km, Lifespan >1 million km, cost <SRMB
cost < RMB 1 million 0.5 million
Passenger Mileage >650 km Mileage >800 km

car

Hydrogen consumption
<1 kg/100 km

Lifespan >0.25 million km,
cost <RMB 0.3 million

Hydrogen consumption <0.8 kg/
100 km

Lifespan >0.3 million km, cost <RMB
0.2 million

Source: China Society of Automotive Engineering 2021.
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In addition to state-led consortia that promote knowledge and share resources
between public and private sector partners, academic institutions have played an
important role in incubating new hydrogen startups and attracting private invest-
ment for promising technology innovations. For example, SinoHytec, a spinoff
startup from Tsinghua University, has become one of China’s leading manufac-
turers of automotive fuel cell systems that range in rated power from 30 kW to
240 kW. It has also become a major supplier of fuel cell power systems to commer-
cial vehicles such as buses, coaches, and delivery vehicles in China.

Case study

Many cities across China have started hydrogen pilot projects, among which
Zhangjiakou, a co-host city of the 2022 Beijing Winter Olympics in northern China,
offers an interesting case study for exploring the potential of the ‘hydrogen econ-
omy.” Located in the northwestern part of Hebei Province less than 200 km from
Beijing, the city is the first and only national-level renewable energy demonstration
zone in China approved and established by the State Council.! The opportunity to
jointly host the Winter Olympic Games with Beijing provides an excellent case for
the commercial demonstration of hydrogen applications in a number of areas and
hence offers substantial incentives to kickstart the development of the city’s hydro-
gen sector. A number of policies have been announced, including the Zhangjiakou
Hydrogen Development Plan 2019-2035 and Promotion and Implementation Plan
for Zhangjiakou’s Hydrogen Sector in the 14th Five-year Plan Period.” In late
2021, the Zhangjiakou-spearheaded Hebei FCEV demonstration cluster was ap-
proved by the central government as one of five urban clusters in China selected to
pilot FCV applications.® These policy directives have led to the establishment of a
long hydrogen value chain in Zhangjiakou, quickly transforming it into one of the
nation’s leading hydrogen development centers.

The largest hydrogen application in Zhangjiakou is in the transportation sector.
Between 2018 and 2021, 444 fuel cell buses and 40 fuel cell delivery vehicles were
deployed, carrying 62 million passengers and traveling more than 21 million km.
During the 2022 Winter Olympics, the city operated a fleet of 710 FCVs to transport
athletes and staff between competition zones, reducing over 1,400 tons of carbon
emissions.* According to the Implementation Plan of the Hebei FCEV Demonstra-
tion Cluster, 1,130 hydrogen-powered buses, delivery vehicles, heavy-duty freight
trucks, and refuse trucks are expected to be deployed in the city during the next
four years of the demonstration period.’

Green hydrogen is produced locally to meet demand for Zhangjiakou’s FCVs.
Four production facilities produce green hydrogen using wind and solar power, which
are abundant in the region. The production capacity of green hydrogen is 6,700 Nm?/
hour, with an average cost of approximately RMB 30/kg.%” With more investment
in the line and the anticipated growth in production facilities, hydrogen output may
exceed 50,000 tons over the next four years, halving the average production cost.?
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Approximately 10 hydrogen refueling stations have now been constructed in
the city, with charging capacity estimated to be over 8.9 tons every 12 hours.”!
The majority of these stations charge at a pressure of 350 bar, although some are
equipped with a 700-bar pressure charging capacity, while two have refueling ca-
pacity for vehicles of other fuel types, including electric vehicles and internal com-
bustion engine vehicles. More multi-fuel stations are anticipated to be developed as
Zhangjiakou expands its hydrogen refueling network. In addition, more hydrogen
refueling stations are expected to be deployed along the expressways connecting
the city with Beijing and Shijiazhuang, the capital of Hebei Province, which could
make them the first fully operational intercity ‘hydrogen expressways’ in China."

In addition to production, distribution, and public transit applications, Zhangjia-
kou has attracted investment from several other companies in the hydrogen space.
Projects in the pipeline include manufacturing facilities for fuel cell engines, fuel
cell stacks and components, FCVs, and hydrogen storage equipment.'> According
to the Zhangjiakou Hydrogen Development Plan 20192035, the total output of
the city’s hydrogen sector is anticipated to reach RMB 170 billion (approximately
$25.3 billion) by 2035, creating more than 35,000 jobs.'

Potential for hydrogen collaboration between China
and Saudi Arabia

China and Saudi Arabia have already developed long-standing economic relation-
ships. China has been the Kingdom’s largest trade partner since 2011 and has re-
cently become the largest oil buyer.!* As both countries are seeking to develop a
full-fledged hydrogen economy, a broad range of opportunities for expanding their
existing collaboration into the new hydrogen space exist.

On the supply side, both countries have formulated ambitious plans to produce a
significant amount of hydrogen using renewable energy. However, the current cost
of green hydrogen production using either solar or wind power remains high, which
must be reduced to enable production on a larger scale. Such cost reductions could
be driven by the continued decline in the costs of renewable energy and scaling up
of green hydrogen manufacturing, which would in turn drive down the cost of water-
splitting equipment such as electrolyzers. China is the world’s largest producer of
solar panels and wind turbines as well as the largest market for both types of renewa-
ble energy. With the country’s ambitious plan and huge potential for green hydrogen,
the extraordinary size of its market could lead to a rapid decline in production costs,
which would then benefit Saudi Arabia as a future supplier of renewable-sourced
hydrogen. Meanwhile, the Kingdom could facilitate this transition by investing in
China’s green hydrogen industry and accelerating the cost reduction of new tech-
nologies such as proton exchange membrane electrolysis. Additionally, China could
benefit from collaborating with Saudi Arabia on CCUS projects, as the Kingdom has
pioneered its applications.’> CCUS can be used for both blue hydrogen production
and enhanced oil recovery in suitable regions in China.
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There are several other opportunities to explore hydrogen utilization. One area
of potential collaboration is low-carbon steelmaking. The development of real es-
tate properties and public infrastructure has played an essential role in the economic
growth of Saudi Arabia. With iron and steel being critical materials for housing
and infrastructure, the Kingdom has maintained a large amount of iron and steel
imports, especially from China, the world’s largest steel exporter.'® The national
socioeconomic transition plan, Vision 2030, has unleashed close to a trillion dollars
of real estate and infrastructure projects since 2016."” Given the carbon-intensive
nature of steelmaking, developing low-carbon steel manufacturing capacity in the
Kingdom would align with both its economic plan and its climate change mitiga-
tion goals. This is particularly so given that Saudi Arabia seeks to use its domes-
tic mineral resources and diversify its economy. In 2021, Saudi Aramco signed
a memorandum of understanding with China’s Baowu group, the world’s largest
steelmaker, for a potential world-class steel production facility that would use the
low-carbon DRI-electric arc furnace process.!® This joint project could serve as an
important demonstration of industrial hydrogen use and kickstart new hydrogen
applications within the Kingdom.

The transportation sector offers an additional opportunity for collaboration.
With its large land mass and sparse population distribution, Saudi Arabia has long
been heavily reliant on road vehicles for domestic freight transportation and pas-
senger mobility. In fact, oil demand by the transportation sector has significantly
contributed to the Kingdom’s domestic oil consumption. This has made the country
one of the world’s top oil consumers at both the aggregate and the per capita lev-
els. Saudi Arabia has recently aimed to curb fast-growing domestic oil consump-
tion and reduce carbon emissions. This has been conducted through a number of
policy measures such as improving fuel efficiency and increasing gasoline prices."’
As mentioned previously, China has been actively developing hydrogen fuel cell
technologies and promoting their application in the commercial vehicle sector, es-
pecially for freight trucks, buses, and coaches. Indeed, China has the largest com-
mercial FCV fleet worldwide.”® Hence, with Saudi Arabia’s latest climate pledge
to reach carbon neutrality by 2060, the Kingdom could benefit from collaboration
with China to accelerate the deployment of commercial FCVs and reduce transpor-
tation fuel consumption and carbon emissions.

Given the Kingdom’s clearly structured road transport routes, hydrogen FCVs
could be particularly well suited for long-haul freight transportation between major
coastal logistics hubs and inland metropolitan regions. In March 2022, the Saudi
Arabian Industrial Investments Company, Dussur, and Tatweer Educational Trans-
portation Services Company signed a joint venture agreement with China’s CHTC
KINWIN Automobile to establish a new bus manufacturing facility in Jeddah. The
joint venture will manufacture and assemble buses using internal combustion en-
gines, pure electric, and hydrogen fuel cell engine technologies. With an annual
production capacity of 3,000 buses, the new project is expected to meet rising do-
mestic demand for buses from multiple sectors such as Hajj and Umrah, education,
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tourism, and public transport. It is also expected to help improve the local content
of the transportation sector and accelerate the development of the country’s auto-
motive industry.?!?

Conclusion

Global efforts to combat climate change and the trend toward low-carbon energy tran-
sitions have brought renewed momentum to hydrogen development. As the world’s
largest hydrogen producer and carbon emitter, China has been actively exploring new
approaches to use hydrogen to fulfill its targets for climate change, economic tran-
sition, and energy security. Hydrogen is anticipated to become an integral part of
China’s future energy mix and play an important role in the transportation, indus-
trial, and power generation sectors, among several others. However, to achieve their
long-term objectives, governments, public and private sector players, and the research
community must take joint actions to overcome a number of barriers and challenges.

At the policy level, China must expand its current medium- and long-term hy-
drogen plans to create a full-fledged national strategy to guide future hydrogen
development. Within the value chain, the storage and transmission of
hydrogen remain underdeveloped, which has contributed to the high cost of
utilization significantly. In terms of future hydrogen supply, although China is the
world’s largest producer of renewable energy, to become a leader in low-carbon
hydrogen production, significant resources are still needed to accelerate the R&D
of related technologies and scale up production. Finally, from the demand perspec-
tive, there are inadequate application scenarios to justify the high production and
utilization costs of low-carbon hydrogen. More pilot projects and demonstrations
at a larger scale are required to enable a positive feedback loop and make the hy-
drogen supply chain self-sustainable.

However, as long-standing economic and energy partners, China and Saudi
Arabia are well positioned to use their rich natural resources and strong industrial
capabilities to jointly develop the hydrogen economy. Endowed with abundant
renewable resources and favorable geological conditions, Saudi Arabia has the
potential to become the world’s leading supplier of carbon-neutral hydrogen. To
optimize its economic structure and build a low-carbon economy, the Kingdom has
initiated many new economic endeavors that may offer excellent business cases
to kickstart and demonstrate new hydrogen applications. Hence, a new window
of opportunity has emerged for collaboration between the two nations. China and
Saudi Arabia can strengthen their industrial cooperation and jointly invest in new
hydrogen technologies to enable partnerships in the clean hydrogen era.

Notes

1 http://www.jjckb.cn/2021-11/18/c_1310312003.htm.
2 http://www.cinn.cn/qzpd/202202/t20220224 252923 wap.html.
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THE EVOLVING HYDROGEN ECONOMY
IN THE UNITED STATES

Naomi L. Boness and Gireesh Shrimali

Introduction

The public’s desire to decarbonize is a strong policy driver, and hydrogen has the
potential to reduce emissions well beyond its traditional uses (e.g., refining and
fertilizer production). Indeed, since the Paris Agreement, hydrogen has garnered
considerable attention in the United States as a way to abate emissions in sectors
that, historically, have been difficult to decarbonize. However, given that the US
federal hydrogen program has now been running for over two decades, whether
this hype surrounding hydrogen will ultimately result in a large hydrogen economy
remains unknown (US DOE 2001, 2002).

The United States produces more than 10 million metric tons of hydrogen per
year, equivalent to 0.1% of total energy demand (US DOE 2020a). In 2020, the re-
fining of petroleum products accounted for 68% of pure hydrogen consumption in
the country and fertilizer production, 21% (NREL 2020). The primary centers for
hydrogen production for refining are along the Gulf Coast in Texas and Louisiana
as well as California. Smaller distributed hydrogen production centers for the agri-
cultural sector are scattered across the mid-western and northeastern states.

Hydrogen demand can potentially reach close to 50 million metric tons in the
United States by 2050, resulting in approximately 10% reduction in emissions rela-
tive to 2005 levels (US DOE 2023).

Much like Saudi Arabia, the primary energy sources required to produce
low-carbon hydrogen are abundant in the United States, from renewable electricity
sources to cheap natural gas coupled with geologic carbon storage capacity. Fur-
thermore, the numerous US companies in the transportation and industrial sectors
with expertise in many aspects of the hydrogen value chain are working to lower
costs and develop new markets.

DOI: 10.4324/9781003294290-12
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US hydrogen strategy and policy at the federal and state levels

In the United States, hydrogen strategy and policy exist at both the federal level,
applicable to the entire country, and the state level. In this section, we explore the
federal strategy and review states’ policies, with a focus on the key strategies of
California, the most aggressive state in setting decarbonization targets and imple-
menting policy. In particular, we discuss how California’s policy has spurred the
development of a hydrogen transportation market.

Federal strategy

In June 2023, under the Biden—Harris Administration, the Department of Energy
(DOE) published the final version of the US National Hydrogen Strategy and Road-
map. The roadmap prioritizes three key strategies to ensure that clean hydrogen is
developed and adopted as an effective decarbonization tool for maximum benefit
for the United States. These three strategies are to:

» Target strategic, high-impact uses of clean hydrogen to ensure its utilization in
the highest value applications and where no deep decarbonization alternatives
exist. Specific markets include the industrial sector, heavy-duty transportation,
and long-duration energy storage to enable a clean grid.

* Reduce the cost of clean hydrogen through such efforts as the Hydrogen En-
ergy Earthshot launched in 2021. This program aims to catalyze both innova-
tion and scale, thus stimulating private sector investment, spurring development
throughout the hydrogen supply chain, and reducing the cost of clean hydrogen
drastically. Efforts will also address critical material and supply chain vulner-
abilities and design for efficiency, durability, and recyclability.

* Focus on regional networks or ‘hubs’ that can produce clean hydrogen produc-
tion at the large scale and develop a critical mass infrastructure.

The United States is targeting a 50%—52% CO, reduction by 2030 (compared with
2005 levels) and 100% carbon-free electricity by 2035. Specifically, the Strategy
depicts potential scenarios for the end use of clean hydrogen in 2030, 2040, and
2050, enabling at least 20 million metric tons per year by 2040 and 50 million met-
ric tons per year by 2050, as Figure 10.1 shows (US DOE 2023).

Interestingly, the Strategy follows a technology-neutral approach, with elec-
trolysis, nuclear, reforming, pyrolysis, and waste all mentioned as possible pro-
duction pathways. Simultaneously, there are clear targets for hydrogen fuel cells,
namely, $80/kW for trucks and $900/kW for stationary use. By contrast, clear
performance targets for hydrogen derivatives (ammonia, methanol, steel, PtL)
are lacking. Finally, several actions toward quantifying hydrogen leakage and its
climate impact are mentioned. The federal government, which focuses on tech-
nology development, provides a comprehensive hydrogen strategy under the
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FIGURE 10.1 Potential scenarios for the end use of clean hydrogen in the United States
in 2030, 2040, and 2050.

Source: US DOE (2023).

H2@Scale program (US DOE 2020a, 2020b). This program is the latest iteration
of a federal hydrogen strategy that goes back more than two decades (US DOE
2001, 2002). At the federal level, the primary motivation for pursuing hydrogen
is to decarbonize hard-to-abate sectors. Other considerations include diversifying
supply, maintaining energy security, meeting future energy demand, and ensuring
resilience to climate events and other threats (US DOE 2020b). However, the re-
cent federal strategy focuses on meeting US demand through the domestic produc-
tion of hydrogen.

H2@Scale, launched by the DOE in 2016, is a comprehensive development
strategy within the framework of the existing DOE hydrogen portfolio, address-
ing the entire hydrogen value chain with a focus on integrated systems at scale. It
provides a targeted approach to resolve the identified technology and deployment
challenges of hydrogen, focusing on production; transport; storage; delivery; con-
version; integration; manufacturing and supply chains; safety, codes, and stand-
ards; and education and workers (US DOE 2020b).

As Figure 10.2 illustrates, hydrogen provides more options across sectors and
can complement the conventional grid and natural gas infrastructure in the United
States. Rather than only ‘electron-to-electron’ pathways such as the electric grid to
batteries, hydrogen can be stored and used where electrification may be challeng-
ing (US DOE 2023).
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FIGURE 10.2 DOE’s H2@Scale initiative to enable decarbonization across sectors us-
ing clean hydrogen.
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In addition, clear targets have been set for each focus area. For example, the
Earthshot challenge aims to reduce the production cost of clean hydrogen (green or
blue) to $1/kg by 2031 and the infrastructure and storage cost to $2/kg (US DOE
2021a).

H2@Scale plans to achieve these targets by defining program drives and ac-
tivities and executing them via regular workshops as well as providing grants
and drawing on information from academia and the private sector. Funding for
research and technology transfers is available to universities, national laboratories,
and the private sector through cooperative research and development (R&D) agree-
ments under public—private partnerships. Since the program’s inception, over 20
H2@Scale R&D projects between national laboratories and industry partners have
been established in areas such as the grid integration of electrolysis, development
of fueling technologies and methods, and analysis of hybrid energy systems. The
program also ensures coordination and collaboration internally, between the federal
government and states, between the public and private sectors, and with interna-
tional counterparts. Selected H2@Scale projects are likely to require supplemental
investment in the form of cost-sharing with the private sector to adequately test and
deploy new technologies.

National hydrogen policy in the United States was boosted by the Infrastructure
Investment and Jobs Act (IIJA) signed into law by President Biden on November
15, 2021. The Act has earmarked $9.5 billion for the following clean hydrogen
programs within the DOE:
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* $8 billion for the Regional Clean Hydrogen Hubs Program to develop at least
four large hydrogen hubs

* $1 billion for the Clean Hydrogen Electrolysis Program for the demonstration,
commercialization, and deployment of green hydrogen projects

e $0.5 billion for the Clean Hydrogen Manufacturing and Recycling Program to
support the clean hydrogen supply chain in the United States

The Act complements H2@Scale by boosting clean hydrogen R&D. It defines ‘clean
hydrogen’ as hydrogen produced with a carbon intensity, at the facility, of 2 kg of
CO, equivalent or less per kilogram of hydrogen produced (US Congress 2021). In
addition, the Regional Clean Hydrogen Hubs program requires hubs to demonstrate
feedstock diversity including from fossil fuels, renewable energy, and nuclear power.

In August 2022, President Biden signed the landmark Inflation Reduction Act
(IRA). This may prove to be the single most important event in the history of clean
hydrogen to date and a turning point for the nascent industry within and beyond the
United States (Collins 2022). The IRA includes a section on hydrogen, including
the provision of generous tax credits of up to $3/kg for 10 years that could make
clean hydrogen produced in the United States extremely competitive (Table 10.1).

The IRA introduces a production tax credit (PTC) and extends the existing in-
vestment tax credit (ITC) to cover a proportion of the upfront costs of hydrogen
projects, including that of standalone hydrogen storage technology (Cooper, Flem-
ing, and Perlman 2022).

The eligibility criteria for the PTC are based on the emission intensity of the
facility and are technology-neutral. Any hydrogen production facility can qualify
for the PTC for a 10-year period beginning from the date of service. However, its
lifecycle GHG emissions (well-to-plant gate) must not exceed 4 kg of CO, equiva-
lent per kg of hydrogen. The base PTC amount under the IRA is set at $0.60/kg
of hydrogen, as shown in Table 10.1. However, this can increase to a maximum
of $3/kg of hydrogen if two conditions are met. First, the emission intensity for
manufacturing hydrogen must fall between 0 and 0.45 kg of CO, equivalent per
kg of hydrogen. Second, the project must comply with the prevailing wages and
apprenticeship labor requirements (Samji et al. 2022).

TABLE 10.1 PTC for hydrogen producers under the IRA

Emissions intensity Tax credit  Credit per kg Qualifying
(kg of CO, equivalent  eligibility ~ of hydrogen facilities

per kg of hydrogen) multiplier (5%)
2.5t04 20% $0.12 $0.16
1.5t02.5 25% $0.15 $0.75
0.45to 1.5 33.4% $0.20 $1.00
Less than 0.45 100% $0.60 $3.00

Source: Hydrogen Forward (2022).
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A hydrogen facility with an emission factor of 0.45-1.5 kg of CO, equivalent
per kg of hydrogen will only receive 33.4% of the $0.60 base tax credit ($0.20) if
the wages and apprenticeship labor requirements are not met. However, if this con-
dition is met, the eligible tax credit is multiplied by 5, resulting in a total of $1/kg of
hydrogen.' Alternatively, the facility owner can opt for the ITC instead of the PTC.
Under the ITC, a tax credit of up to 6% can be received, which can rise to 30% if
the labor and wage requirements are met (Samji, et al. 2022). However, the owner
can also receive a separate 30% ITC for energy storage technologies, hydrogen
included, if constructed before January 1, 2025.

This game-changing effort by the Biden Administration is starting to encourage
other countries wanting to become major players in the nascent hydrogen space to
speed the implementation of regulatory frameworks and incentives to deploy clean
hydrogen production (see Chapter 8).

California strategy

California’s motivations to establish a hydrogen economy are primarily driven by
its challenging decarbonization targets (i.e., reduce emissions by 40% by 2030 and
reach carbon neutrality by 2045) as well as its goals of producing 100% carbon-
free electricity and reducing criteria pollutants (CA Legislative Information 2006,
2018a, 2018b, 2021). Its strategy has emphasized decarbonizing transportation
with technology-agnostic policies to increase the adoption of zero-emission vehi-
cles and a complementary effort to provide state funding for hydrogen-refueling
stations (CA Legislative Information 2013, 2020a, 2020b; California Air Resources
Board 2019, 2020, 2021a; New York Times 2020).

Hydrogen has long been part of the state’s energy strategy, with the Hydrogen
Blueprint Plan, which appeared as early as 2004, aiming to ensure hydrogen refu-
eling stations can meet projected demand (California Matters 2020). An Executive
Order in 2020 provided further impetus by targeting 100% of new vehicle sales
to be zero-emissions vehicles by 2035 (CA Legislative Information 2020a). The
vast majority of hydrogen consumption in California is gray hydrogen (~2 million
metric tons/year), predominantly for refining. Green hydrogen demand in Califor-
nia is estimated to reach 4 million metric tons/year by 2050, equivalent to 15% of
primary energy (California Energy Commission 2020). Producers of low-carbon
hydrogen are eligible for Low Carbon Fuel Standard (LCFS) credits if their prod-
uct benefits the transportation market. However, between 2016 and 2021, the spot
market pricing for LCFS credits ranged from $65 to $200 per credit (California Air
Resources Board 2021a). Therefore, a major challenge facing potential hydrogen
developers in the state is that the variance in future LCFS prices results in highly
uncertain project finances, leaving investors reluctant to commit.

Other major concerns and challenges in California include the uncertain rate of
growth in demand for hydrogen, high renewable electricity costs for green produc-
tion pathways, limited biomethane for renewable steam methane reforming (SMR)
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pathways, and onerous permitting processes (California Energy Commission
2020a). Addressing these challenges will require a combination of technology inno-
vation, policy measures, financial incentives, and regulatory frameworks. To date,
growth along the hydrogen value chain has been enabled by the state’s rigorous
policy framework, focusing on decarbonizing transportation. However, realizing
the full potential of hydrogen will require sector coupling, namely, the intercon-
nection of energy-consuming sectors (construction, transportation, industrial) with
the power-producing sector. Policies must be designed to incentivize utilities to
use hydrogen for the seasonal storage of renewable electricity and for industrial
applications such as the production of steel and cement to reduce CO, emissions.
The cost-effectiveness of hydrogen will improve greatly by formulating federal and
state-level incentives that enable regional hubs with a variety of end uses.

Other state-level strategies

Following the example set by California, several other states have incentivized
hydrogen use in the transportation sector. According to the American Legislative
Exchange Council (2020) and Alternative Fuels Data Center (2021), which both
track states’ policies for hydrogen vehicles, 14 states have introduced bills related
to hydrogen fuel cells since 2019. Bills fall into the following categories: procure-
ment (CT, HI, MA, MD, NH, NY, OR), mandates (HI), incentives (CA, CO, CT,
IL, HI, MA, NJ, TX, VA, WA), and infrastructure (HI, MA, VA, WA). Eleven of 26
bills have already been passed. States have also been supporting alternative fuel ve-
hicles through a combination of laws and regulations and incentives. For example,
Colorado and Washington provide consumers with incentives to purchase hydro-
gen fuel cell electric vehicles (FCEVs), and Hawaii offers benefits for FCEVs such
as parking fee exemptions and high occupancy vehicle lane use.

Potential for US hydrogen exports

The United States has the potential to be a major player in the international hydro-
gen market, with a current hydrogen production of 10 million tons/year and the
ability to produce large quantities of relatively cheap hydrogen from its abundant
natural gas and renewable energy resources. The incentives under the IIJA and
the IRA give a major boost to hydrogen producers in the United States, making
the price of clean hydrogen highly attractive. There is an opportunity for potential
hydrogen hubs on the Gulf Coast, as well in the East and West Coasts to be major
exporting regions of hydrogen or ammonia, particularly to fast-growing markets
in Japan and the European Union. Figure 10.3 shows how competitive US clean
hydrogen exports to Germany can be with the inclusion of the PTC under the IRA.

However, to take advantage of this opportunity, more guidance is needed on
the methodology for measuring GHG emissions and on how renewable energy is
used (e.g., concept of additionality). The United States also needs to move quickly
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FIGURE 10.3 Landed cost of hydrogen in Germany as an end-product 2030, Euro/kg.
Source: Wilson (2022).

to leverage its competitive advantage, as Chile, the Middle Eastern countries, and
Australia are developing export strategies and agreeing contracts to provide clean
hydrogen to Japan and the European Union. In addition to policy incentives, the
federal government must establish international trade relationships and smooth out
the permitting process to hydrogen developers and exporters.

One factor that may determine the degree of exports is the local demand for hy-
drogen, for both existing and new use cases. As shown by the strategy, the United
States aims to reach 50 million tons of clean hydrogen consumption by 2050 (from
10 million tons of unabated hydrogen today) to meet its national targets. Nonethe-
less, there is a clear opportunity for the United States to be a dominant competitor
in the global hydrogen market, but the guidance and transparency on the GHG
accounting and the consumption of clean electricity will need further clarification
and whether they conform to the standards and regulations of the target markets.

Utilization of carbon-free hydrogen in the United States

Low-carbon projects

In the private sector, a number of low- and zero-carbon hydrogen projects are un-
derway or in various stages of permitting and construction. These projects fall into
four categories: producing blue hydrogen under SMR with CCS, building green
hydrogen plants for electrolysis or gasification, retrofitting existing power plants to
use some percentage of hydrogen blended with natural gas, and blending hydrogen
into existing natural gas pipeline distribution systems.

North American blue hydrogen projects are leading the way. Five blue hy-
drogen facilities are operating in the United States and Canada, with three more
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under construction (Columbia Center for Global Energy Policy 2020). In the
short-to-medium term, the abundance and low cost of natural gas in the United
States means that blue hydrogen is currently cheaper than green hydrogen ($1-3/kg
vs. $5-8/kg; US DOE 2020a). The addition of CCS to a steam methane reformer
adds only $0.21/kg to the cost of the hydrogen if the CO, can be stored close to
the production site (US DOE 2020a). However, blue hydrogen projects will also
need to compete on emissions as the degree of incentives is correlated with carbon
intensities.

Although 40 million tons of CO, are sequestered annually worldwide under
CCS, significant challenges remain. First, CO, may be stored in either depleted
oil and gas reservoirs or saline aquifers. Saline aquifers are widespread across the
United States and often the closest storage option to avoid expensive CO, transport.
However, in contrast to depleted oil and gas reservoirs, there is a limited amount of
subsurface characterization and a lack of data to fully understand how a CO, plume
might travel through the saline aquifer. Further, without pressure depletion from
production, there is a possibility of triggering earthquakes. To mitigate these risks,
meet regulatory requirements, and ensure social acceptance, data from characteri-
zation wells and seismic surveys must be collected and analyzed. This will take
time and slow the development of blue hydrogen projects nationally.

Further, the cost of blue hydrogen remains higher than that of other fuels such as
natural gas. However, policy incentives such as California’s LCFS in conjunction
with the federal carbon sequestration tax credit (45Q) or the clean hydrogen PTCs
(45V) can improve the viability of producing blue hydrogen. Indeed, a recent re-
port found that hydrogen generation with CCS in California is a profitable business
venture (EFI and Stanford 2020). With LCFS credits of $100/ton of CO, layered
on top of the previous 45Q credit of $50/tonne of CO,, the resulting profit margin
is $25-50/ton of CO, (equivalent to ~$5 per kilogram of hydrogen produced). The
incentive for permanently stored CO, under the 45Q has been upgraded to $85/ton
under the IRA which further enhances the profit margins.

Figure 10.4 shows a map of electrolyzers over 120 kW (~0.1 tons/day) and those
under construction in the United States. To date, most installations have been on
the East Coast and West Coast, and hydrogen is mostly used for transportation.
However, some electrolyzer projects in the midwestern states have generated hy-
drogen for fertilizer production.

Table 10.2 lists selected green hydrogen plant projects ranging in scale and
scope from small demonstration projects producing a few tons of hydrogen per
day to large commercial plants generating more than 30 tons per day. Of these, the
$1.9 billion Intermountain Power Project (IPP) in Utah is developing a commercial
hydrogen hub. The project aims to retire existing coal-fired power plants and install
840 MW of new gas-fired electricity generation units by 2025. These units will
initially use a blend of natural gas and 30% green hydrogen, with the plan to transi-
tion to 100% hydrogen by 2045 pending technological advancement. An on-site
electrolyzer will provide green hydrogen. The IPP is also located close to natural
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TABLE 10.2 Selected green hydrogen projects in the United States

Project State Hydrogen production Hydrogen production — Hydrogen use Estimated operational
capacity (tons/day)  process commencement
SGH2 Lancaster CA 11 Gasification of biomass Buildings/vehicles 2022
from landfill

Fresno County (Plug Power) CA 30 Solar electrolysis Vehicles 2025
Florida Power and Light (Nextera) FL 10 Solar electrolysis Blend into a 23-MW natural 2023

gas power plant
Camden (Plug Power) GA 15 Solar electrolysis Fuel cell vehicles 2022
New Jersey Resources (Howell) NJ  0.065 Solar electrolysis Demonstration: blend into the 2021

gas distribution system
Atlantic Shores NJ 24 (calculated) Wind electrolysis Pilot project (5-10 MW) 2028
Lancaster County PA 15 Hydroelectric Fuel cell vehicles 2022
Apex Clean Energy X 30 Wind electrolysis Fuel cell vehicles 2025
IPP UT  Not stated Solar and wind 840-MW coal power plant 2025 (30%)

Douglas County Public Utility WA
District

2 (calculated)

electrolysis

Hydroelectric

upgrade to run on a 30%
hydrogen— natural gas blend
Fuel cell vehicles

2045 (100%)

2021

Source: Compiled from press releases. A conversion factor of 48 KWh/kg hydrogen is used to calculate the volumes of generated hydrogen when no data are available.

$9181§ PaUN Y3 Ul Awouodd uabolpAy Buiajoas sy

68T



290 Naomi L. Boness and Gireesh Shrimali

salt domes where hydrogen can be stored. The power generated by the IPP will be
used to power approximately 700,000 homes in southern California.

Another major project is the Advanced Clean Energy Storage project run jointly
by Mitsubishi Hitachi Power Systems and Magnum Development, which plans to
store up to 1,000 MW of hydrogen for seasonal energy storage (Magnum Develop-
ment 2019). Similarly, the Wyoming Energy Authority has approved three feasibility
studies: (1) evaluating a natural gas generator fed with blue and green hydrogen
from solar electrolysis, (2) evaluating water access and compatibility to support
green hydrogen production; and (3) planning biomethanation (i.e., the gasification
of organic waste).

In addition to generation projects, combined cycle cogeneration power plants
have announced upgrades to run on a percentage of hydrogen blended with natural
gas, with a transition to 100% hydrogen when advances are made in turbine tech-
nology (Table 10.3). The first of these projects is the Long Ridge Energy Terminal
in Ohio that began providing low-carbon power to customers in late 2021.

Finally, a handful of proposals have been submitted by utilities such as Southern
California Gas, San Diego Gas and Electric, Southern Company, and Dominion
Energy to blend various amounts of hydrogen (5%—-20%) into existing natural gas
pipelines. Efforts are already underway to address safety concerns about pipeline
embrittlement and establish blending standards and guidance. The timeline for
when utilities will actively begin injecting hydrogen into the pipeline is unclear.

The United States and Saudi Arabia: from fossil fuels
to green hydrogen

Both the United States and Saudi Arabia are poised to become major players in
low-carbon hydrogen. In April 2021, they both joined a newly established Net Zero
Producers Forum along with Qatar, Canada, and Norway, countries that together
represent about 40% of global oil and gas production. The forum will act as a plat-
form for these countries to discuss pathways to decarbonization to reach net-zero
emissions (US DOE 2021d). Leveraging such multilateral agreements and building
on existing bilateral relationships are key drivers for both the United States and
Saudi Arabia to accelerate their emissions reductions. Both countries have similar
low-cost resource bases that can support the scale up of low-carbon technologies
such as renewable power generation, carbon capture and storage (CCS), and hy-
drogen. For them to meet their ambitious blue hydrogen goals, it is critical for CO,
storage to support the development of CCS projects (Zakkour and Heidug 2019).
The vast majority of global CO, storage facilities are in the United States
(Global CCS Institute 2021) because of the benefits of the 45Q tax credit and Cali-
fornia’s LCFS. This fact demonstrates that when policy creates a business case for
investment, projects proceed. Saudi Aramco has CCS experience, and it is involved
in multiple projects that inject captured CO, to both store CO, and enhance oil re-
covery. However, further incentives, either at the national or at global levels (e.g.,
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TABLE 10.3 Selected power plant upgrade projects in the United States
Company/facility State Power plant Hydrogen use Estimated
capacity operational
commencement
JERA Americas NJ 972 MW Blending 40% hydrogen 2022
(Linden) with natural gas in
cogeneration units with
six gas turbines (172
MW)
NRG NY 646 MW Converting a peaker gas 2040
(Astoria, Queens) plant into a 437-MW
hydrogen base plant
Danskammer NY 530 MW Converting a peaker gas 2030 (30%
(River Road) plant into a hydrogen hydrogen)
base plant 2040 (100%
hydrogen)
Cricket Valley NY 1.1GW Pilot project: blending 5% 2022
Energy Center hydrogen into one of
(Dover Plains) three cogeneration gas
turbines
Long Ridge Energy OH 485 MW Converting a gas power 2021 (15%-20%)
Generation Project plant into hydrogen 2030 (100%)
(New Fortress)
Emberclear OH 1GW Converting a gas power 2023
(Harrison) plant into hydrogen
Entergy (Sabine) X 12GW Building a new plant to 2026
run on a 30% hydrogen—
natural gas blend
IPP UT 840 MW Upgrading a coal power 2025
plant to run on a 30%
hydrogen—natural gas
blend
Balico VA 1.65GW Upgrading a natural gas Not stated

power plant to run on a
30% hydrogen blend

Source: Compiled from press releases.

Article 6 of the Paris Agreement) are necessary to advance CCS and overcome the
economic hurdles in the Kingdom and globally. With the exception of the United
States and EU nations, most countries have limited regulations and policy incen-
tives to price CO, emissions and therefore scale up low-carbon projects.

The United States focuses on producing hydrogen to use domestically to reduce
emissions and ensure both energy sustainability and energy security. Saudi Arabia,
by contrast, has a smaller domestic market and focuses on producing hydrogen
for export. Another contrast bet