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Abstract: Across the globe, energy production and usage cause the greatest greenhouse gas (GHG)
emissions, which are the key driver of climate change. Therefore, countries around the world are
aggressively striving to convert to a clean energy regime by altering the ways and means of energy
production. Hydrogen is a frontrunner in the race to net-zero carbon because it can be produced
using a diversity of feedstocks, has versatile use cases, and can help ensure energy security. While
most current hydrogen production is highly carbon-intensive, advances in carbon capture, renewable
energy generation, and electrolysis technologies could help drive the production of low-carbon
hydrogen. However, significant challenges such as the high cost of production, a relatively small
market size, and inadequate infrastructure need to be addressed before the transition to a hydrogen-
based economy can be made. This review presents the state of hydrogen demand, challenges in
scaling up low-carbon hydrogen, possible solutions for a speedy transition, and a potential course of
action for nations.

Keywords: hydrogen; green hydrogen; low-carbon hydrogen; energy transition; hydrogen strategy

1. Introduction

Emissions of greenhouse gases (GHGs) from the combustion of fossil fuels linked
to various economic activities are the primary reason behind climate change and global
warming [1]. GHGs trap heat and result in respiratory disease by causing smog and air
pollution [2]. Energy is one of the key sectors responsible for the emission of GHGs [3]. It
is increasingly evident from scientific research that humanity’s best chance of survival as
a species is heavily reliant on its ability to move away from incessant consumption and
combustion of fossil fuels [4]. A changeover to alternative energy sources is inescapable in
the foreseeable future. For countries such as the USA, which contributes substantially to
carbon emissions, hydrogen and other renewable sources of energy are likely to prove to
be the feasible low-carbon alternatives for energy systems of the future [5].

Energy transition refers to the global energy sector’s changeover from fossil-based to
zero-carbon-based energy production and consumption over the next few decades [6,7].
Hydrogen is being increasingly considered an important player in international strategies
for decarbonizing different sectors [8]. The versatile molecule can be used as both a chemical
feedstock as well as an energy vector and can decarbonize hard-to-abate industries such as
maritime shipping, chemicals, iron and steel, and long-haul aviation [9]. Research projects
and industrial applications are addressing different components of the hydrogen pathways,
which include production, storage, transmission, distribution, and final uses [10].

This review examines hydrogen’s potential to accelerate the transition to clean and
renewable energy. It consists of five sections. After the Introduction, Section 2 presents
the potential use cases of hydrogen along with its current supply and demand. Section 3
dives into key production technologies and illustrates the challenges in producing “green”
electrolysis-based hydrogen. Section 4 contains an overview of regulatory strategies and a
comprehensive table of announced policies to accelerate the adoption of hydrogen. The last
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section discusses key takeaways and conclusions regarding the possibilities and challenges
associated with a hydrogen economy.

2. The State of Hydrogen Demand and Supply
2.1. Hydrogen Applications

Policymakers across the world are looking at wind and solar technologies as possible
solutions to decarbonize the energy sector [11]. However, wind and solar technologies
are constrained by both daily and seasonal fluctuations in wind availability and sunshine,
which creates problems for the stability of the power grid. Hydrogen produced using
renewable sources has shown significant promise to act as an alternative fuel due to
several attributes such as a superior conversion efficiency, high energy density levels,
storage possibilities, and clean fuel benefits [12]. Discrete waves of interest and zeal have
maintained that affordable clean hydrogen can provide the foundation for an alternative
fuel that is not fossil-based—chiefly in exploring the possibility of using fuel cells in the
transport sector for power generation [13].

Hydrogen has a wide variety of uses such as in fuel cells for electric vehicles, heavy
transport including shipping, manufacturing of steel and cement, production of green
ammonia used in fertilizer manufacturing, and power generation and stabilization of the
electricity grid [14], as detailed in Figure 1.

Hydrogen Use Cases
Chemical
Transport Power Indust Buildings
FCEVs and Electricity Fertilizers
Trucks peaking plants
Energy
Airplanes Fuel Refining
Storage
Synthetic fuels

Figure 1. Uses of hydrogen as clean energy; fuel-based applications are mentioned in blue, heat-based
applications in yellow, and feedstock-based application in brown.

Hydrogen has the potential to facilitate an energy revolution through the provision of
the necessary suppleness in the systems pertaining to the generation of renewable energy.
As a carrier of clean energy, hydrogen can provide an array of benefits for the simultaneous
decarbonization of several sectors, including household, industry, trade and commerce,
and transportation [15]. Hydrogen has demonstrated synergies with several alternative
low-carbon emitters and has the capacity to help in the transition to decarbonized and
cleaner energy systems in an economical manner [16].

Additionally, it has been suggested that hydrogen can assist in deploying clean energy
generated from renewable sources of energy on a broader scale [13]. As is generally agreed
upon, electrification is the primary and most budget-friendly route to decarbonization.
Firstly, the subsidy-driven technology innovation era has heralded wind and solar as the
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most cost-friendly electricity generation sources globally. Secondly, swift technological
innovations offer inexpensive batteries, heat pumps, electrical motors, and other such
advancements that permit electricity to foray into conventional sectors erstwhile dominated
by fossil fuels; e.g., transport, heating, and industry. With the abundance of wind and solar
energy, electrolyzers can utilize some of the surplus energy to create hydrogen and store it
for days when solar and wind energy is at a premium due to local weather conditions. Fuel
cells or turbines could be used to convert stored hydrogen into electrical power to shore up
the electrical grid and avoid undue stress [15].

2.2. Hydrogen Demand

Arguments in favor of a hydrogen economy are snowballing. A growing number
of reports and research papers indicate that hydrogen has the potential to become an
essential part of nearly all segments of any energy system, including in the generation
of electricity [17]. Additional assessments by OECD governments have highlighted the
technical and economic viability of hydrogen as a probable choice for the decarbonization
of transportation through fuel cells [18,19].

In 2021, the global hydrogen demand was approximately 94 million metric tons (Mt)
per year. Around half of this was used to make ammonia and methanol, while the remaining
half was used in petrochemical refineries and iron and steel manufacturing [20]. In addition
to a chemical feedstock, hydrogen can also be an energy carrier because it is able to not
only store but also deliver an enormous volume of energy. It is possible to make use of
hydrogen in fuel cells for the purposes of heat, power, and electricity generation. Utilities
and transportation are quickly emerging as large potential markets for hydrogen [21].
The current trends showcase that demand for clean hydrogen is skyrocketing and could
potentially double to more than 180 Mt per year by 2030 [20].

2.3. Hydrogen Supply

Despite being a colorless gas, various colors are ascribed to hydrogen. Based on
the process of production, hydrogen may be black, grey, brown, blue, or green—and
occasionally turquoise, pink, or white [22], as described in Table 1.

Table 1. Classification of hydrogen based on production technology used [23].

Hydrogen Type Production Technology Source Remarks
Black o Bituminous coal Most er}vironmenta]l.y d.amaging with a high QHG
Gasification — footprint. Carbon dioxide and carbon monoxide
Brown Lignite coal generated during the process are not recaptured.
Grey Natural gas reforming Natural gas Most common. Medium GHG footprint.
Natural gas reforming or
Blue gasification with carbon Methane, coal Low GHG footprint
capture (85-95%)
Turquoise Pyrolysis Methane Solid byproduct
Green Renewable sources: solar, ~ Additionally called “Clean hydrogen”. Minimal
Electrolysis wind, hydroelectricity GHG footprint.
Pink/ Purple Nuclear energy Minimal GHG footprint

White

Occurs naturally in
underground deposits and Minimal GHG footprint
is exploited through drilling.

Today, grey hydrogen constitutes the vast majority of the hydrogen production that
leads to significant carbon emissions. In 2021, the global production of 94 Mt of H2 was
estimated to lead to 900 Mt of CO, emissions [24], which was nearly three times the annual
CO; emissions of France [25]. Methane reforming, which was the main route used in 2021,
accounted for nearly 62% of all production.
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Another 18% was produced as a byproduct of naphtha reforming in refineries and
then used for other refinery processes such as hydrocracking and desulfurization. Around
19% of the hydrogen was produced using coal gasification, mainly in China. Less than
1 Mt (0.7%) of hydrogen was produced using low-carbon pathways, with only 35 kt being
produced via water electrolysis. While the amount of hydrogen produced using electrolysis
was relatively small, it represented a 20% increase over 2020, signifying an accelerating
pace of electrolyzer deployment [24].

3. Production Technologies for Hydrogen
3.1. Overview of Production Technologies

A key benefit of hydrogen is that it can be produced using a large number of in-
puts that include both renewable sources and fossil fuels. Until recently, hydrogen was
produced using the most economic process (steam methane reforming) with little or no
consideration of the effect it had on the environment. As alternative and environment-
friendly technologies are developed, it is important that these be sufficiently efficient and
economical to spur mass industrial adoption [26]. Table 2 provides an overview of the
major hydrogen-production pathways.

Table 2. Overview of hydrogen-production pathways.

Production Pathways Energy Sources

Electrolysis

Electrolysis of water Solar, wind, nuclear, microbial

Photolytic splitting of water Solar
Biological

Fermentation Biomass
Thermochemical

Thermal splitting of water Solar

Gasification Biomass, oil, coal

Pyrolysis Biomass, natural gas

Steam reforming Natural gas

Plasma reforming Natural gas

Partial oxidation Natural gas, oil, coal

3.2. Fossil-Fuel-Based Hydrogen Production
3.2.1. Steam Methane Reforming (SMR)

The current most widely used process for hydrogen production can convert natural gas
to hydrogen through a two-stage process. In the first stage, desulfurized raw hydrocarbons
are mixed with high-temperature steam (700-1000 °C) to produce syngas, a mixture of
H; and CO. Then, the carbon monoxide reacts with steam to produce carbon dioxide and
hydrogen [27]. This is also called a water—gas shift reaction. Finally, carbon dioxide and
other impurities are removed from the gas stream, leaving behind pure hydrogen. The
process typically uses nickel as a catalyst. The reactions involved are given below [28].

Steam-methane-reforming reaction:

CH4 + Hzo (+ heat) — CO+ 3H2
Water-gas shift reaction:
CO + H,O — CO; + Hy (+ small amount of heat)

The steam reforming process can also be used to produce hydrogen from other lighter
hydrocarbons such as ethane and propane or oxygenated hydrocarbons such as methanol
or ethanol. While the process helps to achieve a relatively high heat efficiency, it produces
significant carbon emissions.
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3.2.2. Partial Oxidation (POX)

In partial oxidation, natural gas is made to react with a limited amount of air at
temperatures ranging from 1300 to 1500 °C and pressures ranging from 3 to 8 MPa [26].
The partial oxidation converts natural gas to a mixture of primarily carbon monoxide,
hydrogen, and nitrogen. The carbon monoxide further undergoes the water—gas shift
reaction in which it reacts with steam to produce hydrogen and carbon dioxide. The partial
oxidation reaction is given below [28].

Partial oxidation of methane reaction:

CHy + 20y — CO + 2H; (+ heat)

The process is exothermic; i.e., it gives off heat. Further, it is much faster than steam
reforming and requires a smaller reactor vessel. Additionally, the process can handle sulfur
in the feedstock because it does not require catalysts. However, catalysts can be used to
lower the reaction temperature and make thermal management easier if the feedstock has a
low sulfur content.

3.2.3. Autothermal Reforming (ATR)

Autothermal reforming combines the steam reforming and partial oxidation pro-
cesses. Steam reforming generates high hydrogen and low carbon monoxide yields but is
exothermic and requires external energy. On the other hand, partial oxidation produces
less hydrogen and more carbon monoxide but is endothermic. The hydrogen-to-carbon-
monoxide ratio can thus be varied based on the process requirements. The generated
carbon monoxide then undergoes a water—gas shift reaction in the presence of steam to
produce hydrogen and carbon dioxide. The process can be shut down and started very
rapidly compared to steam reforming [26] and achieves a higher efficiency compared to
SMR and POX [29].

3.2.4. Coal Gasification

Coal is heated in a pyrolysis process that vaporizes the volatile component of the
feedstock. Then, a sub-stoichiometric amount of oxygen is added to the combustion
chamber so the char undergoes gasification at high temperatures, which produces syngas
composed of hydrogen and carbon monoxide along with solid residues [29]. Next, the
carbon monoxide undergoes the water—gas shift reaction in which it is converted to carbon
dioxide and hydrogen. Finally, the gas stream is purified to remove the carbon dioxide
and other impurities to produce pure hydrogen. The process can also be adjusted to use
biomass or other hydrocarbons that are abundantly available.

3.3. Renewable Processes for Hydrogen Production
3.3.1. Electrolysis

In electrolysis, a direct current is passed through two electrodes, which results in the
breaking of chemical bonds present in water molecules into hydrogen and oxygen. The
electrodes are immersed in an electrolyte and separated by a membrane through which ions
can move. Hydrogen ions move toward the cathode to form hydrogen gas. The reactions
involved are [26]:

Cathode: 2H,O (1) + 2~ — Hj (g) + 20H™ (aq)

Anode: 4OH™ (aq) = O3 (g) + 2 H,O (1) + 4e™
Overall: 2H2O — 2H, + 02

While the process is ecologically clean because no greenhouse gases are formed, it is
extremely energy-intensive. Electrolysis requires 50-60 kWh of electricity to produce 1 kg
of hydrogen and 8 kg of oxygen. The three types of electrolysis technologies that are used
most commonly are described in Table 3.
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Table 3. Electrolysis production technologies [29,30].

Alkaline Electrolysis

Proton-Exchange Membrane (PEM)

Solid Oxide Electrolysis Cell (SOEC)

Alkaline technology is used
extensively in the chlorine
industry; a strong base such as
potassium hydroxide is generally
used as the electrolyte due to its

Description

PEM uses a ionically conductive
solid polymer; hydrogen ions travel
through the polymer membrane
toward the cathode. PEM has a very
short reponse time of less than 2 s.

SOEC is based on steam water
electrolysis at high temperatures,
thereby reducing need for electrical
power. Heat is only needed to vaporize
water and can be obtained from waste

high conductivity. industrial heat.
Capital Costs(stack-only, . . .
~1 MW, USD/kWe) 270; <100 expected 400; <100 expected >2000; <200 expected
Efficiency(%, LHV) 52-69% 60-77% 74-81% excluding heat to vaporize

water)

Typical Plant Size(tpd Hy) 60; 100 expected

50-80; 100-120 expected

<20; 80 expected

Stack Lifetime(in

thousands of hours) 60; 100 expected

50-80; 100-120 expected

<20; 80 expected

Operating
Temperature (°C) 60-80 50-80 650-1000
Operating Pressure (bar) 1-30 20-50 1

Scaling benefits to reduce costs;
improvement in lifetime;
improved heat exchangers.

Expected R&D
Improvements

Scaling benefits to reduce costs;
improvement in material and
component lifetimes.

Improvement in component lifetime by
improving the resistance to high
temperatures and improving the

response to fluctuating energy inputs.

Most mature technology; has the

Pros and Cons lowest capital cost but also the

Highly efficient but more expensive
than alakaline electrolysis.

High future potential but still in the
developmental stage.

lowest efficiency.

Electrolysis requires fresh distilled water as a feedstock to produce hydrogen. From
a stoichiometric perspective, 1 kg of hydrogen requires 9 kg of water as input, but the
actual consumption could be between 18 and 24 kg due to process inefficiencies and re-
quirements for water demineralization [30]. The IEA estimates that around 61.7 Mt of
H, will be produced using electrolysis by 2030 [20]. This implies a total water demand
of 1.1-1.5 billion m3, which is less than 0.05% of the current global freshwater consump-
tion [31]. Additionally, in places with water stress, electrolysis can be integrated with salt
water desalination at minimal additional costs of USD 0.01-0.02/kg Hj [32]. Thus, direct
water use during electrolysis is not expected to be a barrier to scaling up electrolysis.

3.3.2. Microbial Processes

In addition to conventional chemical and electrical processes, biological approaches
could also help to increase the production of low-carbon hydrogen [29]. The first approach,
called dark fermentation, uses anaerobic bacteria and microalgae in a dark tank to convert
biomass and water into hydrogen and carbon dioxide. The operating temperature is
typically maintained between 25 and 40 °C to prevent thermal inactivation of the microbes.
The second approach, called microbial fermentation, combines electrical energy with
microorganism activation to produce hydrogen with low energy inputs. Bacteria are
attached to the anode and fed acetic acid to release hydrogen ions. This reduces the amount
of electrical energy required from renewable sources and leads to low-carbon generation
of hydrogen. However, both of these technologies are currently at the pilot/lab scale and
need to be further developed prior to their applications in industry.

3.4. Cost of Production

A key challenge in producing hydrogen, especially from renewable resources, is
offering hydrogen at economical price points. From the standpoint of fuel cells used in
transportation, hydrogen needs to be provided at a price that is competitive with prevalent
vehicle fuels and conventional technologies when compared on a per-mile basis. This
translates to a cost of hydrogen lower than USD 4.7/gallon of gasoline equivalent [33]
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irrespective of the technology used for hydrogen production. To reduce the levelized cost
of hydrogen (LCOH), research has focused on improving hydrogen production efficiency
and reducing the costs involved in operations, capital equipment, and maintenance [21].

The key cost factors in producing blue hydrogen include the underlying capital
expenditure and the cost of the fossil fuel. For green hydrogen, the key cost components
are the electrolyzers and the renewable energy. While these factors vary significantly from
region to region, Table 4 below provides the high and low ranges of the global average
LCOHs based on different production sources. It is expected that by 2050, increasing CO,
prices will disincentivize grey hydrogen production. Further, green hydrogen is expected
to achieve cost parity with blue hydrogen as the price of electrolyzers and renewable energy
comes down significantly while that of natural gas increases.

Table 4. Global average LCOH by production source in 2019 and 2050 [34].

. LCOH-Low LCOH-High CAPEX OPEX . . Capacity .
Production Source (USD/kgHy)  (USD/kgH)  (USD/kWe) (% of CAPEX)  Cificiency Factor Fuel Price
2019
Natural gas 0.7 1.6 910 4.7% 76% 95%
Natural gas with carbon D 1.5-6.6 /M
capture and sequestration 1.2 2.1 1580 3.0% 69% 95% USD 1.5-6.6/MMbtu
(CCS) (95% capture)
Coal gasification 19 2.5 2670 5.0% 60% 95%
AP - USD 50-250/ton
Coal ga51f01cat10n with CCS 21 26 2780 5.0% 58% 95%
(90% capture)
Electrolysis with dedicated 32 77 870 22% 64% 35% USD 35/kWh
renewables supply
2050
Natural gas with CCS 1.2 21 1280 3.0% 69% 95% USD 1.8-7.4/MMBtu
Coal with CCS 2.2 2.5 2780 5.0% 58% 95% USD 30-65/ton
Electrolysis with dedicated 13 33 270 15% 74% 45% USD 20/kWh

supply of renewables

3.5. Current Challenges for Green Hydrogen

Green hydrogen refers to the hydrogen produced by splitting water via electrolysis
by employing an electric current in the hydrogen and oxygen in an electrolyzer using
renewable electricity [35]. Green hydrogen and e-fuels (synthetic fuels produced from
hydrogen and carbon dioxide) have much lower carbon emission levels compared to
grey hydrogen and fossil fuels. However, to be truly carbon-free, the electricity used
in this process must be renewable. The production of hydrogen and e-fuels by using a
regular power grid as the source defeats the purpose because, depending on the location, a
significant portion of the electricity is generated from coal, oil, and natural gas, which does
not benefit the environment [36].

Developing a fully “green” hydrogen facility often requires a dedicated wind farm
or solar plant to provide reliable zero-carbon electricity. This limits the capacity factor
of the hydrogen facility to that of the underlying renewable resource, which leads to
significant additional capital expenditures for electrolyzers and compressed hydrogen
storage. Furthermore, the relatively nascent state of the green hydrogen market leads
to many other challenges as described below. It must be noted that these challenges
provide potential business development opportunities for both established and emerging
companies operating in the green hydrogen space.

1.  Limited knowledge of optimum design, thus limiting profitability and stability: Fulfill-
ing market demand will make it necessary for organizations to augment and enhance
the designs of their plants for green hydrogen generation. However, optimizing
plant designs and end-to-end green hydrogen systems can be a complicated affair
and extremely expensive due to the dearth of market data. When green hydrogen
generation plants are built within existing industrial clusters, designing and scaling
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up become even more complicated because care has to be taken to minimize any
adverse commercial impact of the transition to green hydrogen on existing operations
during the transition phase [37].

2. Elevated operational costs and inadequacy of dedicated workforce: The hydrogen
economy will create many new employment opportunities, but a slow rate of technical
learning and lack of necessary skill sets has led to the inadequacy of the specialized
labor required to support the hydrogen economy. This will be a significant imped-
iment to the development and maturity of the industry. In addition, storing and
transporting a highly inflammable and explosive gas such as hydrogen requires sub-
stantial investments in specialized pipelines and carriers. Astronomical expenses
and uncertainties accompanying the infrastructure adaptation and transfiguration for
generation, distribution, and storage systems are among the key issues [38].

3.  Significant energy losses: Green hydrogen loses a substantial amount of energy
throughout the supply chain. About 30-35% of the energy is lost during hydrogen
production through the electrolysis process. Additionally, liquifying hydrogen or
converting it to carriers such as ammonia causes a 13-25% energy loss. Furthermore,
transporting hydrogen incurs another 10-12% loss [39]. Lastly, the application of
hydrogen in fuel cells will give rise to an additional 40-50% energy loss. Unless these
inefficiencies are addressed and improved, a substantial volume of renewable energy
will be required to feed green hydrogen electrolyzers that are capable of competing
with end-use electrification [37].

4. Green hydrogen procurers and value: Monetizing green hydrogen is a crucial chal-
lenge due to the exigence of storage and distribution. Green hydrogen can be pro-
duced economically in places that receive copious amounts of sunlight, such as Spain,
Portugal, Australia, and Tunisia, but the industrial procurers are usually not located in
close proximity. This makes it essential to install a dedicated transportation infrastruc-
ture, thereby increasing costs and lead times. Moreover, green hydrogen valuation
presupposes “Guarantee of Origin” certification and carbon credit convertibility. Both
of these schemes are still in the developmental stage and are constantly subjected to
intense debates [40].

3.6. Green vs. Blue Hydrogen

There are various propositions in favor of “blue hydrogen”; i.e., employing carbon cap-
ture and storage to reduce GHG emissions from fossil-fuel-based production of hydrogen,
which is often endorsed as a low carbon emitter [41]. The process typically employs steam
methane reforming or auto thermal reforming and captures carbon dioxide emissions,
which are either used in other chemical processes or stored in underground reservoirs.
However, production of the natural gas feedstock invariably involves some methane emis-
sion, which could add to significant GHG emissions [42]. Most studies overlook this
fugitive methane emission [43].

On the other hand, green hydrogen is experiencing a global resurgence as an alter-
native fuel generated using clean energy, which will help bring the world into a net-zero
emission regime [44]. Green hydrogen currently makes up a very meager percentage of
global hydrogen production [45]. Nevertheless, it can act as a formidable tool for resolving
the problems of the intermittency of renewable energy sources and the decarbonization
of heavy industry. Augmenting the production of green hydrogen presents significant
challenges, as discussed in Section 3.5. However, contemporary state-of-the-art technology
can provide solutions to a certain extent.

At present, the cost of generation of green hydrogen is relatively high (Table 4).
Even though carbon capture and storage of blue hydrogen is an expensive proposition,
nevertheless, the process is able to generate low-carbon fuel at a much lower cost in
comparison to green hydrogen. The scientific community is of the opinion that only
green hydrogen generated using renewable energy can be considered truly clean, while
blue hydrogen is only a stopgap measure until green hydrogen production is scaled up
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sufficiently. However, blue hydrogen remains relevant in the transition because it is
synonymous with high volumes, an affordable cost, and thus competitiveness, which is
particularly pertinent for countries with a large energy export market such as Norway [46].
The IEA estimated that nearly 18% of hydrogen production in 2030 will be “blue”, while
34% will use “green” sources.

4. Regulatory Strategies to Accelerate the Hydrogen Revolution

Nations all around the globe favor renewable technologies due to the concerns that
exist regarding reductions in carbon emissions and the security of energy supplies [40].
Safe, reliable, economic, and environmentally friendly energy supplies will ensure the
long-term growth of society and superior standards of living for the masses. However,
political, social, and economic barriers continue to restrict such energy availability [47].
Nevertheless, green hydrogen continues to garner unparalleled political and commercial
thrust with rapid expansion in projects and policies all across the globe [43].

4.1. Policy Framework for the Hydrogen Economy

For the green hydrogen revolution to occur, deploying renewable energy with dra-
matic acceleration is imperative [49]. Countries with decent renewable energy resources
should concentrate on locally generated green hydrogen, which would create economic
opportunities and boosting energy security by reducing exposure to fuel supply disrup-
tions and volatilities in oil prices. Countries with access to cheap natural gas can focus on
bolstering carbon capture to support the production of blue hydrogen.

Governments also need to support the downstream use cases of hydrogen through
policies geared at developing hydrogen-powered fuel cell electric vehicles (FCEVs) and
hydrogen refueling stations (HRSs). Further, it is necessary for countries to strengthen
the transport and distribution infrastructure. Where the domestic consumption needs
cannot be fulfilled internally, international supply agreements must be reached, such as
the one signed between E.ON, Germany’s largest energy group, and the green power arm
of Australian miner Fortescue Metals for shipping green hydrogen to Europe to reduce
dependence on Russia [50]. In addition to infrastructure deployment, the development of
a hydrogen economy hinges on training sufficient skilled labor in time, which should be
supported by national policies.

Due to the expensive nature of the transition, at least in the initial stages, it is essential
to ensure that businesses receive financial support for the changeover. The availability of
concessional funds along with support from development finance institutions can play
a crucial role in the deployment of pioneer green hydrogen projects, which will increase
the rate of green hydrogen uptake, especially in developing countries [51]. Figure 2
provides a framework of the key regulatory policies that will be required to scale up the
hydrogen economy.

4.2. State of Hydrogen-Focused Policies and Strategies

The European Union (EU) and its member nations such as Germany, France, and Spain
have all announced major policies that are focused on augmenting domestic low-carbon
hydrogen production and use. In addition to reducing carbon emissions, hydrogen is ex-
pected to reduce Europe’s dependence on oil and gas imports from Russia. Governmental
bodies in Asia are also taking proactive steps by investing significantly in hydrogen fuel
generation. The Chinese government investment in hydrogen-powered transportation has
already crossed USD 217 billion. The Indian government is also following a similar path.
The USA has also invested significantly in hydrogen fuel infrastructure and development to
the tune of nearly USD 150 million annually since 2017 [52]. Table 5 below provides a com-
prehensive overview of the key policies, roadmaps, and strategic frameworks announced
by various countries around the world.
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*Make policy to accelerate solar and wind
deployment

¢ Invest in the end-to-end supply chain including
metal production, panel and turbine
D) epl oy manufacturing, electric grid upgrades and energy

storage technologies.

renewables e Policy example - US has deployed investment tax

credits for solar and production tax credits for
wind.

J

Create
demand

(°Create demand for low-carbon

hydrogen
* Promote hydrogen use in
transportation by creating Develop resilient
policies for FCEVs, HRSs, etc. supply
*Develop mal}dates for mixing (. Create electrolyzers targets infrastructure
of hydrogen in natural gas to incentivize mass
pipelines for use in commercial production.
and residential applications *Develop cross-country
¢ Disincentivize production of hydrogen pipeline network,
grey or brown hydrogen and shipping infrastructure.

through carbon tax. o Train skilled labor to support

\ j khydrogen economy.

Figure 2. Policy frameworks to enable a faster transition to low-carbon hydrogen.

Table 5. Selected policy frameworks for low-carbon hydrogen deployment.

Estimated Budgetary

Country Year Policy/Reference Support (USD Millions) Policy Details/Targets

Federal and state Australian governments have
pledged significant funding to support the
growth of a competitive hydrogen industry

National Hydrogen 450 with the goal of Australia becoming a major
Strategy [53,54] global player in the hydrogen industry by 2030.
It includes both fossil-based hydrogen
production with CCS as well as renewable
electrolytic hydrogen.

Australia 2020

Austria’s strategy aims to reach climate
neutrality by 2040 and 100% renewable energy
Austria Hydrogen 150 capacity in the electricity mix by 2030. One
Strategy [53,55] target is to reach 1 GW of electrolysis capacity
by 2030 in order to produce 4 TWh
of green hydrogen.

Austria 2021

The four pillars of Belgium’s strategy are for
Belgium to become an import and transit hub
for Europe and a leader in hydrogen
Hydrogen Vision and 450 technology globally, to develop a hydrogen
Strategy [53,56] market with an open access hydrogen
transport, and to encourage the sharing of
knowledge and collaboration between
industries and neighboring countries.

Belgium 2021

. National Hydrogen The program dogs not set any hydrggen
Brazil 2022 production goals or include a clear position on
Program (PNH2) [57] . .
Brazil becoming an export market.
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Estimated Budgetary
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Policy Details/Targets

Bulgaria

2022

National Recovery and
Sustainability Plan [58]

70

The policy supports the development of green
hydrogen and biogas pilot projects for use in
the industrial, transport, electricity, and heat

sectors. These funds are for equipment and
machinery, not R&D projects, and are expected
to be distributed between 2022 and 2026.

Canada

2020

Low-Carbon and
Zero-Emissions Fuels
Fund/Hydrogen Strategy
for Canada [53,59]

1100

The strategy seeks to position the country as a
global hydrogen leader as a key part of the
path to net-zero emissions by 2050. The
strategy aims to reduce GHG emissions to
45 million metric tons a year in 2030 and would
create up to 350,000 new jobs by 2050, thereby
building a USD 50 billion domestic hydrogen
market. By 2050, the goal is to produce
20 million metric tons of H2 per year, have over
5 million FCEVs (up from 110 in 2020), and
have 31% of Canada’s energy system demands
met with hydrogen.

Chile

2020

National Hydrogen
Strategy/Green
H2 Incubator [53,60]

50

The strategy aims for Chile to produce the
cheapest green hydrogen in the world
(<1.5 USD/kg) and become the leader in green
hydrogen exports and production with a
25 GW electrolyzer capacity
by 2030.

China

2021

14th Five-Year
Plan—Medium and
Long-Term Planning for
the Development of
Hydrogen Energy
Industry [61]

Hydrogen was identified as one of the six
industries for focused advancement in China’s
14th Five-Year Plan (FYP). China’s key targets

include 50,000 FCEVs by 2025, 100,000 to

200,000 tons per year of green hydrogen
production, and additional goals for building
hydrogen storage and
transportation infrastructure.

Colombia

2021

Hydrogen
Roadmap [62]

Colombia plans to have between 1 and 3 GW of
electrolyzer capacity installed and 50,000 metric
tons of blue hydrogen production by 2030.

Denmark

2022

[63]

185

Denmark increased its electrolyzer capacity
target to between 4 GW and 6 GW by 2030.
These electrolyzers will generate green
hydrogen using wind and solar energy.

Egypt

Under
development

National Hydrogen
Strategy [64]

Egypt aims to achieve 1.4 GW of hydrogen
production by 2030.

European
Union

2022

REPower EU [65]

The policy, which aims for the EU to become
independent of Russian fossil fuels, includes an
acceleration of renewable hydrogen
infrastructure development and use. REPower
EU sets a target of 10 Mt of renewable
hydrogen produced domestically and another
10 Mt imported. It also sets aside a dedicated
amount to accelerate hydrogen research.

European
Union

2021

Fit for 55 Package [66]

EU has set a GHG emission reduction target of
55% by 2030 and net-zero emissions by 2050.
The use of renewable hydrogen is a key piece
and includes binding targets for the use of
renewable fuels of non-biological origins
(RFNBOs). A total of 50% of industrial
hydrogen demand is to be met with RENBOs
by 2030.

European
Union

2020

EU Hydrogen
Strategy [67]

EU'’s hydrogen strategy aims to develop a
Europe-wide hydrogen market supported by
green hydrogen in the long term and reach 6 GW
of electrolyzers by 2024 and 40 GW by 2030. By
2040, the goal is to producel0 million metric tons
of renewable hydrogen within the EU.
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The roadmap states that by 2050, hydrogen could
provide up to a quarter of the total EU energy
European 2019 Hydrogen Roadmap demand (up to ~2250 TWh of energy). In
Union Europe [68] addition, by 2030 there could be 4.2 million
light-duty FCEVs on the road and 45,000 fuel-cell
trucks and buses.
The roadmap aims to develop large-scale green
. National Hydrogen hydrogen production for domestic use by
Finland 2020 Roadmap [69] 150 leveraging good onshore and offshore
wind potential.
Recovery and Resilience France’s COVID-19 recovery plan includes a
France 2020 Pl};n [53,70] 7000 goal of reaching 6.5 GW
! of electrolyzers by 2030.
Package for the Germany'’s strategy m.cludes goals of 5 GW of
electrolyzer capacity (14 TWh of green
Germany 2020 Future—Hydrogen 9000 .
Strategy [53,71] hydrogen production) by 2030 and an
8y 1> additional 5 GW by 2040.
2030 goals: Hungary targets an annual
production of 36,000 tons of
low-carbon/carbon-free hydrogen and the
National Hydrogen installation of 240 MW of electrolyzer capacity.
Hungary 2021 Strategy [72] The goal is to have ~25,000 tons; i.e., 15% of
annual industrial hydrogen demand, produced
by low-carbon methods and 4800 FCEVs to run
on 10,000 tons of clean hydrogen.
Green Hydrogen. Policy, India targets the production of 5 Mt of green
. part of the National
India 2022 H - hydrogen by 2030 and to become a global green
ydrogen Mission (under hydrogen production hub
development) [15] ydrogen p ’
Italy aims for a 2% hydrogen penetration into
. the final energy mix by 2030 and 20% by 2050.
Ttaly 2021 Naté‘t’;iLHy;g‘igen 8000-13,000 It also includes the development of 5 GW of
8y electrolyzer capacity by 2030 and a substantial
investment from the government.
Japan aims to become a hydrogen-based society
Basic Hydrogen Strategy: with targets of 800,000 FCEVs, 1200 fuel-cell
Japan 2017 Hasdfr:o Zn é) r%eer 5?1 egi” buses, and 10,000 fuel-cell forklifts by 2030.
p yCh ;gn e tg[y7 4 75}9 y Japan also launched a joint R&D effort with
am project 17 Australia and launched the world’s first
liquid-hydrogen-powered carrier ship.
Morocco aims to develop into a hydrogen hub
with estimates of domestic green hydrogen
Feuille de Rout demand growing to 4 TWh by 2030 and
Morocco 2021 Hydrooene Vert [e7 6] 22 TWh by 2040. An additional 10 TWh of
ydros hydrogen could be exported by 2030; this
number could increase to 46 TWh in 2040 and
115 TWh in 2050.
The Netherlands’ strategy is to have 500 MW of
electrolyzer capacity by 2025 and 3-4 GW by
2030, which would result in around 8 TWh of
green hydrogen. An additional 12 TWh of
National Hydrogen hydrogen will be produced using SMRs with
Netherlands 2020 Strategy [77] CCS to reach a total supply of 80 TWh by 2030.
By 2050, 30% to 50% of the total energy mix is
expected to be gaseous energy carriers, all of
which could be hydrogen in a
decarbonized society.
Under National Hydrogen
New Zealand Develop-ment Strategy [78] NA
. Norway supports the use of electrolysis and
Norway 2020 2021 Budget/National 25 methane reforming with carbon capture in

Hydrogen Strategy [53,79]

order to produce low-carbon hydrogen.
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Peru

Under Green Hydrogen
Develop-ment Roadmap [80]

The Peruvian Hydrogen Association (H2 Peru)
proposed a green hydrogen roadmap that
targets 1 GW of electrolyzer capacity by
2030 and 12 GW by 2050 to produce hydrogen
for both domestic consumption and export.

Poland

National Hydrogen

2021 Strategy [81]

Poland’s strategy focuses on hydrogen use in
the transport, industrial, and energy sectors.
Some targets include the installation of 2 GW of
electrolyzer capacity, 2000 fuel cell buses, and
32 hydrogen refueling stations by 2030.

Portugal

National Hydrogen

2020 Strategy [82]

7000

2030 goals: Portugal aims for 5% of its final
energy consumption to come from hydrogen
along with 15% injection into natural gas
networks, 50-100 hydrogen refueling stations,
and 2 GW electrolyzers.

Romania

National Recovery and

2021 Resilience Plan [83]

Romania expects to purchase
12 hydrogen-powered trains by 2024. By 2026,
90,000 consumers are expected to be connected
to a natural gas distribution system with
hydrogen-blending capabilities, and 1300 MW
of lignite power plants are to be replaced with
hydrogen-enabled natural gas CCGTs.

Saudi Arabia

Under National Hydrogen
development Strategy [84]

NA

South Africa

Hydrogen South Africa
2013 (HySA) Infrastructure
program [85]

South Africa aims to improve research and
development in hydrogen production, storage,
and delivery to support
cost-competitive solutions.

South Korea

Hydrogen Economy
2019 Revitalization Roadmap
(86]

South Korea’s roadmap aims to produce
6.2 million FCEVs, have 40,000 FCEV buses and
30,000 FCEV trucks on the road, and install
1200 fueling stations by 2040. The government
is also aiming to produce 15 GW of fuel cells
for power generation by 2040.

Spain

2020 Hydrogen Roadmap [87]

Spain plans to reach a 300 to 600 MW
electrolyzer capacity by 2024 and a 4 GW
capacity by 2030 along with a goal of
150 hydrogen buses, 5000 light- and heavy-duty
FCEVs, 2 hydrogen trains, and at least
100 hydrogen refueling stations by 2030.
Additonally, around a quarter of the
500,000 metric tons of fossil-fuel-based
hydrogen will be replaced with
green hydrogen.

United Arab
Emirates

Hydrogen Leadership

2021 Roadmap [88]

The UAE plans to use low-carbon hydrogen
domestically to meet its net-zero ambitions and
for excess production to help the country
become a global hydrogen exporter.

United
Kingdom

British Energy Security

2022 Strategy [89]

Britain will focus on achieving 10 GW of
low-carbon hydrogen production capacity by
2030. Green hydrogen will constitute at least
5 GW of the 2030 capacity. The strategy also
aims to design new hydrogen transport and

storage infrastructure business models and set
up a hydrogen certification scheme by 2025 to

help achieve net-zero emissions by 2050.

United
Kingdom

Ten-Point Plan for a Green
2020 Industrial Revolution
[53,90]

300

The government will aid in the production of
low-carbon hydrogen for use in industry,
transport, power, and homes.
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Through the IRA, the USA aims to accelerate
low-carbon hydrogen production through
. . production tax credit incentives of up to USD
United States 2022 Inﬂatlo(x;RIX:)d [L;%t]lon Act 3/kg, an increased 45Q CO; sequestration tax
credit, and the extension of tax credits for solar
and wind to lower the cost of renewable
electricity.
California’s low-carbon fuel standard (LCFS) is
a technology-agnostic policy that has helped
United States, 2011 Low-Carbon Fuel decarbonize the transportation sector and has
California Standard [91] promoted the production and distribution of
low-carbon hydrogen in the transportation
market.
California, Connecticut, Maine, Maryland,
United States, Zero-emission and Massachusetts, New Jersey, New York, Oregon,
Multiple 2021 low-emission vehicle Rhode Island, Vermont, and Washington have
States standards [92] adoped goals of 100% zero-emission or
low-emission in-state vehicle sales by 2035.
The program aims to reduce the cost of clean
United States 2021 Hydrogen [%};(])t Program hydrogen to under USD 1 per kilogram over
- the next 10 years.
The USA aims to accelerate the domestic
production, deployment, and use of clean
United States 2022 Infrastructure and Jobs 9500 hydrogen through regional clean hydrogen

Act [53,94] hubs, a clean hydrogen electrolysis program,
clean hydrogen manufacturing, and recycling

programs.

Table 5 demonstrates that more than 30 major countries have announced significant
commitments to hydrogen. However, different countries are taking different approaches
to bolstering their domestic hydrogen economies. While countries such as India, Chile,
Morocco, Peru, and Denmark are specifically focusing on green hydrogen, others such as
the UK, the Netherlands, and Australia have set targets to produce low-carbon hydrogen
through both renewable sources as well as fossil-fuel-based sources. Some countries have
specified targets for electrolyzer deployment; e.g., 40 GW in the EU and 25 GW in Chile by
2030. However, the global electrolyzer manufacturing capacity was only 8 GW in 2021 [95],
and it needs to be scaled up significantly in order to meet these ambitious targets.

Instead of setting technology-specific production targets, the USA has implemented
technology-agnostic tax credits for hydrogen production, which link government support
to the end goals of carbon emissions rather than to the technology used. While this would
allow for a more dynamic response to evolving market conditions, its implementation
could lead to onerous measurement, reporting, and verification (MRV) requirements that
would increase compliance costs. Other countries such as South Korea have focused on
downstream opportunities in the hydrogen economy and rolled out policy support to
become a manufacturing hub for hydrogen-based vehicles and fuel cells.

In addition to increasing supply, countries are also targeting an increase in demand.
Portugal and Italy have specified aims for hydrogen’s contribution to the overall energy con-
sumption through gas-mixing mandates and use in transportation. Canada, the European
Union, Japan, and China have also specified targets for the use of hydrogen-based FCEVs.
Some states in the USA have gone one step further by banning sales of fossil-fuel-based
vehicles starting in 2035. The increasing policy support at different levels of the value chain
is expected to considerably increase the number of clean hydrogen projects and increase
hydrogen’s adoption into the global energy mix.
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5. Conclusions

The transition to a hydrogen-based energy system is inevitable over the long term
and is driven by hydrogen’s versatility as a decarbonization solution for multiple sectors.
IRENA estimated that nearly 12% of the global energy consumption will be derived from
hydrogen and its derivatives, which will contribute 10% to the reduction in global carbon
emissions by 2050 [96]. Furthermore, hydrogen can be produced via a diverse mix of tech-
nologies that use abundantly available resources. This has spurred interest by governments
that now look upon the molecule to solve the energy trilemma of security, affordability, and
sustainability. The rapid uptake of hydrogen presents many challenges and opportunities
as listed below:

e Transitioning to a hydrogen-based economy requires overcoming the “locked-in” na-
ture of existing energy systems. Despite the availability of environmentally superior
technologies, carbon lock-in obstructs implementation and impedes the realization of
maintainable energy systems [97]. Significant investments will be required to improve the
infrastructure around transporting, storing, and distributing hydrogen. In the early stages
of a hydrogen transition, the burden of these investments could be mitigated by mixing
hydrogen with natural gas or by repurposing the existing natural gas infrastructure.

e  Strong regulatory support is expected to spur the use of low-carbon hydrogen and
result in many countries aiming to position themselves as production hubs. However,
the definition of “low-carbon” needs to be standardized across countries in order to
create a global market for hydrogen and enable the most efficient allocation of re-
sources. This can be mitigated through international agreements and the development
of robust MRV techniques.

e  The relatively high cost of low-carbon hydrogen production is still a major challenge
to its large-scale adoption. However, rapidly improving technology and the declining
costs of electrolysis [98-100] together with increased amounts of government funding
have led to the announcement of over 500 large-scale projects, of which 10% have
reached the final investment decision (FID) stage [101].

e In the near term, the ambitious “green” hydrogen targets of various nations could
lead to supply chain issues for electrolyzers. Furthermore, PEM electrolyzers require
precious metals such as iridium and platinum, production rates of which can only
support the manufacturing of 3.5-7 GW of electrolyzers annually [30]. This opens a
significant opportunity to increase the electrolyzer manufacturing capacity and find
substitutes for the precious metals used in electrolyzers.

e  The hydrogen economy is expected to provide a significant boost to global economies
and create nearly 30 million jobs by 2050 [102,103]. This will require substantial
training initiatives to develop a skilled workforce.

Thus, a combination of substantial investment, policy support, advanced engineering,
and a skilled workforce could help to achieve an effective and rapid transformation.
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