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1.1 Global Hydrogen Context

1.1.1

Hydrogen is one of the
alternative energy sourc-
es gaining significant at-
tention as a clean energy
for the future. With its
versatile applications and
the potential to reduce
carbon emissions, drive
economic growth, and en-
sure energy security, it is
expected that, by 2050,
hydrogen will account for
about 22% of the final en-
ergy demand. The majori-
ty of this demand will be
for the power generation,
transportation, and indus-
trial heat sectors. Particu-
larly in industries lacking
clean energy alternatives,
such as steel production
and sustainable aviation
fuel, hydrogen will play a
significant role. Addition-
ally, hydrogen is indirect-
ly utilized in the produc-
tion of ammonia, which
serves as a fuel source.

Global Hydrogen Demand and Supply Dynamics

In terms of supply, it is anticipated that initially, the production of hydrogen will
mainly consist of gray hydrogen derived from natural gas. However, the propor-
tion of these will gradually decrease, with clean hydrogen, such as blue hydrogen
and green hydrogen, playing an increasingly significant role in 2050 (Figure 1).

Figure 1.1 Estimates for global hydrogen demand in 2050
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Sources: BloombergNEF (2021a); ETC (2021); Hydrogen Council (2021); IRENA (2021a); IEA, (20213).

MNotes: The International Eneray Agency refers to “fossil-based with CCUS” (carbon capture, utilisation and storage) and
“electrolysis-based” hydrogen. The Hydrogen Council projects that 60-80% of hydrogen production will be renewables
based, with the rest “low-carbon”, which it defines as “hydrogen produced from energy sources of non-renewable origin
with a carbon footprint below a defined threshold”. Current hydrogen production includes hydrogen created as by-
product from other processes.

Figure 1 Estimates for global hydrogen demand and production in 2050
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Hydrogen trade is mostly localized, with 85% produced and consumed on-site, but international trade, es-
pecially for green hydrogen, is poised to grow. Transport options include pipelines for shorter distances and
ships for longer ones, with ammonia being a promising medium. While transport costs are currently high, they
are expected to decrease with technological advances and policies favoring green hydrogen. By 2050, around
one-third of green hydrogen is expected to be traded across borders, with half transported via pipelines and
half by ships as ammonia. This would mirror the current trade patterns of natural gas (Figure 2). Bilateral
agreements between countries are already paving the way for hydrogen trade expansion (IRENA, 2022).

| Asia Pacific
‘ \

O Exporter Exporting region m—— New routes in MoUs in place ~~~ Potential trade route
place or under establishing explicitly mentioned in
© Importer Importing region development trade routes published strategies

Map source: Natural Earth, 2021

Notes: Information on this figure is based on the information contained in government documents at the time of
writing.

Disclaimer: This map is provided for illustration purposes only. Boundaries and names shown on this map do not imply
any endorsement or acceptance by IRENA.
Figure 2 An expanding network of hydrogen trade routes, plans and agreements
(IRENA, 2022)

Figure 2 Hydrogen trade is mostly localized, with 85% produced and consumed on-site, but international trade,
especially for green hydrogen, is poised to grow. Transport options include pipelines for shorter distances and
ships for longer ones, with ammonia being a promising medium. While transport costs are currently high, they
are expected to decrease with technological advances and policies favoring green hydrogen. By 2050, around
one-third of green hydrogen is expected to be traded across borders, with half transported via pipelines and
half by ships as ammonia. This would mirror the current trade patterns of natural gas (Figure 2). Bilateral
agreements between countries are already paving the way for hydrogen trade expansion (IRENA, 2022).
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1.1.2

The transport sector is increasingly turning to alter-
native fuels to reduce emissions and decrease reliance
on fossil fuels. Hydrogen, as a clean and sustainable
energy source, offers a promising solution, particular-
ly as fuel for fuel cell electric vehicles (FCEVs) - a type
of low-emission electric vehicle. Like battery electric
vehicles (BEVs), FCEVs use electricity to power an
electric motor. However, unlike BEVs, FCEVs gener-
ate electricity through a hydrogen-powered fuel cell
rather than relying on stored battery power. The most
common fuel cell used in FCEVs is the polymer elec-
trolyte membrane fuel cell (PEMFC) (UNDP, 2024).

FCEVs are also similar to internal combustion engine
(ICE) vehicles in that they store fuel (hydrogen) in
a tank on the vehicle. However, unlike ICE vehicles,
FCEVs do not produce tailpipe emissions because the
only byproducts of the fuel cell’s electricity genera-
tion are electricity and water. Refueling a hydrogen
tank takes approximately 5 minutes and provides a
driving range of over 500 kilometers (UNDP, 2024).

1.1.3

Prospects of Hydrogen in the Transport Sector

Previous studies have suggested that FCEVs will have
an increasingly important role in the transporta-
tion sector, especially in long-haul and heavy-duty
transport (ERI, 2021) (Walker, 2023). In long-haul
heavy-duty trucking, FCEVs outperform BEVsinterms
of fewer stops, shorter refueling times, and more car-
go space. The infrastructure required for FCEVs is
more similar to diesel, making the transition poten-
tially easier compared to the extensive infrastructure
needed for BEVs. However, both technologies come
with challenges: BEVs demand substantial charging
infrastructure, which could put pressure on the pow-
er grid, while FCEVs require further advancement in
refueling stations and hydrogen infrastructure. Addi-
tionally, the total cost of ownership for both technol-
ogies, including hydrogen production and the large
batteries required for BEVs, poses financial challeng-
es. Decarbonizing long-haul trucking is critical but
difficult due to the long distances and cargo ca-
pacity required. While BEVs will play a key role,
FCEVs are likely the most efficient option for rapid-
ly reducing emissions in this sector (Walker, 2023).

FCEV Market Overview

The global FCEV market is still emerging, with sales showing steady growth year over year. There was a nota-
ble surge of over 80% in 2021, although the growth rate slowed in 2022 (Figure 3) (SNE Research, 2024). As
of 2024, approximately 100,000 FCEVs are in operation (Mendiratta, 2024).
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Figure 3 Global FCEV Sales
(SNE Research, 2024)

Notable models that are currently available in the market include (Soleimani, et al., 2024):

. Toyota Mirai and Hyundai Nexo are leading models, demonstrating the practical viability of FCEVs
with ranges of over 300 and 380 miles, respectively.

. BMW iX5 offers high performance with up to 395 hp, while the Honda CR-V FCEV represents the
crossover segment.

. The Hyperion XP-1, a supercar with a range of over 1000 miles, highlights the potential for high-per-
formance FCEVs with a top speed exceeding 220 mph.

The FCEV market is poised for growth, with a target of 200,000 FCEVs by 2030, driven by investments and
policy support across major regions (Soleimani, et al., 2024):

. Asia: Dominates the FCEV market with 67.4% of the global share, led by Japan and South Korea.
China, the largest hydrogen producer, is also making significant strides, although Japan and Korea are at the
forefront of passenger FCEV technology.

. North America: The U.S. holds 24.5% of the global FCEV market, supported by substantial invest-
ments in hydrogen infrastructure, particularly in California.

. Europe: Germany leads with 1,452 FCEVs, and the region accounts for 7.7% of the global share. Eu-
ropean countries are actively developing infrastructure and regulatory frameworks to support FCEV adoption.

Infrastructure development, particularly in hydro-
gen refueling stations, is critical. Governments are
providing subsidies, incentives, tax credits, and en-
acting progressive policies to build the necessary
ecosystem. Stakeholder collaboration between gov-
ernments, automakers, and infrastructure developers
is accelerating the deployment of FCEVs, although
challenges remain in achieving scale and reducing
costs (Mendiratta, 2024).
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1.2 Policies Frameworks for FCEV
Development and Infrastructure

1.2.1 Policies Driving EV adoption

Thetransitiontoelectricvehicles (EVs),whichinclude BEVs, HEVs, PHEVs,and FCEVs, has madessignificant strides,
with 10 million EVsontheroadin 2020, representing 4.6% of global car sales. This progress, despite the COVID-19
pandemic, was driven by expanded EV models and initiatives in battery technology. However, achieving the goal
of 230 million EVs by 2030 remains a major challenge and needs policy support to drive the adoption (IEA, 2021).

Main policy drivers of EV adoption to date can be broken down into several key areas:
1. Fiscal incentives: Many governments have provided financial incentives to make EVs more affordable

compared to conventional vehicles. These incentives include purchase subsidies, vehicle purchase and regis-
tration tax rebates, and reduced taxes for EVs.

. Norway: Implemented subsidies as early as the 1990s, making it one of the leaders in EV adop-

tion.

. United States: Introduced federal tax credits for EVs in 2008.

. China: Began offering substantial subsidies for EVs in 2014, driving rapid growth in its EV market.
2. Fuel economy and CO2 standards: Over 85% of global car sales are currently subject to fuel economy

and tailpipe CO2 standards, which have been crucial in promoting the adoption of EVs.
. European Union: Implemented stringent CO2 emissions standards, which significantly boosted
electric car sales, particularly in 2020 when sales reached 2.1 million.
. California: The state has had mandatory targets for EV sales for decades, including its ze-
ro-emission vehicle (ZEV) mandate.
. China: Introduced the new energy vehicle (NEV) mandate in 2017, requiring automakers to
produce a certain percentage of EVs.

3. Charging infrastructure development: Governments have recognized the importance of accessible
and affordable charging infrastructure to support the growing number of EVs.
. Government support: measures include direct investments in installing publicly accessible
chargers and incentives for homeowners to install charging points.
. Building codes: In some regions, new construction or substantial remodels are required to
include charging points, particularly in apartment buildings and retail spaces.

4. Urban policies and incentives: Cities have played a significant role in promoting EV adoption through
strategic infrastructure deployment and preferential treatment for EVs.
. Low-emission zones: Many cities have implemented low- and zero-emission zones, where only
EVs are allowed, or they impose differentiated circulation fees that favor EVs.
. Impact: These measures have been particularly successful in cities like Oslo and various cities
in China, significantly boosting EV sales.
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5. Broader and more ambitious policy portfolios: As markets mature, governments are focusing on
tightening existing regulations and expanding them to broader markets.
. European Union: Continues to enforce and expand CO2 emissions regulations for cars and vans.
. China: Strengthening its NEV mandate to cover more vehicle types and sales targets.
. California: Expanding its ZEV mandate to include medium- and heavy-duty vehicles.
6. Global commitment to phasing out ICE vehicles
. National phase-out plans: Over 20 countries, including emerging economies like Cabo Verde, Costa

Rica, and Sri Lanka, have announced plans to phase out ICE vehicles in the coming decades (Figure 4).
. Net-zero emissions pledges: More than 120 countries have made economy-wide commitments to
achieve net-zero emissions, which includes a significant focus on decarbonizing the transportation sector.

Internal combustion engine

PegE et B bans or electrification targets
Iceland Singapore Cabo Verde Canada
Ireland Slovenia China Portugal
Israel Sweden Japan Spain Costa Rica
Norway Netherlands K:Jngézdm K'i.ir;;i:if)dm Sri Lanka Germany

Sweden Canada Korea
A Chile Bl
Net-zero emissions pledges Zealand
100% electrified sales
E
100% ZEV sales i Norway
100% ZEV stock
United
Net-zero pledge Fiji Kingdom

Figure 4 Internal combustion engine bans or electrification targets
(IEA, 2021).

7. Emerging technologies and standards: Medium- and heavy-duty vehicles, although representing only 5% of
four-wheeled vehicles, account for nearly 30% of CO2 emissions. Electrification in this sector is gaining momentum.
. California’s Advanced Clean Truck Regulation: Set to take effect in 2024, this regulation mandates
ZEV sales for heavy-duty trucks.
. Netherlands: Implementing zero-emission commercial vehicle zones, along with other countries, to
promote the use of electric trucks and buses.

These policy drivers have been essential in laying the groundwork for the rapid growth of electric vehicles,
setting the stage for a more sustainable and electrified transportation future.
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1.2.2 Policy Approaches for Advancing the Electric
Light-Duty Vehicle Market

The electric light-duty vehicle (LEV) market experienced significant growth in 2020, driven by supportive
government policies and stimulus measures. Key factors contributing to the surge in the sales in this segment
include (IEA, 2021):

. Existing EV strategies: Governments had already implemented policies like fiscal incentives
and stricter emissions standards to promote EV adoption.

. Covid-19 stimulus measures: Governments introduced additional stimulus measures to sup-
port EV sales during the pandemic.

. Declining battery costs: Falling battery costs made EVs more affordable.

. Wider availability of EV models: A wider range of EV models became available, appealing to a
broader range of consumers.

. Fleet operator adoption: Fleet operators increasingly adopted EVs.

. Consumer enthusiasm: There was growing enthusiasm among consumers for electric vehicles.

While many countries extended EV support packages, maintaining momentum in 2021 and beyond will re-
quire continued policy efforts. Future policy measures should focus on equity, environmental performance,
and long-term viability.

Many countries have implemented a variety of policies to promote EV adoption, including subsidies, emissions
standards, charging infrastructure development, and ZEV mandates. Examples are as follows:

. China: China has been a pioneer in the EV market, implementing a comprehensive set of policies
to promote EV adoption. These policies include the NEV mandate, which requires automakers to produce
a certain percentage of EVs, and substantial subsidies for EV purchases. Additionally, China has invested
heavily in charging infrastructure and implemented local incentives to encourage EV adoption.

. European Union: The European Union has also taken significant steps to promote EVs, including
setting stricter CO2 emissions standards for cars and vans. The EU has also established targets for the
percentage of new car sales to be zero-emission vehicles and implemented various national incentives to
support EV adoption.

. United States: The federal government has provided some support for EVs, such as a tax credit for
purchases. However, state-level initiatives have played a more significant role in driving EV adoption, with
many states implementing ZEV mandates, purchase incentives, and charging infrastructure development.

. India: India has been working to promote EV adoption through policies like the Faster Adoption
and Manufacturing of Electric Vehicles (FAME) scheme, which provides subsidies for EV purchases and
promotes domestic manufacturing. Additionally, India has implemented stricter emissions standards for
vehicles and is investing in charging infrastructure.

. Japan: Japan has focused on hydrogen fuel cell technology for EVs, while also implementing
policies to promote EV adoption, such as subsidies and charging infrastructure development.

. Canada: Canada has set targets for EV adoption and implemented policies to support these tar-
gets, including purchase incentives and charging infrastructure development.

. Chile: Chile has established a national electromobility strategy to promote EV adoption, including
targets for EV penetration and investments in charging infrastructure.

. New Zealand: New Zealand has set targets for net-zero emissions and is implementing policies to
promote EV adoption, such as a clean car import standard and investments in charging infrastructure.



|9

1.2.3 Policy Planning for the Anticipated Growth in
Electric Heavy-Duty Vehicles

The adoption of electric heavy-duty vehicles (HDVs) is expected to surge in the coming decade owing to
advancements in battery technology, wider model availability, and supportive policies. Governments world-
wide are implementing various measures to promote HDV electrification, which can be summarize as follows:

. Government support: Governments are providing subsidies and incentives to encourage the
adoption of electric HDVs.

. Emissions standards: Stricter emissions standards for HDVs are driving demand for electric
vehicles.

. Charging infrastructure: Investments in charging infrastructure are essential for supporting
the growth of electric HDVs.

. Technological advancements: Improvements in battery technology and the availability of a
wider range of electric HDV models are contributing to increased adoption.

. Policy diversity: Countries are implementing a variety of policies to promote electric HDVs,
tailored to their specific needs and priorities.

To accelerate the transition to electric HDVs, governments worldwide have implemented a variety of policies

and incentives. Examples are as follows:

. China: China has been a leader in promoting electric HDV adoption through a combi-
nation of generous subsidies, stricter fuel economy standards, and extended subsidy programs. The
government has provided significant financial support for electric HDVs, particularly for public buses
and vocational trucks, and has implemented policies to encourage the development of electrified com-
ponents. These measures have played a crucial role in driving the growth of the electric HDV market
in China.

. European Union: The European Union has supported commercial ZEV adoption
through a variety of regulations and incentives. Its “2019 HDV CO2 standards” reward participating
ZEV manufacturers with additional credits. Additionally, the Clean Vehicles Directive establishes ZEV
procurement targets for EU member states. The European Union also allows electric heavy trucks to
exceed class limits.

EU member states have also taken steps to promote HDV electrification. Germany, Spain, Ita-
ly, and France have provided incentives for commercial ZEV purchases. The Netherlands plans to im-
plement zero-emission zones in its largest cities, while the Netherlands and Norway have announced
targets to electrify buses and trucks.

These policies, combined with EU-wide regulations and incentives, are creating a favorable
environment for the adoption of electric HDVs in Europe.

1 Refers to the EU-wide CO2emission standards for HDVs, established byRegulation (EU) 2019/1242, which set a 15% reduction target
by 2025 and 30% by 2030(relative to a 2019/2020 baseline). Adopted in 2019, these standards are applicable to heavy lorries over 16

tonnes with standard axle configurations, which account for approximately 70% of the CO2emissions produced by all HDVs.
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. United States: The United States lacks meaningful federal policies to support electric
HDVs, with only fuel economy standards allowing ZEVs as eligible technologies. However, at the state
level, innovative policies have been adopted. For example, 15 states and the District of Columbia
have set targets for all new commercial HDVs to be ZEVs by 2050. California leads these efforts with
initiatives like the Hybrid and Zero-Emission Truck and Bus Voucher Incentive Project, the Low Carbon
Fuel Standard, the Innovative Clean Transit Rule, and the Advanced Clean Truck Rule. These policies
provide incentives, regulations, and infrastructure support to promote the adoption of electric HDVs.

. India: India has launched the FAME-Il scheme to promote EV adoption and manufac-
turing and has also implemented stricter emissions standards. The government has targeted electrifi-
cation of buses through the FAME-II program.

. Japan: Japan's HDV decarbonisation strategy takes a different direction by focus-
ing on hydrogen. Its 2017Basic Hydrogen Strategyaims to rapidly expand hydrogen production and
make the fuel more abundant and affordable. Its hydrogen strategy sets targets for FCEV deploy-
ment, including 1,200 transit buses by 2030.

. Canada: Canada has implemented policies to support the adoption of electric
heavy-duty vehicles (HDVs), including government investments in electric buses, provincial incentives
for commercial ZEV purchases, and a national Clean Fuel Standard. These policies aim to accelerate
the transition to electric HDVs and reduce greenhouse gas emissions.

. Chile: Chile has established a national target to electrify its bus fleet by 2040. This
policy aims to reduce greenhouse gas emissions and promote sustainable transportation.

. New Zealand: New Zealand has established a requirement that all new public transit
purchases must be zero-emission vehicles starting in 2025. This policy aims to decarbonize the public
transport bus fleet by 2035. The government has also provided funding to support regional councils
in implementing this transition.



1.3 Case studies

1.3.1 The United States

The United States, as a leading producer and export-
er of natural gas and oil, has a strategic opportunity to
strengthen its global energy position by advancing hy-
drogen technology. This can support the integration of
renewable energy into the power grid and improve stor-
age solutions, complementing other energy sources like
nuclear power. The transportation sector, responsible
for a third of U.S. carbon emissions, could benefit sig-
nificantly from FCEVs, which offer zero-emission alter-
natives with quick refueling, longer ranges, and lower
maintenance costs compared to internal combustion
vehicles. FCEVs are also competitive in commercial ap-
plications, such as forklifts, due to their high uptime
and reduced refueling times (Asif & Schmidt, 2021).

KKey policies supporting FCEVs in the U.S. are as follows:
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The US has made significant strides in FCEV devel-
opment. The Honda CR-V e, the first American-made
FCEV, demonstrates this progress. Offering a 270-
mile Environmental Protection Agency (EPA) driv-
ing range and quick hydrogen refueling, the CR-V
e showcases the potential for domestic FCEV man-
ufacturing and production. Its production required
adapting manufacturing processes to handle new
fuel cell components. The CR-V e is part of Honda’s
broader electrification strategy, reflecting the com-
pany’s commitment to innovation and sustainability
(Gregory, 2024).

1. Tax credits for hydrogen infrastructure: The federal government offered a tax credit

covering up to 30% of the cost for hydrogen fueling stations, capped at USD 30,000, applicable until

December 2020. This credit could be claimed for multiple stations.

2. Tax credits for fuel cell vehicles: A tax credit of up to USD 8,000 was available for

the purchase of qualified noncommercial FCEVs, with additional credits for commercial vehicles based

on weight. This credit was extended through December 2020.

3. Alternative fuel excise tax credit: A USD 0.50 per gallon tax credit for liquefied

hydrogen used in FCEVs, based on gasoline or diesel gallon equivalents, was also extended through

December 2020.

4. Improved energy technology loans: The Department of Energy offers loans cover-

ing up to 100% of project costs for initiatives that reduce air pollution and carbon emissions, such as

FCEV adoption.

5. U.S. Hydrogen roadmap: The federal government has outlined a roadmap to re-

duce carbon and NOx emissions by 16% and 36%, respectively. However, the effectiveness of federal

incentives has been debated, with states like California advancing further by implementing initiatives

like the Hydrogen Highway and offering additional rebates and financing for zero-emission vehicles.

Despite notable advancements in domestic FCEV development and supportive policies, several challenges per-

sist. High vehicle and green hydrogen costs, limited refueling infrastructure, and concerns about fuel cell dura-

bility hinder widespread adoption. The varying state-level regulations for alternative fuel vehicles, with California

leading the way, underscore the need for more consistent federal policies. To fully realize FCEV potential in the

US, continued technological advancements, infrastructure development, and public awareness are essential.
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1.3.2 Japan

Japan, heavily reliant on fossil fuel imports, is motivat-
ed to reduce its dependency and carbon emissions by
advancing hydrogen technology. With approximately
94% of its energy needs met by fossil fuels, the country
has set ambitious goals, including a 26% reduction in
greenhouse gas emissions by 2030 and an 80% reduc-
tion by 2050. Accordingly, the government has targets
for the adoption of EVs and plug-in hybrid electric ve-
hicles (PHEVs). The country aims to have up to 1 million
EVs and PHEVs on the road by 2020 and a market share
of 20-30% for these vehicles by 2030 (APERC, 2020).

The Japanese government has been actively promoting
the development and commercialization of FCEVs since
the early 2000s. Despite facing production costs, tech-
nical hurdles, and market immaturity, Japan has contin-
ued its efforts, with major automakers like Toyota and
Honda releasing commercial FCV models. While other
manufacturers have shown interest, their commercial-
ization plans remain uncertain. Japan’s focus on FCVs
is motivated by environmental concerns and energy
security, as well as the potential to protect its domestic
vehicle manufacturing industry.

KKey policies supporting FCEVs in Japan are as follows (Asif & Schmidt, 2021)::

1. Strategic Roadmap for Hydrogen And Fuel Cells: The Japanese Ministry of Economy, Trade,

and Industry (METI) has developed a Strategic Roadmap for Hydrogen and Fuel Cells, aiming to re-

duce FCEV costs, develop alternative catalysts in fuel cells, and reduce carbon fiber use in hydrogen

tanks. This roadmap is part of Japan’s broader plan to achieve a carbon-free society. The roadmap
includes a specified target for FCEV deployment of 40,000 by 2020, 200,000 by 2025, and 800,000
by 2030. Also, the target for the construction of hydrogen stations is set at 160 stations by 2020 and

320 stations by 2025. Later, Japan published a “Basic Hydrogen Strategy” which presents a policy

direction for all government agencies to follow and regards hydrogen as a new carbon-free energy

option, in tandem with the roadmap for introduction and deployment of hydrogen and fuel cell tech-

nologies (Trencher, Taeihagh, & Yarime, 2020).

2, High incentives for FCEVs: Japan offers substantial incentives for purchasing FCEVs, with

some areas providing up to JPY 3 million (around USD 26,885) in subsidies, making FCEVs more ac-

cessible to consumers.

3. FCEV cost reduction goals: Japan aims to narrow the price gap between FCEVs and hybrid

vehicles by 2025 and develop cost-effective technologies, such as platinum-free catalysts and lighter

hydrogen tanks made from carbon fiber reinforced plastic.

4. Hydrogen supply chain development: Japan is building a hydrogen supply chain, including

international projects like the Japan-Australia brown coal to hydrogen project, to reduce hydrogen

fuel costs by 2030. This initiative includes the development of the world’s first liquefied hydrogen

carrier for transporting hydrogen from Australia to Japan.

5. Expansion of hydrogen stations: Japan has set ambitious targets to increase the number of
hydrogen stations, with goals of 320 stations by 2025 and 800,000 FCEVs on the road by 2030.
6. Industrial and commercial use of hydrogen: The Japanese government is promoting the

commercialization of hydrogen power generation and the use of stationary fuel cells for residential

power, aiming to advance a hydrogen-based society.

Japan’s comprehensive approach to hydrogen technology and FCEV promotion, supported by strong incen-

tives and strategic planning, positions it as a leader in the global shift towards a hydrogen economuy.



1.3.3 Germany

Germany is at the forefront of FCEV development,
driven by its commitment to reducing carbon emis-
sions and transitioning to sustainable mobility solu-
tions. As a leading industrial nation, Germany has
embraced hydrogen technology as a key component
of its energy transition strategy, investing heavily in
infrastructure, research, and development to support
the widespread adoption of FCEVs. The country has
set targets for its hydrogen infrastructure, aiming to
establish 400 hydrogen refueling points by 2025, as
outlined in both the National Policy Framework (NPF)
and the National Implementation Report (NIR). Ad-
ditionally, the country plans to expand its electric re-
fueling network to reach 1,000,000 points by 2030.
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Moreover, Germany is showcasing the practicality and
everyday viability of fuel cell electric vehicles (FCEVs)
through ambitious projects like “H2 Moves Berlin”.
Launched in late 2022, this pilot project is a collabo-
ration between Toyota Germany, Anglo American, and
ENNOO , deploying 115 Toyota Mirai FCEVs that have
collectively covered over one million kilometers in more
than 100,000 trips. With plans to expand the fleet to 200
vehicles, available as a sustainable and emission-free
option via the Uber app, the project highlights the Toy-
ota Mirai's impressive 650-kilometer range and quick
five-minute refueling time (H2 Moves Europe, 2023).

Key policies supporting FCEVs in Japan are as follows (EU Commission, 2024)

1. Ownership tax benefits: FCEVs registered before 31 December 2025 are exempt from own-

ership tax for 10 years, with the exemption extended until 31 December 2030. In addition, vehicles

emitting vehicles emitting 95 CO2/km or less (< 95g CO2/km) are exempt from the annual circulation

tax.

2. Infrastructure development: Germany has allocated €130 billion for infrastructure devel-

opment, including hydrogen refueling stations, as part of its broader strategy to support alternative

fuels. The AFIR (Alternative Fuels Infrastructure Regulation) mandates that Member States, including

Germany, facilitate the deployment of publicly accessible refueling stations, aligning infrastructure

growth with vehicle adoption rates.

3. H2-specific support: Germany’s focus on hydrogen infrastructure, as seen in the National

Policy Framework (NPF) and National Inventory Report (NIR) targets, underscores the government’s

commitment to expanding the hydrogen refueling network, which is critical for the growth of FCEVs.

4. Company tax benefits: Germany offers a reduced taxable amount for BEVs and PHEVs, with

additional reductions available for BEVs priced up to €60,000. Although this primarily targets BEVs

and PHEVs, Germany indirectly supports FCEVs by promoting a broader shift toward alternative fuel

vehicles.

These targets, activities, and policies collectively highlight Germany’s commitment to fostering the adoption

of FCEVs by supporting necessary infrastructure, providing financial incentives, and promoting the everyday

practicality of hydrogen-powered vehicles.

2Ennoo is a transportation service provider in Germany. They offer ride-hailing services, primarily in Berlin, and are known for their focus

on electric and hydrogen-powered vehicles.
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2.1 Thailand’s Climate Ambition

and Milestones

Thailand has been actively addressing climate
change issues since becoming a party to the United
Nations Framework Convention on Climate Change
(UNFCCQ) in 1994 and ratifying the Kyoto Protocol
in 2002. Climate-related activities began with the
establishment of GHG inventories, contributing to
the “National Communication (NC)” and “Biennial
Update Report (BUR)” as required by the UNFCCC.

Aligned with international policies, Thailand initi-
ated its efforts by developing a Nationally Appro-
priate Mitigation Action (NAMA) plan in 2014. This
plan aimed to voluntarily reduce GHG emissions in
the energy and transportation sectors by 7-20%
compared to business as usual (BAU) levels by 2020.

In 2015, Thailand submitted its Intended Nation-
ally Determined Contribution (INDC) to the UNF-
CCC, which subsequently became Thailand’s first
NDC. This commitment pledged to reduce GHG
emissions by 20-25%3 compared to BAU levels
by 2030, equivalent to 111 million tons of carbon
dioxide equivalent (MtCO2eq), across three key
sectors: energy and transportation, industrial pro-
cesses and product use, and waste management.

Additionally, in 2016, Thailand joined the Paris
Agreement, committing to implementing measures
for reducing GHG emissions domestically, consis-
tently submitting NDCs, and enhancing the am-
bition of GHG reduction targets every five years.

To guide the country’s national development agenda
and contribute to global efforts to address climate
change, Thailand has formulated its first Long-term
Low Greenhouse Gas Emission Development Strate-
gy (LT-LEDS), which was submitted to the UNFCCC
in 2021. This LT-LEDS indicates the country’s aim
to reach its peak GHG emissions in 2030 and am-
bition to move towards carbon neutrality by 2065
and net-zero GHG emissions by the latter half of the
century, while looking forward to enhanced interna-
tional cooperation and support on finance, technol-
0gy, and capacity-building to achieve this ambition.

In the subsequent year (2022), Thailand has elevat-
ed its climate ambitions, setting targets for a peak in
GHG emissions by 2025 and a 30-40%3 reduction in
GHG emissions from BAU levels by 2030. Addition-
ally, the nation aims to achieve carbon neutrality by
2050 and net-zero GHG emissions by 2065. To align
with these heightened ambitions, both the Updated
NDC and Updated LT-LEDS have been revised and
submitted in 2022. The key milestones of Thailand’s
visions, commitments, and actions towards decar-
bonisation are illustrated in Figure 5 (NXPO, 2024).

3The initial figure denotes the achievable reduction quantity based on domestic efforts. The subsequent figure indicates the potential

reduction achievable with support from international sources. tonnes with standard axle configurations, which account for approximately

70% of the CO2emissions produced by all HDVs.
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party to the UNFCCC. National Communication Nationally Appropriate
(NC1). Mitigation Action (NAMA)
commitments for GHG
reduction.
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Thailand submitted

its:

- Updated NDC
(same target)

- BUR3

Thailand announced its goals to

achieve:

- Carbon Neutrality by 2065

- NetZero GHG Emissions by
the latter half of the century.

and submitted its Long-term
Low Greenhouse Gas Emission
Development Strategy (LT-LEDS)

Thailand announced its new goals to achieve:

- Carbon Neutrality by 2050

- Net Zero GHG Emissions by 2065.

and submitted its:

- 2" Updated NDC (30-40% GHG reduction

from BAU by 2030)
- Updated LT-LEDS
- BUR3
- NC4

Figure 5 Key milestones in Thailand’s journey towards climate action
(NXPO, 2024)
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2.2 Thailand’s Policy Landscape for

Climate Action

Thailand has enacted legislation specifically address-
ing Climate Change, notably exemplified by the Cli-
mate Change Master Plan (2015-2050), and is pres-
ently in the process of drafting the Climate Change
Act. The Act aims to establish a framework and em-
power authorities to effectively deploy necessary
and suitable tools to support Thailand in efficient-
ly achieving its GHG emission reduction targets.”

2.2.1

Furthermore, Thailand has integrated Climate Change
considerations into various national-level plans, pol-
icies, and strategies to ensure cohesive implementa-
tion across various sectors.

Climate Change Master Plan (2015-2050)

Motivated by Thailand’s obligations under international agreements like the United Nations Framework Con-
vention on Climate Change (UNFCCC) and the Paris Agreement, the Climate Change Master Plan (2015-2050)
offers a strategic framework for steering climate action and promoting sustainable development within the

country. This plan incorporates climate change considerations into national development agendas, sector-spe-

cific policies, and strategies to ensure alignment with climate goals. The plan’s vision, mission, goals, and pur-

pose are summarized in Box 1.
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Box 1

Vision, Mission, Goals and Purpose of
Climate Change Master Plan (2015-
2050)

e Vision and missions : The master plan outlines a vision for Thailand to become a low-carbon and cli-
mate-resilient society by 2050. The mission includes developing knowledge and technology for low carbon
development and climate change adaptation, enhancing national resilience through integrated measures,
reducing GHG emissions, and raising awareness and capacity for implementing climate change policies.

* Goals: The goals of the master plan are divided into 3 phases:

1. Short-term: Goals related to mechanisms and capacity-building measures for issues that
require immediate implementation, with a target year of 2016.

2. Medium-term: Goals related to mechanisms and capacity-building measures that require
time to implement, as well as goals reflecting the outcomes of medium-term actions, with a
target year of 2020.

3. Long-term: Goals reflecting long-term actions, including variable goals that require continu-
ous monitoring of indicators, with a target year of 2050.

e Purposes: The main purposes of the Master are:

1. To provide a long-term national framework for climate change adaptation and low carbon
growth promotion according to sustainability development principle.

2. To provide a policy framework for the development of mechanisms and tools, at sectoral and
national level, to achieve effective resolutions for climate change.

3. To provide government agencies and relevant organizations with a framework for detailed
action plans; facilitating awareness and mutual understanding by means of a common
framework of reference points, thereby increasing integration and reducing redundant
processes.

4. To provide budgeting agencies with a clear framework for budget allocation, thus enabling
the mobilization of concrete climate change resolutions.

The master plan incorporates key elements necessary for implementing effective climate actions. These ele-
ments include sector-specific strategies, mitigation efforts, adaptation plans, capacity building, institutional
enhancement, monitoring and evaluation, and international collaboration. These components are organized
into three key strategies as detailed below (NXPO, 2024).
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Strategy 1: Climate change adaptation - comprises actions and measures in the following six sectors:

1.

Strategy 2
sectors:

Water resources, flood and drought management - focusing on integrated, effective and
equitable water resource management to provide equal access to water supply whilst under-
taking the drought and flood preparedness.

Agriculture and food security — focusing on managing the risks associated with climate
change and natural disasters, fostering preparedness and adaptive capability to the impacts of
climate change through measures which may include but are not limited to generating second
incomes from environmentally friendly agricultural products, and ensuring sustainable food
security.

Tourism — focusing on ecotourism and sustainable tourism to conserve natural resources and
resilience to climate change in areas with a tourism industry.

Public health - focusing on disease surveillance, the impact of climate change on human
health, prevention and control of epidemics, and equal access to quality healthcare services.
Natural resource management - focusing on the restoration and conservation of natural re-
sources and ecosystems as well as providing a regulatory framework for sustainable utilisation
of natural resources.

Human settlement and security —focusing on reducing risks and damages arising from natural
disasters and building preparedness and capability.

: Mitigation and low carbon development - comprises actions and measures in the following eight

Power generation and energy supply — focusing on decreasing fossil fuel consumption,
increasing/developing renewable energy production and developing infrastructure which facili-
tates low carbon development whilst simultaneously lowering GHG emissions.

Transport - focusing on increasing the efficiency of transport and logistics, developing low-
carbon transport infrastructure and applying sustainable principles to the management of
transport demand.

Energy consumption in buildings — focusing on improving energy conservation and efficiency
in buildings.

Industry — focusing on improving the performance of machinery, energy efficiency and waste
reduction through measures such as the promotion of renewable energy production and con-
sumption, and investments in low-carbon and environmentally friendly industries.

Waste management - focusing on integrated life cycle waste management by prioritising
source reduction and the 3Rs (Reduce, Reuse, Recycle) in accordance with the waste hierarchy.
Agriculture - focusing on low emission agricultural practices with environmental and financial
co-benefits; increasing the capacity of farmers to accommodate GHG reduction technologies
and management systems.

Forestry - focusing on the creation of carbon sinks via forest conservation, restoration, re-
forestation, and afforestation. Measures that affect communities in forested areas should be
evaluated on the merits of their environmental and social impact via public hearings of suffi-
cient duration and transparency.

Urban management - focusing on increasing urban green spaces to act as carbon and pollu-
tion sinks which can also help to mitigate GHG emissions from human activities in major cities.
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Strategy 3: Enabling environment on climate change management - comprises actions and measures in the

following four sectors:

1. Data, research, and technology development - focusing on improving the quality and stan-

dard of data, information, research, and the application of technology in climate adaptation.

2. Development support mechanisms for climate change adaptation and mitigation - focusing

on developing mechanisms to support GHG emissions reduction, low carbon development

incentives, mobilisation of developmental partners, climate change adaptation and mitigation

mechanisms.

3. Raising climate change awareness and increasing adaptive capacity — focusing on raising

awareness and understanding among target groups (e.g. educational institutions, academia,

related agencies, mass media and the general public) to enable the accurate assessment and

analysis of climate change policies and equip them with the necessary knowledge and compe-

tencies to effectively prevent and mitigate climate change impacts.

4. International climate change cooperation —focusing on facilitating international climate

change negotiations via trade and environmental cooperation to harmonise policies and pro-

duce win-win outcomes.

2.2.2

In March 2021, the National Committee on Climate
Change Policy approved a draft Climate Change Act
for Cabinet review. This Act ensures that citizens have
the right to access climate change information from
the government, which is responsible for evaluating
climate impacts, issuing public alerts, and supporting
research and technology for climate adaptation. The
Act also mandates the implementation of climate-sen-
sitive policies, such as Nationally Determined Contri-
butions (NDCs) and National Adaptation Plans (NAPs),
to address climate challenges (ONEP, 2022).

The Act also directs the creation of a national climate
data center by the Thai Meteorological Department,
in collaboration with the Office of Natural Resources
and Environmental Policy and Planning. This center
will provide critical data on weather patterns, tempera-
tures, and precipitation. Additionally, the Act estab-
lishes the Thai Environmental Fund, the country’s first
domestic climate financing mechanism, to support
climate mitigation and adaptation projects. It requires
key agencies and the private sector to report green-
house gas emissions and is working towards incorpo-
rating carbon pricing mechanisms, such as carbon tax-
es or markets, into the legislation, which will soon be
reviewed by the Cabinet and Parliament (ONEP, 2022).

Climate Change Act (in drafting process)

The structure of the Act is as follows:

Section 1: General

Section 2: Objectives of Thailand in climate change
Section 3: Committee on climate change policy
Section 4: Climate change fund

Section 5: Climate change adaptation master plan
Section 6: Greenhouse gas data

Section 7: Greenhouse gas reduction

Section 8: Carbon emission trading system

Section 9: Carbon tax system

Section 10: Carbon credits

Section 11: Adaptation to climate change
Section12: Standards for categorising climate
change activities

Section 13: Measures to promote climate change
operations

Section 14: Sanctions

Transitory provisions
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2.2.3 Integration of climate change into national devel-
opment policies, strategies, and plans

To address the impact of climate change on its economy and society, and to fulfill commitments under the
UNFCCC and the Paris Agreement, Thailand has incorporated climate change considerations into its national de-
velopment framework. This includes integrating climate action into the 20-year National Strategy (2018-2037),
the Master Plan under the National Strategy, the National Reform Plan, the 13th National Economic and Social
Development Plan, and the National Energy Plan Framework. These strategies collectively aim to guide Thailand
toward achieving carbon neutrality by 2050 and net zero emissions by 2065 (Figure 6) (NXPO, 2024).

ethe 20-year National Strategy (2018-2037),
sthe Master Plan Underthe National Strategy,

National development policies, ~the National Reform Plan,
o ethe 13th National Economic and Social Development Plan and
Strategles and plans across SeCtorS *the National Energy Plan Frameworkto coherently drive

Thailand towards a goal of carbon neutrality by 2050 and net
zero emissions by 2065.

sthe (Draft) National Energy Plan,
ethe Electric Vehicle for Public Transport DevelopmentPlan,
sthe Master Planfor Sustainable Transport System and Mitigation

S t l. l. A d l. of Climate Change Impacts (2013-2030),

ectora po ICles an p ans *the NationalIndustrial DevelopmentMasterPlan (2012-2031),

sthe National Solid Waste Management Master Plan (2016 -2021),
*the Plastic Waste Management Roadmap (2018-2030) and
sthe Municipal WastewaterManagementPlan.

* Bioeconomy: Using biological resources and processes
to create value instead of relying on fossil fuels.

Bio-Circular-Green Economy Model « Circular Economy: Minimizing waste and reusing
resources as much as possible to close the loopin
(BCG) production and consumption.

* Green Economy: Reducing environmental impact and
promoting clean technologies and practices.

Figure 6 Integration of climate change into national development policies,
strategies, and plans
(NXPO, 2024)

Thailand’s sectoral policies and plans are increasingly incorporating climate change considerations to
support the country’s carbon neutrality and net zero goals. Key examples include the Draft National Energy
Plan, the Electric Vehicle for Public Transport Development Plan, and various master plans for sustainable trans-
port, industrial development, and waste management. Additionally, climate change is integral to the Bio-Cir-
cular-Green Economy Model (BCG), which emphasizes waste reduction, resource efficiency, green energy, and
low carbon technologies. The BCG strategic plan targets four priority areas: food and agriculture; medical and
wellness; energy, material, and biochemicals; and tourism and the creative economy.



22|

2.2.4

Policy instruments to drive decarbonisation

1) Incentives for low carbon investment

To support Thailand’s transition to a low-carbon economy, the government is prioritizing
incentives for private sector investments in climate-friendly technologies. Recognizing the poten-
tial benefits, such as enhanced industry value, improved efficiency, and access to new markets for
sustainable products, the Thai government aims to collaborate closely with the private sector to
turn financial and investment challenges into opportunities for low-carbon development (ONEP,
2022). In 2021, the Thailand Board of Investment (BOI) introduced tax exemption programs de-
signed to encourage both domestic and foreign investments in low-carbon technologies. These
programs cover a range of sectors including energy, transportation, industrial processes, waste
management, and agriculture, with specific initiatives such as tax exemptions for energy service
companies, carbon capture technologies, and investments in electric vehicles (NXPO, 2024).

Additionally, the Ministry of Finance, the Bank of Thailand, the Securities Exchange
Commission, the Office of Insurance Commission, and Thailand’s Stock Exchange have formed
a joint Working Group on Sustainable Finance. In 2021, this group launched Thailand’s Sus-
tainable Financing Initiatives, which include the development of a green finance classification
system, improvements to environmental, social, and governance (ESG) data, and requirements
for listed companies to disclose their greenhouse gas (GHG) emissions. These measures aim
to enhance transparency and support sustainable finance practices across the country. Ta-
ble 1 outlines the five primary strategic actions of Thailand’s Sustainable Financing Initiatives
(NXPO, 2024).
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Table 1 Thailand’s sustainable financing initiatives

Key strategic initiatives

Description

KKSI 1: Developing a Practical Taxon-
omy

Promoting inward investment flows and improve decision-making by es-
tablishing a practical national sustainable finance taxonomy, which fa-
cilitates efficient responses to investment opportunities and aligns with
national sustainable development objectives.

KSI' 2: Improving the Data Environ-

ment

Fostering a rich data environment to enable the growth of new products
and markets that align with diverse sustainability criteria. Ensure that
the quality, depth, immediacy, and cost of sustainable finance data pro-
vide a competitive edge for Thailand against other finance centers.

KSI 3: Implementing Effective Incen-
tives

Implementing effective incentives to advance policies and mechanisms
that direct financial flows toward sustainable development. These incen-
tives should primarily include fiscal and prudential measures, though vi-
able non-financial approaches should also be explored.

KKSI 4: Creating Demand-led Products

and Services

Creating demand-driven products and services to foster a thriving sus-
tainable finance sector, necessitating ongoing reinvestment in improve-
ment. Achieving this requires genuine demand for sustainable offerings
and a sincere interest in various aspects of sustainability.

KKSI'5: Building Human Capital

The shift to a sustainable financial sector will be shaped by daily inter-
actions among stakeholders. The effectiveness of these interactions will
depend on the skills, competencies, values, and behaviors of manage-
ment and staff within the financial sector.

Source: The Bank of Thailand

The Bank of Thailand assisted the Thai Bankers’ Association (TBA) in creating a Memorandum

of Understanding (MoU) on Sustainable Banking Guidelines for Responsible Lending. Endorsed

by TBA members in October 2019 and the Association of International Banks (AIB) in February

2020, the MoU promotes responsible lending by integrating ESG considerations into lending

strategies. Consequently, commercial banks have launched green and blue bonds to support

funding for climate change initiatives, including energy and electric vehicle projects, as well as
sustainable blue economy efforts (ONEP, 2022).
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2) Market infrastructure

Thailand has established the Thailand Voluntary Emission Reduction Program (T-VER),
managed by the Thailand Greenhouse Gas Management Organization (TGO), allowing sectors to
voluntarily sell carbon units within the country. Since its inception in 2015, T-VER has certified
11,860,059 tCO2eq from projects, primarily in alternative and renewable energy. The Ministry of
Natural Resources and Environment is developing a mandatory cap-and-trade system to comple-
ment T-VER. In March 2022, the National Committee on Climate Change Policy endorsed guide-
lines for carbon trading, including both “over the counter” and “trading through carbon trading
centres.” TGO will oversee registration and certification, while the Office of Natural Resources and
Environmental Policy and Planning (ONEP) is working on further regulations for the mandatory
system, to be included in the draft Climate Change Act (NXPO, 2024).
Furthermore, TGO has initiated various carbon labeling schemes for organizations and products
to increase awareness and promote market incentives for low-carbon products (see Table 2).

Table 2 TGO'’s carbon labeling schemes for organizations and products

Scheme Brief description
Carbon footprint for CFO serves as a method to measure and report GHG emissions and removals result-
Organization (CFO) ing from an organization’s operations, which are typically divided into three catego-
ries: Scope 1 for direct GHG emissions/removals, Scope 2 for energy-related indirect
<
gaAng

GHG emissions, and Scope 3 for other types of indirect GHG emissions. To date, over

[’ | rganization
‘ 2 995 organizations have received approval under this program.

Carbon Footprint for CFP initiative is designed to calculate the GHG emissions associated with products

Products (CFP)

tll:l
U7

throughout their life cycle stages, with the aim of enhancing consumer awareness
regarding the carbon emissions of these products. As of now, more than 5,930 prod-
ucts have been certified under this scheme.

Carbon Footprint of Cir- CE-CFP focuses specifically on quantifying GHG emissions for products within the

cular Economy Product circular economy framework throughout their life cycle. Currently, over 38 products

(CE-CFP)

have been endorsed under this program.

Carbon Footprint Re- CFR label indicates the carbon footprint of a product as well as its emissions reduc-

duction Label (CFR) tion in accordance with the emission reduction criteria established by TGO. To date,

more than 908 products have obtained approval under this scheme.
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3) Driving forward carbon sequestration

Natural carbon sequestration and negative GHG emission technologies are pivotal
to Thailand’s carbon neutrality and net zero GHG goals. In December 2021, a subcommittee
under the National Committee on Climate Change Policy (NCCC) was established to recom-
mend policies for expanding green areas and fostering stakeholder partnerships. This in-
cludes promoting the Thailand Voluntary Emission Reduction (T-VER) program to enhance
afforestation and reforestation efforts. Additionally, the Ministry of Energy and the Ministry
of Natural Resources and Environment are preparing for Carbon Capture and Storage/Utili-
sation (CCS/CCUS) technologies, with a dedicated subcommittee assessing regulations and
investment options for implementing these technologies to achieve carbon neutrality by
2050 (ONEP, 2022).

4) Domestic partnership

The Office of Natural Resources and Environmental Policy and Planning (ONEP) has
signed several Memoranda of Understanding (MoUs) with key Thai agencies to enhance cli-
mate mitigation and adaptation. These agreements aim to support adaptive spatial plan-
ning with the Department of Public Works and Town & Country Planning, develop climate
information with the Thai Meteorological Department, promote environmental performance
in the capital market with the Securities and Exchange Commission, enhance climate imple-
mentation in tourism with the Department of Tourism and Thailand Greenhouse Gas Man-
agement Organization, and integrate climate adaptation into the water sector with the Office
of the National Water Resources (ONEP, 2022).

Private sector and civil society collaborations are also crucial for sustainable transition. The Thai-
land Business Council for Sustainable Development (TBCSD) promotes environmental consciousness among
businesses, the Global Compact Network Thailand (GCNT) helps companies align with societal goals and the
Sustainable Development Goals (SDGs), and the Thailand Carbon Neutral Network (TCNN) fosters cooperation
towards carbon neutrality. Additionally, the Renewable Energy and Carbon Credit Exchange Platform facili-
tates trading of renewable energy certificates and carbon credits, supporting compliance with international
standards and mechanisms such as Carbon Border Adjustment Mechanism (CBAM) (NXPO, 2024).
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2.3 Thailand’s FCEV Policy Direction

Thailand does not yet have a specific policy for FCEVs. However, there is a broader policy framework

aimed at promoting low-emission vehicle technologies, which encompasses FCEVs along with BEVs, HEVs,

and PHEVs. Additionally, a draft roadmap for promoting hydrogen use in Thailand has been developed, which

outlines the role of hydrogen as a fuel for FCEVs.

2.3.1

Thailand is positioning itself as a significant
player in the global automotive sector with a nota-
ble shift towards low-emission vehicle technologies.
To be aligned with the goals for carbon neutrality
by 2050 and net-zero greenhouse gas emissions by
2065, the “30@30” policy is announced with specif-
ically targets having 30% of vehicle production as
zero-emission by 2030, underpinning efforts to sup-
port and expand EV manufacturing.

To encourage the adoption of EVs, which in-
cludes BEVs, HEV, PHEVs and FCEVs, Thailand has
implemented a range of measures. Financial incen-
tives include reduced import taxes on Complete Built-
Up (CBU) EVs, excise tax reductions, and adjustments
to annual tax rates for electric vehicles. For instance,
the “EV3” initiative reduces import duties on CBU EVs
to lower prices and stimulate market interest. Addi-
tionally, adjustments in the excise tax structure pro-
mote the integration of advanced driver assistance
systems and gradual tax rate reductions for electric
motorcycles to foster environmentally friendly tech-
nologies. A significant reduction in the annual tax
rate for newly registered electric vehicles has also
been introduced to further incentivize adoption.

Policy to promote low emission vehicle technology

In support of the EV manufacturing indus-
try, Thailand’s Board of Investment (BOI) has pro-
moted investment in EV production and key compo-
nents, attracting substantial investments exceeding
75.71 billion Baht from numerous projects. Measures
include tariff exemptions for crucial components
until 2025 and support for transitioning existing
manufacturers towards EV production. Efforts are
also focused on the management of end-of-life elec-
tric vehicles and enhancing the competitiveness of
the EV sector through investment, production, and
skilled workforce development.

Infrastructure development is a key focus,
with plans to establish 12,000 fast-charging stations
for electric cars and 1,450 for electric motorcycles by
2030. The Automotive Testing, Research, awnd Inno-
vation Center (ATTRIC) in the Eastern Economic Cor-
ridor (EEC) will serve as a critical hub for automotive
research and testing, aiming to elevate the quality
and safety of automotive manufacturing. These ini-
tiatives are designed to support Thailand’s broader
goal of becoming a leading player in the global EV
market and fostering sustainable mobility (NXPO,
2024).



2.3.2
Thailand

Thailand currently lacks a specific policy for FCEVs.
However, the Energy Policy and Planning Office (EPPO)
has collaborated with the Energy Research Institute at
Chulalongkorn University and the Energy Research
and Development Institute-Nakornping at Chiang Mai
University to undertake a study and draft a roadmap
for promoting hydrogen use in the country. This com-
prehensive study evaluated various hydrogen utiliza-
tion and production models, assessing their potential
and cost-effectiveness, while also considering alterna-
tives such as renewable energy generation and the
promotion of electric vehicles. The findings suggest
that Thailand should aim to utilize hydrogen in the en-
ergy sector at a level of no less than 20% to achieve
carbon neutrality by 2050 (EPPO, 2023).

The proposed business models for hydrogen use in the
transportation sector include its application as a fuel for
FCEVs, particularly in the heavy-duty long-haul truck-
ing and bus segments. Furthermore, the study outlines
business models for hydrogen use in the power genera-
tion sector, including its use as a fuel in co-firing power
plants via the natural gas pipeline system.
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(Draft) Roadmap for Promoting Hydrogen Use in

In the industrial sector, hydrogen could be utilized for
thermal applications, specifically by blending it with
natural gas to serve as a substitute for liquefied pe-
troleum gas and fuel oil in industrial plants situated
within a 50-kilometer radius of the natural gas pipeline.

Based on the assessment of various hydrogen utilization
and production models, their potential, and cost-effec-
tiveness, alongside other energy alternatives, the short-
and medium-term vision and objectives for hydrogen
adoption in Thailand can be summarized as follows:

Vision and Short- and Medium-Term Objectives: Thai-
land is poised to commence the commercial use of
hydrogen in the energy sector by 2030, with sus-
tainable growth positioning it as a key option in
achieving carbon neutrality by 2050 (EPPO, 2023).

To realize this vision, the following four strategic areas
have been identified:

Strategy 1: Market development and user incentives.
Strategy 2: Promotion of domestic research and de-
velopment.

Strategy 3: Infrastructure development.

Strategy 4: Improvement of regulations and standards.
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Strategy 1: Market development and user incentives. The strategy for promoting hydrogen usage targets

primarily the power generation, industrial heating, and transportation sectors. The plan outlines three phases
for targeting these markets:

. Short-Term (2022-2030): Focus on pilot projects to test hydrogen applications, such as
co-firing power plants, fuel cell technology, and hydrogen use in industrial estates and FCEVs.
. Mid-Term (2031-2040): Begin commercial hydrogen market development, primarily target-

ing co-firing power plants with a 20% hydrogen blend. Hydrogen use in industrial heating will expand,
with transportation applications remaining niche, especially in heavy-duty vehicles.

. Long-Term (2041-2050): Expand on earlier developments with a continued focus on co-firing
power plants. The transportation sector’s hydrogen market will grow, especially in small vehicles and
potentially heavy-duty vehicles, as hydrogen becomes more viable.

Short Term . Medium Term . Long Term
(2020-2030) (2031-2040) (2041-2050)

New market

Market: FCEV (LDV & Heavy-duty)

Business model

Market: Industry H2 replace LPG &

(<50 km from gas grid) residual oil

Market:
FCEV (Heavy-duty)

Power train & Bus
, Business model

Mixed gas grid 25-75%

Market: Power

Growth

Market: Industry Business model

(On Gas pipeline) H2 replace LPG & residual oil

Business model
Market: Power

Mixed gas grid 10-20%

Time

Figure 7 Market and target groups for hydrogen promotion
(EPPO, 2023)
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Strategy 2: Promotion of domestic research and development. Hydrogen technology is still in the de-
velopmental stage, with limited commercial use and high uncertainty in the long term. Current data
suggests that producing hydrogen from natural gas using reforming technology (gray hydrogen)
is the most cost-effective and efficient method. Given Thailand’s reliance on natural gas, this meth-
od is likely to be competitive in the short to mid-term, along with blue hydrogen production, which
combines hydrogen production with carbon capture, utilization, and storage (CCUS) technologies.

In the long term, hydrogen production from renewable energy sources using electrolysis and biomass gasifi-
cation (green hydrogen) may become viable as renewable energy costs decrease. However, this would require
support mechanisms such as carbon markets or carbon taxes.

Initially, the focus will be on supporting research and development in hydrogen production and usage that
aligns with Thailand’s context, including utilizing domestic resources and exploring new business models with
future commercial potential. In the mid-term, the goal is to build the competitiveness of domestic industries by
encouraging investment in hydrogen-related sectors to reduce costs. Long-term efforts will aim at sustainabil-
ity, promoting fair competition as more players enter the market, supported by carbon trading mechanisms.

Strategy 3: Infrastructure development. The development of hydrogen infrastructure in Thailand focus-
es on three main areas: retrofitting existing natural gas pipelines to accommodate a 20% hydrogen blend
by 2050, establishing approximately 70 hydrogen fueling stations by 2040, expanding to 180 by 2050
for heavy-duty trucks, and building additional infrastructure such as hydrogen transport systems and ter-
minals for international trade. Initial efforts will involve testing and upgrading existing systems, followed
by developing commercial markets, and eventually expanding infrastructure to meet growing demand.

Strategy 4: Improvement of regulations and standards. Currently, Thailand’s laws and regulations related
to hydrogen are limited to the industrial sector, covering the production, safety, storage, transportation,
and distribution of hydrogen. These regulations apply to hydrogen in its gaseous, compressed gas, and
cryogenic liquid forms, as well as hydrogen storage materials like ammonia, methanol, and methylcyclo-
hexane, with a primary focus on safety oversight. However, there are no laws or regulations specifically ad-
dressing the use of hydrogen in the energy sector, as hydrogen is not yet utilized as a fuel in Thailand.
Therefore, regulations and standards must be established to support the growth of hydrogen in the country.



Technology Assessment
of FCEVs: Comparing
Performance with

Internal Combustion and
BEVs




Fuel Cell Electric Vehicles (FCEVs) are an in-
novative approach to reducing greenhouse

gas emissions in the transportation sector. As

part of the broader category of zero-emission
vehicles (ZEVs), FCEVs utilize hydrogen fuel
cells to generate electricity on-board, driving
an electric motor. This technology is gaining
traction as a solution for various transportation
needs, from passenger vehicles to commercial
freight, due to its environmental benefits and
operational advantages. This chapter provides
a comprehensive overview of FCEV technology,
assessing its current status, challenges, and
future potential in the global push towards de-
carbonization.
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3.1

Technology overview of Fuel

Cell Electric Vehicles

Fuel Cell Electric Vehicles (FCEVs) are elec-
tric vehicles powered by electricity generated
through a fuel cell system that uses hydrogen as the
primary fuel source. In an FCEV, hydrogen stored in
high-pressure tanks is fed into a fuel cell stack, where
it undergoes an electrochemical reaction with oxy-
gen from the air. This reaction generates electricity,
which powers an electric motor to propel the vehicle.
The only byproduct of this process is water vapor,
making FCEVs a zero-emission alternative to tradi-
tional internal combustion engine vehicles (ICEVs).

The core technology of FCEVs is the Proton
Exchange Membrane (PEM) fuel cell, as shown in Fig-
ure 8, which is particularly well-suited for automo-
tive applications due to its high efficiency, ability to
operate at relatively low temperatures (typically be-
tween 60-80°C), and quick start-up times. PEM fuel
cells consist of an anode, a cathode, and an electro-
lyte membrane. At the anode, hydrogen molecules
are split into protons and electrons; the protons
pass through the membrane to the cathode, while
the electrons travel through an external circuit to
generate an electric current. When the protons and
electrons recombine with oxygen at the cathode,
they form water and release heat. PEMFCs are widely
popular across various applications not only because
of their operational advantages but also due to their
relatively low operating temperature, lower cost com-
pared to other types of fuel cells, and high efficiency
(35-60%). Using hydrogen with a purity of 99.99%
and air as fuel, PEMFCs are now extensively applied
as power sources in vehicles, public buses, and even
small-scale electricity generation for residential use.
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Figure 8 Proton Exchange Membrane Fuel Cell
(PEMFC)

Source: http://www.eere.energy.gov/hydrogenand-

fuelcells/fuelcells/fc_types.html [2.21]
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3.2 Major Components of Fuel Cell
Electric Vehicles

The operation of FCEVs relies on several key components, as illustrated in Figure 9, working together to
convert hydrogen into electrical energy, which powers the vehicle. Central to this process is the fuel cell
stack, where the primary chemical reaction occurs. Surrounding this core are essential systems such
as the hydrogen storage tank, which safely contains the vehicle’s fuel; the electric motor, which drives
the wheels; and energy management devices like the battery or supercapacitor. The Power Control Unit
(PCU) plays a critical role in managing the flow of electricity, ensuring optimal performance under var-
ious driving conditions, while the cooling system maintains the necessary temperature for efficient op-
eration. Each of these components is vital to the overall functionality, efficiency, and safety of FCEVs.

3.2.1 Fuel Cell Stack

The fuel cell stack is the central component of an FCEV, where the chemical reaction between hydro-
gen and oxygen occurs. The stack is composed of multiple individual cells, each containing an an-
ode, cathode, and electrolyte membrane. The electricity generated by the fuel cell stack is used to
power the vehicle’s electric motor. The performance and efficiency of the fuel cell stack are criti-
cal factors in determining the overall range, power output, and environmental impact of the FCEV.

3.2.2 Hydrogen Storage Tank

Hydrogen is stored in the vehicle in high-pressure tanks, usually at 700 bar (10,000 psi). These tanks are de-
signed to be lightweight, typically made from advanced composite materials such as carbon fiber, to minimize
the impact on vehicle weight while ensuring safety. The design and construction of these tanks are crucial to
ensuring the safe storage of hydrogen, which is a highly flammable gas. Advanced safety features, includ-
ing pressure relief devices and impact-resistant materials, are incorporated to prevent leaks or explosions.

3.2.3 Electric Motor

The electric motor in an FCEV is responsible for converting the electrical energy generated by the fuel
cell into mechanical energy, which drives the vehicle’s wheels. Electric motors used in FCEVs are similar
to those found in battery electric vehicles (BEVs) and offer advantages such as high torque, quiet opera-
tion, and reduced maintenance requirements. The motor’s efficiency and power output directly influence
the vehicle’s performance characteristics, including acceleration, top speed, and energy consumption.
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3.24 Battery or Supercapacitor

FCEVs typically include a small battery or supercapacitor to store excess energy, particularly during regener-
ative braking, where kinetic energy is converted back into electrical energy. This stored energy can be used to
supplement the power provided by the fuel cell during periods of high demand, such as during acceleration.
The use of a battery or supercapacitor also helps to smooth out the power delivery and improve the overall
efficiency of the vehicle. In some FCEVs, the battery may also provide auxiliary power for vehicle systems
when the fuel cell is not active.

3.2.5 Power Control Unit (PCU)

The Power Control Unit (PCU) is a critical component that manages the distribution of electricity within the
vehicle. It regulates the flow of electricity from the fuel cell stack and the battery to the electric motor, ensur-
ing that the vehicle operates efficiently under various driving conditions. The PCU also controls the charging
and discharging of the battery or supercapacitor and integrates various energy management functions to
optimize the vehicle’s performance and range.

3.2.6 Cooling System

The cooling system in an FCEV is essential for maintaining the optimal operating temperature of the fuel
cell stack and other critical components. Effective cooling is necessary to prevent overheating, which can
reduce the efficiency of the fuel cell and shorten its lifespan. The cooling system typically includes a ra-
diator, pumps, and heat exchangers to dissipate excess heat generated during the fuel cell’s operation.
Proper thermal management is crucial for ensuring the reliability and longevity of the fuel cell system.

Hydrogen Fuel Cell Electric Vehicle

Fuel Cell Stack Battery Pack

Electric Traction Motor

DC/DC Converter

Thermal System (cooling) Fuel Tank (hydrogen)

Transmission

Power Electronic Controller

Battery (auxillary)

Figure 9 Major Components of Fuel Cell Electric Vehicle (FCEV)

Source: https://afdc.energy.gov/vehicles/how-do-fuel-cell-electric-cars-work [2.22]
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3.3 Advantages and Disadvantages of
Fuel Cell Electric Vehicle and Its Applica-
tion

FCEVs offer several compelling advantages that make them an attractive alternative to traditional internal
combustion engine vehicles and battery electric vehicles. These benefits include zero emissions, long driving
ranges, quick refueling times, quiet operation, and enhanced energy security. However, there are also notable
challenges that need addressing, such as the limited hydrogen infrastructure, high production costs, and is-
sues related to energy efficiency and hydrogen production methods. As presented in Table 3, understanding
these pros and cons is crucial for evaluating the overall viability and future potential of FCEVs in the transpor-

tation sector.

Table 3 Advantages and disadvantages of FCEV

Advantages

Disadvantages

. Zero Emissions: FCEVs produce only water
vapor as a byproduct, making them an environmen-
tally friendly option that contributes to the reduction
of air pollution and greenhouse gas emissions. This is
particularly important in urban areas, where air quali-
ty is a significant concern.

. Long Driving Range: Hydrogen'’s high energy
density allows FCEVs to achieve longer driving ranges
on a single refuel compared to battery electric vehicles
(BEVs), especially in applications requiring extended
range, such as long-haul trucking and intercity travel.
. Quick Refueling: One of the significant ad-
vantages of FCEVs over BEVs is the refueling time. Hy-
drogen refueling takes about 3-5 minutes, comparable
to refueling a gasoline or diesel vehicle, making FCEVs
more practical for users who need minimal downtime.
. Quiet Operation: Like other electric vehicles,
FCEVs operate with minimal noise, contributing to
reduced noise pollution, especially in urban environ-
ments. This quiet operation also enhances passenger
comfort and the driving experience.

. Energy Security: Hydrogen can be produced
from various domestic sources, including natural gas,
water (via electrolysis), and biomass, reducing reliance
on imported oil and enhancing energy security.

. Hydrogen Infrastructure: The lack of wide-
spread hydrogen refueling stations is a significant bar-
rier to FCEV adoption. Building and maintaining hy-
drogen infrastructure requires substantial investment,
and the current network is limited, particularly outside
major urban areas.

. High Cost: The production costs of FCEVs are
currently higher than those of ICEVs and BEVs due to
the complexity of fuel cell technology and hydrogen
storage systems. This higher cost is a barrier to mass
adoption, though prices are expected to decrease with
technological advancements and economies of scale.
. Energy Efficiency: The overall energy effi-
ciency of hydrogen production, storage, and distribu-
tion can be lower than that of direct electricity use in
BEVs. When hydrogen is produced from fossil fuels,
the environmental benefits of FCEVs are diminished,
highlighting the importance of developing green hy-
drogen production methods.

. Hydrogen Production: Most hydrogen today
is produced from natural gas through steam methane
reforming (SMR), which emits carbon dioxide. To max-
imize the environmental benefits of FCEVs, hydrogen
production needs to shift towards low-carbon or re-
newable methods, such as electrolysis powered by re-
newable energy sources.
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FCEVs are making significant inroads across various sectors of the transportation industry. Their unique
attributes are particularly suited to specific applications, each benefiting from the advantages of hydro-
gen technology. In public transit, FCEVs are transforming urban bus fleets with their zero emissions and
quiet operation. In commercial transport, the extended range and rapid refueling of hydrogen trucks of-
fer a viable alternative for long-haul logistics. Meanwhile, FCEV passenger cars and specialized vehi-
cles like hydrogen-powered trains and ships are gradually emerging, highlighting the versatility and po-
tential of FCEVs in diverse transportation contexts. Detail of each application of FCEV are as follows:

3.3.1 Public Transit

FCEVs are becoming increasingly popular in public transit systems, particularly in the form of hydrogen-pow-
ered buses. These buses offer a clean, efficient, and quiet alternative to diesel-powered vehicles. Hydrogen
buses are particularly advantageous for urban transit networks, where zero emissions and quiet operation are
critical. Several cities around the world, including London, Tokyo, and Los Angeles, have integrated hydrogen
buses into their public transportation fleets, demonstrating the feasibility of FCEVs in high-usage applications.

3.3.2 Commercial Transport

In the commercial transport sector, FCEV trucks are being developed and tested for long-haul freight and
delivery services. The extended range and quick refueling times of FCEVs make them particularly suitable for
long-distance trucking, where downtime for refueling is a significant consideration. Companies like Toyota,
Nikola, and Hyundai are investing in hydrogen-powered trucks, which have the potential to reduce the car-
bon footprint of the logistics industry significantly. The use of FCEVs in commercial transport also aligns with
global efforts to decarbonize the supply chain and meet stringent emissions regulations.

3.3.3 Passenger Vehicles

Several automakers have introduced FCEV passenger cars, such as the Toyota Mirai and Hyundai Nexo. These
vehicles are designed for consumers seeking environmentally friendly transportation options without the
range limitations or long charging times associated with BEVs. While FCEV passenger vehicles are still a niche
market, they are gaining attention in regions with developed hydrogen infrastructure, such as California, Ja-
pan, and parts of Europe. Automakers are also exploring ways to reduce costs and improve the performance
of FCEV passenger cars, making them more accessible to a broader audience.
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Specialized Vehicles
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FCEV technology is also being explored for specialized applications, including hydrogen-powered trains and

ships. Hydrogen trains are particularly useful for routes that are not electrified, providing a zero-emission

alternative to diesel locomotives. Several European countries

Table 4 Application of FCEV in Transport Sector
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As FCEVs are a type of zero-emission vehicle (ZEV) with significant potential to reduce green-
house gas emissions, they are inevitably compared with another ZEV category: Battery Electric Ve-
hicles (BEVs). Figure 10 illustrates the range and payload capabilities of hydrogen fuel cell elec-
It is evident that BEV systems are well-suited for small

tric vehicles versus battery electric vehicles.

passenger vehicles with relatively low daily mileage requirements. In contrast, FCEVs become particu-
larly advantageous for trucks, where their extended range and quick refueling offer notable benefits.
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Figure 10 Comparison of range and payload for hydrogen and battery technology
in means of transportation

Source: https://www.ehydra.in/2022/12/fuel-cell-electric-vehicle-fcev-energy.html



|39



Cost-Effectiveness
Analysis: Total Cost of
Ownership




This chapter provides a cost-effectiveness
analysis of Fuel Cell Electric Vehicles (FCEVs),
focusing on the Total Cost of Ownership (TCO)

for both FCEV passenger cars and heavy-duty
vehicles. Understanding the cost-effectiveness
of FCEVs is crucial for assessing their viability
as a sustainable transportation solution, partic-
ularly in comparison to other vehicle technolo-
gies. By analyzing key cost components—such
as capital expenses, fuel costs, and mainte-
nance—this chapter aims to determine the
economic feasibility of adopting FCEVs across
various vehicle categories, highlighting the po-
tential for broader market adoption and long-
term environmental benefits.
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4.1 Total Cost of Ownership of Cars

The total cost of ownership (TCO) is a method used
to evaluate and compare the expenses of owning and
operating a vehicle over its lifespan. This approach is
crucial for assessing the economic viability of various
powertrain technologies across different countries,
both in the present and future. As a purchasing tool,
TCO seeks to reveal the true cost of acquiring and
maintaining a product or service (Ellram, 1995). The
TCO model typically considers factors such as pur-
chase price, operating expenses, residual value, and
other direct financial costs. Some studies also factor
in indirect and non-monetary costs, like the envi-
ronmental impact of greenhouse gas emissions (Mi-
tropoulos, 2017). Since these costs can vary across
different technologies, the TCO framework assists us-
ers in understanding the trade-offs involved and mak-
ing informed vehicle purchase decisions. While the
basic structure of TCO models is consistent, variations
exist depending on the objectives, country contexts,
model configurations, and assumptions. The TCO of a
vehicle encompasses all expenses incurred through-
out its lifecycle, including the purchase price (battery
and fuel cell), fuel costs, operation and maintenance
and repairs, and refueling or charging infrastructure.

When purchasing a vehicle, car buyers typically con-
sider several factors, with the TCO being one of the
key criteria. For many, the driving range of a vehicle is
also crucial. The average battery electric vehicle (BEV)
available today offers a range of approximately 250
km, which is sufficient for most daily commutes. How-
ever, FCEVs like the Toyota Mirai and Hyundai NEXO
offer significantly longer ranges, around 400 km or
more. This extended range makes FCEVs appealing
to those who prioritize fewer stops during long trips.
For example, an FCEV could travel from Bangkok to
Chaing Mai (approximately 700 km) with just one
quick refueling stop, whereas a BEV with a 250 km
range would require at least two charging stops, de-
pending on the availability of fast-charging stations.
However, this advantage in range comes at a higher
vehicle cost, and consumers must weigh this against
their individual preferences and priorities (IEA, 2019).

When purchasing a vehicle, car buyers typically con-
sider several factors, with the TCO being one of the
key criteria. For many, the driving range of a vehicle is
also crucial. The average battery electric vehicle (BEV)
available today offers a range of approximately 250
km, which is sufficient for most daily commutes. How-
ever, FCEVs like the Toyota Mirai and Hyundai NEXO
offer significantly longer ranges, around 400 km or
more. This extended range makes FCEVs appealing
to those who prioritize fewer stops during long trips.
For example, an FCEV could travel from Bangkok to
Chaing Mai (approximately 700 km) with just one
quick refueling stop, whereas a BEV with a 250 km
range would require at least two charging stops, de-
pending on the availability of fast-charging stations.
However, this advantage in range comes at a higher
vehicle cost, and consumers must weigh this against
their individual preferences and priorities (IEA, 2019).
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Figure 11 Total Cost of Ownership of Car by Powertrain, range and fuel

Source: (IEA, 2019)

Another key factor influencing the competitiveness
of FCEVs is the utilization of refueling infrastruc-
ture. In the early stages of FCEV adoption, the cost
of hydrogen fuel could account for 12% to 22% of
the TCO, depending on the price of hydrogen (rang-
ing from USD 9/kgH2 to USD 18/kgH2). The cost
associated with hydrogen refueling stations also
varies based on their capacity and utilization. For
example, stations with a capacity of 200 kgH2 per
day, operating at 10-33% of their capacity, could
add a margin of USD 4-13/kgH2, with this margin
decreasing as station size and utilization rates in-
crease. The risk of underutilized hydrogen refueling
stations underscores the importance of achieving
high utilization to reduce costs during the initial de-
ployment of FCEVs, even in the passenger car mar-
ket, where fuel costs are less critical (IEA, 2019).

The analysis indicates that BEVs and FCEVs could
serve as complementary options, catering to differ-
ent consumer needs. FCEVs are particularly well-suit-
ed for long-range driving, fast refueling, and areas
with affordable hydrogen. Additionally, as hydro-
light-duty
FCEVs with various configurations, such as fuel

gen refueling infrastructure expands,

cell range extenders, could benefit from advance-
ments in both fuel cell and battery technologies.
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4.2 Total Cost of Ownership of Me-
dium- and Heavy-duty Vehicles

The heavy-duty long-haul sector, which includes
trucks and intercity buses, presents strong poten-
tial for hydrogen FCEVs due to its need for long
range and high power. In this segment, hydrogen
FCEVs generally have an advantage over BEVs due
to the high energy requirements and long ranges
needed. BEVs face limitations with large and heavy
batteries that are necessary to achieve long-range
travel. Charging these vehicles takes considerable
time and requires high infrastructure investment.
Additionally, if the infrastructure utilization rate is
low, the investment becomes even less cost-effective

As presented in Figure 12, for heavy-duty trucks, fuel
cell costs are currently higher than for light-duty ve-
hicles due to the need for greater durability, which
requires more catalyst material and thus increases
costs. Future costs for fuel cell systems in heavy-du-
ty trucks are projected at USD 95/kW, assuming pro-
duction volumes of 100,000 units annually. Despite
these higher costs, FCEVs could become competitive
with BEVs for heavy-duty applications at ranges ex-
ceeding 600 km, particularly if hydrogen can be deliv-
ered at less than USD 7/kgH2. The exact price of hy-
drogen for competitiveness depends on factors such
as annual mileage and operational characteristics.
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Figure 12 Total Cost of Ownership of Fuel/Powertrain Alternative in Long-haul Vehicles

Reducing fuel cell costs to USD 95/kW could make
hydrogen fuel cell trucks in the heavy-duty seg-
ment competitive with diesel hybrids if hydrogen is
priced around USD 7/kgH2. However, to compete
with electric road systems or battery-electric trucks
at ranges below 500 km, hydrogen prices would need
to drop to less than USD 5/kg H2. Achieving these
cost targets may require significant deployment of
fuel cells across various vehicle types, not just trucks.

Low utilization of infrastructure represents a signif-
icant cost for both FCEV and BEV trucks. Reducing
this cost can be achieved through managing infra-
structure usage with a “hub-and-spoke” model,
where refueling stations are strategically placed to
serve as central hubs for various transport routes.
An advantage of this model for FCEVs is that re-
fueling stations can be spaced further apart com-
pared to electric charging stations, as FCEVs have
a longer range per refuel compared to BEVs. This
setup can lower costs and improve the cost com-
petitiveness of FCEVs against BEVs in the future.
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4.3 Total Cost of Ownership of

FCEV in Thailand

The TCO model utilizes three categories of input
parameters as follows: (1) Capital Cost (CC): These
include vehicle purchase cost, discount rate, ap-
plicable financial incentive, resale value, and mis-
cellaneous costs, (2) Operational Cost (OC): These
encompass fuel/electricity cost, maintenance cost,
staff cost, and miscellaneous costs and (3) Vehi-
cle Usage Details: Parameters considered are ve-
hicle holding period, average kilometers driven per
day, and the number of operational days per year.

The analysis of TCO of private car in Thailand is based
on several key assumptions. The number of annual
kilometers traveled of private car is set at 14,312 km
with ownership period of 20 years for all vehicles
(OTP, 2017). Fuel efficiency data for various vehicles
(ICE, HEV, BEV and FCEV) are taken from previous
studies (OTP, 2023) and standard factory data, e.g.
Eco Sticker (OIE, 2024). Maintenance costs are based
on standard factory replacements, with battery re-
placements for HEV and BEV assumed at the 10-year
mark (Onsaard & Pongthanaisawan, 2024). Fuel and
electricity costs are based on 2024 prices ( (EPPO,
2024), (MEA, 2024)), and hydrogen costs are refer-
enced from NREL (2020). Vehicle prices are obtained
from local dealers. The discount rate is set at 3.4%,
based on the 2024 Thailand 10-year bond yield. In-
surance costs for electric vehicles (EVs) are generally
higher than for internal combustion engine vehicles
(ICEVs), with premiums at 2% for ICEVs and HEVs and
5% for BEVs and FCEVs, decreasing over the vehi-
cle’s lifetime. Additionally, vehicle taxes are based
on engine capacity for ICEVs and vehicle weight for
EVs, with tax reductions available for EVs registered
before September 2025 (TQM, 2024; DLT, 2024).

Figure 13 presents TCO of private car with various
technologies and fuels. The study indicates that
the main component of TCO throughout the vehi-
cle’s lifespan is capital cost, which accounts for more
than 50% of the total cost for all vehicle technolo-
gies and ownership periods, except for BEVs. For
fuel-powered vehicles, such as ICE and HEV, the
second largest cost component is fuel cost, followed
by taxes and insurance. Conversely, for non-fu-
el vehicles, such as BEVs and FCEVs, taxes and in-
surance cost are higher than fuel (or energy) cost.
Additionally, for these non-fuel vehicles, the pro-
portion of battery cost increases significantly with
longer ownership period, due to the need for bat-
tery replacement after the 10th year of vehicle life.

The analysis also shows that overall, FCEVs have the
highest TCO (4.09 million THB or 14.29 THB/km). In
contrast, ICE-gasoline, HEV, and BEV have similar and
lower TCOs. The main reason for this is higher capital
costs of FCEV. With 20-year ownership period, the
TCO of BEVs (1.94 million THB or 6.79 THB/km) is
higher than both ICE-gasoline and HEV, primarily due
to battery replacement cost in the 10th year for BEVs.
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In recent times, technologies related to the production and utilization of hydrogen have advanced
rapidly, encompassing hydrogen production as well as hydrogen-powered vehicle technologies. Although
commercial viability has yet to be achieved, there has been a substantial increase in pilot projects across
various segments, including small vehicles, heavy-duty vehicles, and other types of engines such as trains,
cargo ships, and aircraft. These advancements must compete with other clean energy alternatives, partic-
ularly electric vehicles. Consequently, “technology development” is anticipated to be a critical factor in-
fluencing automakers’ investment decisions and the cost-effectiveness of hydrogen vehicle adoption by
consumers. However, the “30@30 Policy,” which targets 30% Zero Emission Vehicles (ZEV) by 2030, may
serve as a pivotal mechanism to support the concurrent use of BEVs and hydrogen-powered vehicles. Fur-
thermore, the “readiness of H2 refueling stations,” along with associated standards, represents factors
that require close monitoring, as highlighted by the analysis of driving forces using the Future Triangle

Pull of the
future:
Technology

developme
nt as

FCEV, H2 in
transport

Push of the W Weight of
the past:

Readiness
of refueling

present:
30@30

policy station

Figure 14 Future triangle for adoption of FCEV in Thailand

“A study of Thailand hydrogen supporting strategies, ERl and ERDI proposed to EPPO (2023)
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The supporting factors that will help drive the commercial development of FCEVsin Thailand inthe futureinclude:

1. Policy commitment focused on achieving carbon neutrality by 2050, coupled with the ad-
vancement of the 30@30 policy, in which FCEVs are positioned as a key mechanism alongside
BEVs.

2. The expanding opportunities resulting from the development of carbon mechanisms in Thai-
land, including the implementation of carbon taxes and carbon credit systems.

3. The receptiveness of green foreign funding sources to the development of low-carbon projects,
including the initiation of pilot projects and real-world application testing.

4. The establishment of a clear plicy strategy, such as focusing on heavy-duty trucks, buses, and
rail systems, will facilitate infrastructure and fueling station planning, thereby avoiding the
need for excessively high investments.

5. The advancement of a green H2 certificate will be a pivotal factor in increasing the value and
economic potential of FCEVs, particularly in an environment where the overall energy system
is transitioning to clean energy at a slow rate.

In the other hand, the factors that are anticipated to serve as barriers to advancing commercial development
of FCEVs in Thailand include:

1. Therisk of changes in global policy actions that may result from international conflicts or the
political climate of leading countries.

2. The competitive pricing environment in the automotive sector, particularly for electric vehicles,
with a specific emphasis on heavy-duty vehicles, which are the intended market for FCEVs.

3. The uncertainty in identifying production sources and ensuring a sufficient supply of low-carbon
hydrogen at competitive prices, along with the hydrogen supply chain for energy applications.

4. The unpreparedness of regulations to facilitate the use, production, transportation, and commer-
cial trading of hydrogen in Thailand.

5. A shortage of skilled personnel and experts in research, development, and commercial opera-
tions.

Currently, FCEVs have not yet been implemented commercially in Thailand, resulting in a low lev-
el of readiness for the technology as shown in Figure 15. This includes aspects such as policy support,
cost-effectiveness, domestic production capacity, and societal acceptance. However, the potential for reduc-
ing greenhouse gas emissions appears to be a crucial factor that could drive a shift towards FCEVs, partic-
ularly in the long term as GHG reduction options become more challenging, especially for hard-to-abate
sectors like heavy-duty vehicles, buses, and rail. The versatility of hydrogen, which can be used for elec-
tricity generation, energy storage systems, and industrial heating, will support the integration of FCEVs
as part of a future energy management system that encompasses a broader range of energy solutions
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—BEV/PHEV  ===Fuel cell vehicle (FCEV)

Figure 15 Technology assessment of FCEV readiness in Thailand ®

® Assessment on Energy Technology Toward Carbon Neutrality Policy Using Multi-Criteria Decision Analysis: A Case of Thailand, W Wang-

jiraniran, J Pongthanaisawan, N Nakapreech - International Journal of Energy Economics and Policy, 2023
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Hydrogen represents a crucial option for long-
term greenhouse gas reduction, essential for
achieving carbon neutrality by 2050 in Thai-
land. The global agenda supporting this goal
is anticipated to drive demand for hydrogen
as an alternative energy source over the long
term. In the interim, various countries are be-
ginning to implement measures that promote
the adoption of environmentally friendly
products and services, including their supply
chains. These measures are already impacting
trade and investment in Thailand and are ex-
pected to continue influencing the market. This
evolving landscape underscores the necessity

for advancing hydrogen use within the energy
sector, including FCEVs, in Thailand. Conse-
quently, the promotion of FCEVs in Thailand is
an integral component of the nation’s overall
hydrogen development strategy. EPPO’s study
has set a target for initiating commercial hydro-

gen use in the energy sector by 2030, with the

aim of achieving sustainable growth and posi-
tioning hydrogen as a key element in reaching
carbon neutrality by 2050. Strategies for ad-
vancing FCEVs to achieve the goals include:
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6.1 Enhancing Market Growth
through Targeted User Incentives

The concept of using hydrogen in the transportation sector is based on the principle of utilizing hydrogen as
an alternative for Zero Emission Vehicles (ZEVs), alongside electric vehicles. Both groups are key targets for
Thailand’s development of alternative vehicles, according to the National Electric Vehicle Policy Committee’s
Electric Vehicle (EV) Development Plan. The target groups for promoting hydrogen use in vehicles in Thailand
are shown in Figure 15, as follows:

* Long-Distance Freight Trucks: Given the nature of their use, which involves carrying heavy loads over long
distances, these trucks are well-suited for FCEVs. In contrast, BEVs will primarily serve the small to medium
vehicle market. Additionally, promoting FCEVs for freight trucks allows for strategic development of fueling
stations at fixed locations along transport routes, enhancing the efficiency of infrastructure and fueling
station investments.

* Intercity Trains: While locomotive technology can be technically feasible for both electric and hydrogen-pow-
ered engines, the key difference lies in the infrastructure investment required. Electric locomotives need a
developed power network along the entire route (overhead power lines), whereas hydrogen energy allows
for the development of fueling stations at specific points, similar to road freight transport with clear routes.
Potential areas for hydrogen fueling stations could be in regions with existing rail networks connecting east-
ern areas. However, implementation requires approval from relevant authorities, which are currently revising
transportation development plans and may consider incorporating hydrogen energy into these plans.

*  Public Buses: This sector requires foundational project development similar to that of long-distance freight
trucks, given its suitability for large loads and long distances. Furthermore, fueling stations can be clearly
located, and in some cases, shared fueling stations might be feasible.

Target segment for FCEV

v
v
Heavy duty truck Public bus

The transportation of goods using trucks Public transportation using buses is
and trailers is expected to rely heavily on expected to heavily rely on diesel and
diesel and natural gas. This sector is natural gas. This sector is anticipated to
anticipated to have significant potential have significant potential for substituting
for substituting existing fuels with existing fuels with hydrogen
hydrogen. | | be— |

A 4

Powertrain

This sector may consider using electric
and hydrogen energy as future
alternatives to fossil fuels. The need for
infrastructure investment could be a
determining factor.

Figure 16 Target segment for FCEV ©
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The future goal of FCEV adoption in Thailand remains highly uncertain. According to data collected from
various studies 789 there is a prevailing view that FCEVs represent a long-term option for transportation and
logistics. It is anticipated that commercial use of FCEVs in Thailand will begin around 2030, with significant
growth expected between 2040 and 2050, as illustrated in Figure 17.
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Figure 17 Market of hydrogen demand for FCEV in Thailand

To foster the adoption of FCEVs within the aforementioned target groups, the strategy for developing the
market and creating incentives for users can be outlined as follows:

* Integrate FCEVs into 30@30 ZEV Plan: Incorporate FCEVs as part of the ZEV development
plan in line with the 30@30 targets. This will enable the ZEV promotion package, aimed at
reducing GHG emissions in vehicles, to also encompass FCEVs. Such actions will enhance
the attractiveness of FCEVs, given their low GHG emissions technology, and will influence
promotion measures, including investment incentives, taxation, and user subsidies.

*  Enhance confidence among target groups by supporting the development of demonstra-
tion projects to evaluate FCEV performance, and by establishing safety and operational
standards in alignment with international practice.

*  Unlock FCEV Value with Carbon Mechanisms: Promote carbon mechanisms and methods
for evaluating carbon credits for FCEVs to create added value for FCEV users during the
initial phase when cost-effectiveness has not yet been achieved. This includes advocating for
mandatory mechanisms, such as carbon taxes in the long term, to unlock the value of FCEVs.

® A study of Thailand hydrogen supporting strategies, ERI and ERDI proposed to EPPO (2023)
7Hydrogen Thailand Club (2023)
8 Knowledge series on market development for Green Hydrogen and Power-to-X in Thailand, H2uppp program, GIZ and DNV (2023)

¢ Strengthen Thailand’s expertise to support long-term GHG mitigation planning in the transport sector, GIZ (2024)
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6.2 Elevating the Hydrogen Value
Chain through Research and Techno-
logical Advancement

Research and development are critical components for the advancement and initial deployment of new tech-
nologies. While current costs may be high, for technologies with significant potential, future costs are likely
to decrease. An analysis by McKinsey highlights the potential for advancements in hydrogen production
technology, suggesting that it could eventually become cost-competitive. Figure 18 presents projections of
future production costs for green hydrogen and low-carbon hydrogen, illustrating the variations in production
costs, which will depend on the ability to develop technologies based on the potential of renewable energy
sources. This analysis underscores the importance of technological advancements in clean energy generation,
hydrogen production, and FCEV technology.
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Figure 18 Projected cost curve of hydrogen production in 2050 *°

0 Global Energy Perspective 2023: Hydrogen outlook, Mckinsey (2024)
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Recommendations for promoting research and development of technology, as well as the development of
industries within the hydrogen value chain for FCEV usage, include the following:

1. Fostering Private-Academic Collaboration with Government Leadership: Allocate funding for re-
search and development, establish collaborative networks between the private sector, academia,
and government agency, as well as foster international partnerships to advance research and
pilot projects in clean energy generation, hydrogen production, transportation, diverse applica-
tions, FCEV technology, and other related fields. Thailand has already established the Hydrogen
Thailand Club network, comprising private companies and state enterprises, some of which have
initiated pilot projects. The government should take the lead in setting the direction for tech-
nology development and interconnected pilot projects, coordinating with the aforementioned
key stakeholders, and allocating both domestic and international funding sources to drive these
initiatives forward. Such initiatives not only support R&D but also enhance the competitiveness
of industries within the hydrogen value chain in the future.

2. Support entrepreneurs and industries to integrate into the value chain of low carbon hydro-
gen, including production, transportation, and distribution, as well as the value chain of Fuel Cell
Electric Vehicles (FCEVs), such as the development of vehicles and parts for FCEVs. Supporting
these industries not only reduces import dependency but also enhances competitiveness in the
hydrogen and FCEV markets both regionally and globally. The hydrogen value chain, including
low carbon H2 such as green and blue hydrogen, and FCEVs is illustrated in Figure 18.

3. Driving GHG Reduction Mechanisms at All Level: Promote mandatory and voluntary GHG reduc-
tion mechanisms to incentivize high-potential, high-emission private sectors to prioritize clean
technology development. Focus on industries tied to the hydrogen value chain, such as chemi-
cals, petrochemicals, natural gas, as well as high-emission sectors like steel, cement, and others.
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1 Adapted from A study of Thailand hydrogen supporting strategies, ERI and ERDI proposed to EPPO (2023)
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6.3 Establishing Robust Infrastruc-
ture for FCEV Deployment

This initiative involves the development of
hydrogen refueling infrastructure to comprehensive-
ly address user requirements. Initially, the establish-
ment of refueling stations for pilot projects may be
pursued to evaluate operational effectiveness, safety,
and cost-efficiency, while also generating data for the
formulation of pertinent standards. Prior to achieving
the commercial deployment goal set for 2030, it is im-
perative for the government to meticulously plan the
development of hydrogen refueling stations to ade-
quately meet the anticipated demand from vehicles.
This planning should be coordinated with the strate-
gy for supplying clean hydrogen. Given that the tar-
get FCEV segment includes heavy-duty trucks, buses,
and potentially intercity trains—each operating on
relatively fixed routes—the development of refueling
stations can be strategically focused on key routes.
This targeted approach will mitigate the need for
extensive distribution, thereby reducing investment
costs and enhancing the competitiveness of FCEVs.

According to the assessment conducted by
EPPO, ERI, and EDRI, the target for developing hydro-
gen refueling stations is approximately 70 stations
by 2040, with an increase to 180 stations by 2050,
as illustrated in Figure 20. This target is based on the
current locations of truck weight inspection stations
and assumes that the average distance between
each station will not exceed 165-350 kilometers.
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12 Potential sites from
totally 71 truck rest area
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Figure 20 Potential site
for hydrogen refueling station'2

12 Adapted from A study of Thailand hydrogen supporting strategies, ERI and ERDI proposed to EPPO (2023)
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6.4 Refining Regulatory and Standards
Frameworks for FCEV Advancement

Currently, Thailand’s legal and regulatory framework regarding hydrogen is primarily focused on its
industrial applications. This framework includes regulations on hydrogen production, safety, storage, trans-
portation, and distribution, covering hydrogen in gaseous, compressed, and cryogenic liquid states, as well as
hydrogen storage mediums such as ammonia, methanol, and methylcyclohexane. The emphasis is predomi-
nantly on safety oversight. There are, however, no specific laws or regulations addressing the use of hydrogen
in the energy sector, as hydrogen has not yet been utilized as a fuel or commercially distributed within Thailand.

In the development of a regulatory framework to support Fuel Cell Electric Vehicles (FCEVs), it is crucial to ad-
dress the entire hydrogen and FCEV value chain. This encompasses the formulation of comprehensive standards for
engineering and safety, as well as the establishment of commercial regulations and service tariffs covering hydrogen
production, transportation, storage, utilization, and refueling stations. Furthermore, the framework must encompass
standards for vehicles and the manufacturing of components. The development of a registration framework may pro-
ceed by reviewing and updating existing regulations in accordance with international safety standards and hydrogen
usage practices. The laws and regulations anticipated to be relevant to hydrogen and FCEVs are detailed in Table 5.

Table 5 Legislation for the Hydrogen and FCEV Value Chain*?

Area of regulatory framework Legislation for the Hydrogen and FCEV Value Chain

Safety *  Factory Act
*  Occupational Safety, Health, and Environment Act
* Industrial Products Standards Act

Production *  Factory Act
» Industrial Products Standards Act

Storage * Industrial Products Standards Act
*  Hazardous Substances Act

Transport by Road and Pipeline »  Land Transport Act
»  Hazardous Substances Act

Commercial Use of Hydrogen *  Occupational Safety, Health, and Environment Act

13 A study of Thailand hydrogen supporting strategies, ERI and ERDI proposed to EPPO (2023)
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In conclusion, the commercial deployment of hydrogen and Fuel Cell Electric Vehicles (FCEVs) still
necessitates policy commitment and effort to ensure adequate preparedness. This readiness encompasses
the development of critical infrastructure, the establishment and enforcement of safety standard regulations,
and, most importantly, addressing the currently high costs associated with hydrogen and FCEVs. These costs
are significantly higher when compared to Internal Combustion Engines (ICE), Hybrid Electric Vehicles (HEV),
or Battery Electric Vehicles (BEV), even within the heavy-duty vehicle segment.

Nevertheless, future advancements in technology are anticipated to enhance the cost-effectiveness
of FCEVs. To capitalize on these advancements, it is imperative to foster the growth of the domestic hydrogen
and FCEV industry. Such development will not only support the anticipated future expansion but also play a
crucial role in reducing the nation’s reliance on imported energy and technology. This strategic approach will
help ensure that the country is well-positioned to meet the evolving demands of the energy and automotive
sectors.
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