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Abstract

This report is an output of the Clean Energy Technology Observatory (CETO).

The development of fuel cells for heavy-duty applications has made significant progress, driven by
advancements in Proton Exchange Membrane (PEM) technology. However, a geographic imbalance
exists, with Asia dominating deployment and manufacturing, while Europe demonstrates strong
technological capabilities but limited commercial scale. European manufacturers are likely to face
intense competition from Asian producers, potentially limiting their role in global deployment.

CETO is being implemented by the Joint Research Centre for DG Research and Innovation, in
coordination with DG Energy.



Foreword

The European Commission set up the Clean Energy Technology Observatory (CETO) in 2022 to help
address the complexity and multi-faced character of the transition to a climate-neutral society in
Europe. The EU’s ambitious energy and climate policies create a necessity to tackle the related
challenges in a comprehensive manner, recognizing the important role for advanced technologies
and innovation in the process.

CETO is a joint initiative of the European Commission Joint Research Centre (JRC), who run the
observatory, and Directorate Generals Research and Innovation (R&l) and Energy (ENER) on the
policy side. Its overall objectives are to:

e monitor the EU research and innovation activities on clean energy technologies needed for
the delivery of the European Green Deal

e assess the competitiveness of the EU clean energy sector and its positioning in the global
energy market

e build on existing Commission studies, relevant information & knowledge in Commission
services and agencies, and the Low Carbon Energy Observatory (2015-2020)

e publish reports on the Strategic Energy Technology Plan (SET-Plan) SETIS online platform

CETO provides a repository of techno- and socio-economic data on the most relevant technologies
and their integration in the energy system. It targets in particular the status and outlook for
innovative solutions as well as the sustainable market uptake of both mature and inventive
technologies. The project serves as primary source of data for the Commission’s annual progress
reports on competitiveness of clean energy technologies. It also supports the implementation of and
development of EU research and innovation policy.

The observatory produces a series of annual reports addressing the following themes:

Clean Energy Technology Status, Value Chains and Market: covering advanced biofuels,
batteries, bioenergy, carbon capture utilisation and storage, concentrated solar power and heat,
geothermal heat and power, heat pumps, hydropower & pumped hydropower storage, novel
electricity and heat storage technologies, ocean energy, photovoltaics, renewable fuels of non-
biological origin (other), renewable hydrogen, solar fuels (direct) and wind (offshore and onshore).

Clean Energy Technology System Integration: building-related technologies, digital
infrastructure for smart energy system, industrial and district heat & cold management, standalone
systems, transmission and distribution technologies, smart cities and innovative energy carriers and
supply for transport.

Foresight Analysis for Future Clean Energy Technologies using Weak Signal Analysis
Clean Energy Outlooks: Analysis and Critical Review

System Modelling for Clean Energy Technology Scenarios

Overall Strategic Analysis of Clean Energy Technology Sector

More details are available on the CETO web pages.



https://setis.ec.europa.eu/index_en
https://energy.ec.europa.eu/topics/research-and-technology/clean-energy-competitiveness_en
https://setis.ec.europa.eu/publications/clean-energy-technology-observatory-ceto_en
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Executive summary

EU Objectives and Challenges / Policy context

Fuel cells are a technology that enables efficient electricity generation from hydrogen. Hydrogen
can replace fossil-based fuels in a large spectrum of applications: in industry, in heavy duty and
long distance transport, including maritime and aviation sectors, it can be used as feedstock in
chemical processes, as well as contribute to energy storage.

The policy landscape for fuel cells is linked to zero emission mobility and heavy-duty applications
and it is shaped by several interconnected frameworks addressing climate change, emissions
reduction, and infrastructure development, but there are no prescribed technological solutions.
There are other fuel cells applications, such as stationary (off-grid) power units that are useful in
environments with no direct electrification, and to some extent, in Europe and in other economies,
fuel cells units are used for heating or Combined Heat and Power (CHP), for example in the context
of Hydrogen Valleys and upgrading existing gas infrastructures.

The EU has established increasingly stringent CO, emission standards for heavy-duty vehicles (HDV)
under the revised Regulation (EU) 2019/1242, requiring manufacturers to reduce fleet-wide
average emissions by 45% by 2030, 65% by 2035, and 90% by 2040 compared to 2019 levels.
These standards cover nearly all heavy-duty vehicles including trucks, buses, coaches, and trailers,
representing approximately 93% of HDV fleet emissions in the EU. The regulations specifically
recognise fuel cell electric vehicles (FCEVs) as zero-emission vehicles eligible for compliance.

The Alternative Fuels Infrastructure Directive (AFIR) Regulation EU 2023/1804 entered into force in
April 2024 as part of the Fit for 55 package, establishing mandatory national targets for alternative
fuel infrastructure deployment [1]. For heavy-duty applications, AFIR requires hydrogen refuelling
stations every 200 km along the Trans European Transport Network TEN-T network by 2030. Other
promising applications such as maritime and aviation could benefit fuel cell production and
deployment and could indirectly benefit from the decarbonization provisions included in the
ReFuelEU and FuelEU regulations. The targets for consuming Renewable Fuels of Non Biological
Origin (RFNBOs, i.e. electrolytic hydrogen) in transport and in industrial sectors set in the revised
Renewable Energy Directive (RED) could also, in principle, support fuel cell applications in the
transport sector.

Technology Status

Fuel cell development for road applications has been driven by passenger cars, with Japanese and
Korean companies like Toyota, Hyundai and Honda investing in the technology. However, heavy-duty
applications require significant technical improvements, including higher power output (up to 150
kW) and longer lifetime (> 25 000 hours). Proton Exchange Membrane (PEM) fuel cells are the key
technology for the heavy-duty sector, with limited development of other types like Solid Oxide Fuel
Cells (SOFC, high temperature FC usually above 600 degrees Celsius) and High Temperature- Proton
Exchange Membrane PEM (HTPEM, in this case operating in the range of 150-200 degrees Celsius).
Hydrogen fuel cells for heavy-duty applications, including maritime and aviation, have advanced in
terms of these requirements, and in Technology Readiness Levels TRLs in recent years. These
developments have been possible through public and private investments in the technology, as
outlined in sections 2.5 and 2.6.

The cost of hydrogen fuel cells varies by application, with mobility applications being the most
prominent. For heavy duty vehicles, system costs are around 300 EUR/kW and stack costs are
around 200 EUR/kW at a production volume of 1 000 units per year. However, costs increase



significantly at lower production volumes. Economies of scale reduce costs as production volumes
increase, with fuel cell stack costs being the largest contributor to system costs, making up 60-70%
of the total cost, and catalyst costs being the highest component of stack costs®.

Investment and Funding

Public funding for fuel cells has increased significantly in 2023, with Europe accounting for 35% of
the total EUR 3.07 billion investment. The European Union has allocated EUR 1.3 billion for mobility
applications, with a focus on heavy-duty transport, through various funding initiatives administered
by the Clean Hydrogen Joint Undertaking and the Climate and Infrastructure Executive Agency of
the European Commission (CINEA), among others.

Venture capital investment in EU fuel cell companies reached a record high of EUR 141 million in
2024, a 77% increase from 2023, driven by large deals with companies like Elcogen and Inocel.
However, the EU still only accounts for 9.4% of global VC investment, with China attracting much
larger investments, ranging from EUR 125 million to EUR 610 million, since 2021.

Value Chain

The market data for fuel cell heavy duty vehicles is unreliable, with estimates of the 2025 market
size varying widely from EUR 0.2 - 2.5 billion. Based on 2024 sales, a more realistic estimate of the
global market size is around EUR 0.7 billion. Growth rate projections are also uncertain, ranging
from 12.5% to 39.5% compound annual growth rate. The lack of concrete and comparable data
across European markets makes any analysis of turnover or gross value added highly speculative
and potentially misleading for policy or investment decisions.

The European heavy-duty transportation sector's adoption of fuel cell technology is facing
challenges, with the industry dominated by large corporations and SMEs struggling to scale up.
Despite some investment and initiatives, the sector's growth is slow, and the market remains
relatively small. Employment figures are also modest, with many companies having fewer than 250
employees, indicating a limited commercial impact so far.

Sustainability

A 2024 study found that the use phase of a PEM fuel cell system for heavy-duty trucks is the main
driver of environmental impact, while raw material extraction and production phases have negligible
effects. The catalyst, particularly platinum, is a significant contributor to environmental impact
during the manufacturing phase. Additionally, the use of per- and polyfluoroalkyl substances (PFAS),
so called ‘forever chemicals’ in fuel cell membranes, but also in other technologies, is an emerging
environmental concern, and upcoming regulatory restrictions in Europe may significantly impact fuel
cell manufacturing, driving research into alternative materials.

EU Positioning and Global Competitiveness

Due to the lack of appropriate and specific CN codes there is no reliable information on trade of
fuel cells.

! This is due to the high Platinum loading needed to ensure durability, the costs of which will not reduce with scaling up,
as well lower BOP costs compared to electrolysers. The share of stack costs for fuel cells for the considered
application is notably higher than that for electrolysers.



The fuel cell sector in Europe demonstrates strong technological capabilities but limited commercial

scale. The majority of deployment and manufacturing is concentrated in Asia. Depending on the
scenario, Europe may have sufficient production capacity potential to meet its future needs.
However, it is likely to play a marginal role in global deployment, particularly compared to Asia and
China. European production will face significant competition from Asian manufacturers, and the
Chinese market is unlikely to be open to European products.

SWOT Analysis

The following SWOT table summarises the factors relating to the EU’s competitiveness in the
hydrogen fuel cell sector.

Table 1 CETO SWOT analysis for the competitiveness of fuel cells in the EU.

Strengths

For the heavy-duty sector, fuel cell
electric vehicles (FCEV) have advantages
over battery electric vehicles (BEV) in
terms of faster refuelling and higher
payload for heavier models, although
battery recharging times are decreasing.
Established European regulatory
framework supporting the deployment of
fuel cell manufacturing capacity, where
manufacturing facilities would enjoy
faster permitting and access to funding
(Net Zero Industry Act).

Capable of benefitting from established
binding targets for the decarbonisation of
transport (Regulation EU 2019/1242 on
CO; emissions standards for heavy-duty
vehicles, FuelEU maritime, ReFuelEU
aviation, Renewable Energy Directive).
European companies have a strong
presence as international patent holders.

Weaknesses

Europe is a weak market for fuel cells
compared to other regions. Asia is
leading in fuel cell vehicle deployments.
European manufacturers rely heavily on
public funding (EU's contribution of 49 %
of total global public investments in fuel
cells from 2014 to 2024).

Very high European reliance on imports
of critical raw materials, which is partly
addressed through the proposal on the
Critical Raw Materials Act.

The fuel cell market is dominated by the
passenger car segment, and the sales for
FCEV passenger vehicles have been
slowing down.

Fuel cells for heavy-duty applications
require specific technical improvements
to meet the challenging demands for
heavy duty applications.

Very high total costs of ownership (TCO)
linked with hydrogen prices well-above
competitive levels against other options
relying on fossil fuels or electricity.

Opportunities

Rich European system of manufacturers,
their collaboration supported through
funding schemes (such as the
cooperation and funding through the
Important Projects of Common European
Interest).

Europe holds an outstanding global share
of public funding that could further
improve technical competitive
advantages (e.g. patents).

The European Union's amended
regulation 2019/1242 stating that 90
percent of new city buses must be

Threats

Other competing technologies for
decarbonisation offering lower TCO and
technical advantages.

High fuel costs contributing to
uncompetitive TCO.

Lack of infrastructure (hydrogen
refuelling stations, bunkering,...)

The market for zero-emission buses is
dominated by battery electric models,
and the adoption rates for fuel cell buses
are declining.

The high cost of fuel cell systems and
the lack of economies of scale could




emission-free by 2030 provides an
opportunity for fuel cell buses, along
electric ones, to gain market shares.

The increasing focus on reducing
greenhouse gas emissions in the shipping
sector, such as through the FuelEU
Maritime initiative, provides an
opportunity for fuel cells to be used in
maritime applications.

The development of hybrid systems
combining fuel cells with battery-electric
components could help to meet variable
power needs without compromising
payload capacity.

make it difficult for fuel cell vehicles to
compete with other zero-emission
options.

Advances in battery technology, such as
higher capacities and faster charging, can
erode the competitive advantage of fuel
cells in heavy-duty transportation, posing
a challenge to their market prospects.

Source: JRC 2025




1. Introduction

1.1. Scope and Context

This report on fuel cells is part of the annual series of reports from the Clean Energy Technology Observatory
(CETO). This report builds on EU studies in this field and updates the previous CETO report [2]. It provides an
overview of the current state of fuel cell deployment, focusing in particular on the heavy-duty segment. Covered
are international trends, the global market and EU position in it.

Fuel cells can play a role in achieving the objectives expressed in FuelEU maritime, ReFuelEU aviation,
Renewable Energy Directive and are recognised as a strategic decarbonisation technology in the Net Zero
Industry Act. The EU has set ambitious targets for decarbonisation of transport, and mobility applications based
on fuel cells are expected to contribute to these efforts.

The report is organized into five main chapters. Chapter 2 examines the state of the art of fuel cells, focusing
on advancements in technology readiness, costs, and research funding. Chapter 3 focuses on the value chain
analysis, covering economic contributions and the role of EU companies in the market. Chapter 4 provides an
overview of the EU's global position and competitiveness in the fuel cell industry, analysing market status, trade
dynamics, and resource efficiency. Chapter 5 concludes the report by synthesising key findings and highlighting
strategic opportunities and challenges.

As the second CETO report on fuel cells, it builds on the first report's examination of the transport sector in
general, while shifting its attention to the heavy-duty segment, where fuel cell electric vehicles (FCEV) have
some potential advantages over battery electric vehicles (BEV) in terms of faster refuelling and lower weight. It
excludes stationary fuel cell applications and light-duty vehicles, except where relevant for comparative context.
This report disregards stationary applications, since they are a marginal market compared to mobility
applications (especially in Europe).

1.2. Methodology and Data Sources

The present report follows the general structure of all CETO technology reports and is divided into four sections
with several indicators aiming to present and evaluate the EU fuel cell technology along its value chain:

Technology State of the art and future developments and trends;
Value chain analysis;
EU position and global competitiveness.
The report uses the following information sources:
Eurostat data;
Existing studies and reviews published by the European Commission and international organisations;
Information from EU-funded research projects;
EU and international databases;
EU trade data, trade reports, market research reports and others;
JRC own review and data compilation;

Details of specific sources can be found in the corresponding sections.
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2. Technology status and development trends

2.1. Technology Overview

The deployment of fuel cells in the heavy-duty sector, which includes buses, trucks, and other road vehicles,
together with maritime and aviation, is seeing a mix of growth and challenges. Fuel cell development for road
applications has been driven by the needs of passenger cars, which in 2024 was still the major deployment
segment. For decades, companies like Toyota and Hyundai have invested into the advancement of fuel cell
technology, leading to commercial products meeting the requirements regarding power output, efficiency and
lifetime (according to Department of Energy, USA, DOE programme technical targets - 80 kW, 65% peak
efficiency and 5000 h) [3]. Fuel cells for heavy-duty applications require specific technical improvements to
meet the demands, which are much more challenging, especially regarding lifetime (> 25 000 h) [4]. The power
output demand is also much higher, upwards of 150 kW, depending on the application.

Hydrogen fuel cells for heavy-duty applications, including maritime and aviation, have advanced in terms of
these requirements, and in TRLs in recent years. These developments have been possible through public and
private investments in the technology, as outlined below and in sections 2.5 and 2.6.

Fuel cells, including Proton Exchange Membrane (PEM), High Temperature PEM (HT-PEM), and Solid Oxide Fuel
Cells (SOFC), are energy conversion devices that can be used in mobility and freight applications. The key
technologies for the heavy-duty sector are PEM fuel cells, with limited development of SOFC and HT-PEM for the
maritime sector and aviation.

- PEMFCs as the most mature fuel cell technology use a proton-conducting membrane to separate
electrodes, facilitating hydrogen oxidation and oxygen reduction reactions. They operate at 60-80°C,
require high-purity hydrogen, and use platinum group metals (PGMs) as catalyst material.

- HT-PEMFCs operate at 120-180°C, tolerating impurities and offering improved performance, but have a
lower TRL and face challenges in durability and cost.

- SOFCs operate at high temperatures (above 600°C), enabling non-precious metal catalysts and fuel
flexibility. They have mainly been used in micro-Combined Heat and Power (CHP) applications in Asia or
for power generation in the US, but they are not yet fully commercialised due to cost, durability, and
maintenance issues.

2.2. Technology readiness level

2.2.1. Road freight (trucks)
TRL: 7-8 (Demonstration to Commercial Readiness Phase)
Technical requirements

Power Output: Heavy-duty trucks require fuel cell systems with power outputs ranging from 200 kW to 400
kW, depending on the application and payload requirements.

Durability: Fuel cells for trucks must achieve lifetimes of up to 30 000 hours by 2030 [4], far exceeding the
5 000-8 000 hours typical for passenger cars, to meet the operational demands of freight applications.

Efficiency: High efficiency is critical to minimise hydrogen consumption.

US DOE targets seek achieving 68% peak efficiency by 2025 and 72% by 2030, while maintaining durability )
[3].

11



Cost Targets: According to the Clean Hydrogen Joint Undertaking, the cost of fuel cell systems must decrease
to around EUR 50/kW by 2030 to compete with diesel and battery-electric alternatives [4].

BOP: The Clean Hydrogen JU has set the target that the costs for the stack Balance of Plant (BOP) should
decrease more than 10 fold by 2030, to less than EUR 100/kW [4]%

FCTs offer the option of fast refuelling times, long ranges, and allow payload capacities comparable to diesel
trucks, making them suitable for long-haul operations. Recent years however have seen several setbacks in
market development and the prospects for commercialisation have declined.

The technology has matured considerably, with prototype and pre-series fuel cell trucks now undergoing real-
world testing across Europe and globally. Current demonstrations include major initiatives like Daimler's GenH2
trucks with Amazon, Holcim, and other partners or the Clean Hydrogen JU projects REVIVE and H2HAUL [5].
However, series production readiness is not expected until the end of this decade or later, as manufacturers
report that fuel cells still lack the robustness, efficiency, and stability required for demanding long-haul
applications [6]. In Asia, it is worth noting that China deploys a freight corridor (fuel cells based on Kunhua
technology) [7]. Battery-electric trucks (BET) are the dominant technology for emission free drivetrains, and
many truck manufacturers are developing hydrogen combustion engines, as these are seen as a more mature
than fuel cells [6].

2.2.2. Road mobility (buses)
TRL: 9 (Fully Commercialised)
Technical Requirements

e Fuel cell capacity: Most buses use 70-150 kW PEM fuel cell stacks (e.g., Ballard’s 120 kW FC move-HD
in Solaris buses [8]). Ballard is a Canadian manufacturer.

¢ Range: 400-600 km per refueling, with some models like the Solaris Urbino 18 hydrogen achieving 600
km using 51.2 kg of hydrogen [9].

2.2.3. Rail
TRL: 6-8 (Prototype/Demonstration Phase)

Technical Requirements
e Fuel cell capacity: Trains need fuel cells of 200 - 960 kW capacity for traction [10].
e Speed: Up to 200 km/h to be maintained, which needs high power output [10].

¢ Retrofitting existing trains: Upgrading existing rolling stock with FCH systems without the need for
purchasing new trains [11].

2 According to an analysis by the DOE, reaching these targets is not likely even at very high deployment numbers for HCV stacks and BOP
[45].
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o Vibration/shock resistance: Fuel cell stacks and the BoP must withstand vibrations 3x higher than
for automotive [12].

There are ongoing demonstration projects for fuel cell powered trains, both for passenger and freight rail
applications, with some experiencing technical difficulties. A driver is that fuel cell trains do not require
electrified tracks. Alstom's Coradia iLint hydrogen trains, powered by Cummins' fuel cells, have been operational
in Germany. However, technical issues have prompted their temporary replacement with diesel trains, with plans
to overhaul and upgrade the entire fleet of 27 trains with more powerful fuel cells and larger hydrogen tanks
[13]. Similarly, Siemens' fuel cell trains were deployed in Berlin but are no longer in service due to hydrogen
supply constraints [13]. Currently, there are no new orders for fuel cell trains from Germany, highlighting the
need to address these technical and logistical challenges to advance the adoption of fuel cell technology in the
rail sector.

Research in the U.S. focuses on adapting fuel cells for freight locomotives [14]. In China CRRC (China Railway
Rolling Stock Corporation) has emerged as a global leader in hydrogen-powered rail technology, with the CINOVA
Intercity train and the hydrogen freight locomotive (see Annex 4). South Korea is investing heavily in fuel cell
powered trams. However, in Europe it seems that fuel cells trains are being abandoned, in favour of battery
powered options due to lower running costs and higher technological maturity [15].

2.2.4. Waterborne applications

TRL: 7-8 (Demonstration Phase)

Technical Requirements

e On-board reformers: more tolerance of fuel cells to impurities in hydrogen (more development of
SOFC and HT-PEM). This is the case for projects where ammonia or methanol is used as fuel, rather than
hydrogen [16]. Ammonia and methanol present more convenient features in terms of transport than
gaseous forms of hydrogen.

e 1-10+ MW scalability. Modular approaches are emerging as the preferred solution for scaling power
capacity.

e 100000+ h operational lifetime. Durability is being investigated for example in the Hi-SEA PEMFC
testing infrastructure for maritime applications [17].

e Power density can be much lower than for automotive applications, 4 kg/kW are acceptable as there
are fewer space and weight constraints.

¢ Harsh environment: Salt spray corrosion resistance.

Fuel cells are being tested on small-to-medium vessels for auxiliary power and propulsion systems. The types of
vessels range from ferries and cruise-ships to bulk freighters. In terms of actual orders, the smaller segment of
vessels is hydrogen fuelled, such as tugs and ferries, the larger sizes tend to be based on methanol or ammonia
[15]. Ammonia-fuelled SOFCs are also being considered as a promising option for larger ships as renewable
ammonia is seen as a key fuel for maritime applications. Barriers include adapting fuel cell systems for harsh
marine environments and ensuring sufficient renewable supply at ports. The definition and the approval from a
safety standpoint of bunkering operations is also an obstacle to wider adoption.

2.2.5. Aviation

TRL: 4-6 (R&D to Prototype Testing)

13



Aviation fuel cells are in early development stages, focusing on small regional aircraft. For instance, ZeroAvia
has successfully tested a hydrogen-electric powertrain for short-haul flights [18]. Current prototypes achieve
power densities of around 2.5 kW/kg but need to exceed 3 kW/kg for broader adoption in commercial aviation.

Technical Requirements

Fuel Cell Capacity
Aircraft fuel cells require significantly higher power outputs than other transport applications:
o Megawatt-scale power required even for smaller aircraft, not just kilowatts [19]

Gravimetric Power Density
Weight is critical in aviation, requiring exceptionally high power-to-weight ratios:
e 2-3 kW/kg expected system-level density with high-temperature PEM technology [20]

Altitude and Pressure Requirements
Aircraft fuel cells must operate across extreme altitude conditions:
e At 12 500 meters: 0.2 bar pressure, -56°C temperature
e At cruise altitude (18 300 meters): 0.055 bar ambient pressure
e Significant air compression required (2-3 compressor stages) to meet oxygen supply demands at
altitude [21]

Environmental and Mechanical Durability
Aviation applications demand exceptional resistance to harsh conditions:
e Vibration resistance: Must withstand aviation-specific vibration loads significantly higher than
automotive [22]
o Temperature cycling: From -78°C at cruising altitude to operating temperatures above 100°C [23]
e Pressure variations: From sea level to extremely low pressure at cruise altitude

2.2.6. Hydrogen Refuelling Stations
TRL: 9 (Fully Commercialised)

The overall Hydrogen Refuelling Station (HRS) system has reached a high level of maturity, but its individual
components vary in terms of technological readiness. Some components, such as compressed tanks, basic
compression technology, and safety systems, have achieved a high level of maturity. However, others, including
advanced dispensing systems, pre-cooling systems, and liquid hydrogen technology, are still in the development
phase, with some requiring further refinement before they can be widely adopted.

HRS supply fuel to vehicles at two main pressure levels:
e 350 bar for heavy-duty vehicles (buses, trucks)
e 700 bar for light-duty passenger vehicles

The higher pressure is needed for passenger cars due to limited storage space, while heavy-duty vehicles can
accommodate larger tanks and use lower pressure. In Europe, the Alternative Fuels Infrastructure Regulation
requires hydrogen refuelling stations to be installed every 200 km along the Trans-European Transport Network
by 2030. Funding programs like the Alternative Fuels Infrastructure Facility and the Connecting Europe Facility
(CEF) are providing financial backing, with EUR 504 million allocated to 57 HRS deployment projects since 2014.
Notable projects include the Zero Emission Valley in France and HysetCo's Paris Network, which operates 8
hydrogen stations and supports 800 hydrogen vehicles.
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The global deployment of HRS is increasing, albeit more slowly than in recent years, with about 1 200 stations
operational globally, and 49 stations being added in Europe in 2024, for a total of 318 [24][25][26].

Asia and North America also saw additions, with South Korea leading the way for the fourth consecutive year.
However, these additions are partially counteracted by HRS closures [25].

The European HRS Availability System reported a total of 184 HRS available for public use in June 2025 [27].

An analysis of available data shows that Asia (China, Japan and South Korea) is the clear leading global area
deploying HRS?, followed by Europe, while the US is progressively folding up deployment and sees a growing
reduction in its number of active HRS. Europe is also experiencing an increase in the number of shutdowns in the
last three to four years , but at least until 2024, this has been offset by a higher number of HRS opening up,
especially for those targeted at commercial and heavy-duty vehicles. News reports in 2025 are however
highlighting possible signs of exacerbation for this trend e.q. [28].

In terms of usage of HRS there has been a recent shift, as in Germany the share of hydrogen dispensed at 350
bar exceeded that at 700 bar, accounting for over 50 percent in March 2025 [29]. This change reflects a growing
trend toward the commercial vehicle sector, particularly hydrogen-powered buses and heavy goods vehicles.
According to the JV H2 Mobility, heavy-duty transport is becoming a key driver of hydrogen mobility.

2.3. Installed energy capacity and production/generation

In 2024 the European fuel cell market is still dominated by the passenger car segment with over 85% of
installed capacity of the mobility sector and more than 65% of the total cumulative deployed capacity of around
0.6 GW [30], see also Figure 1. There is a detectable slow shift over time in terms of the key application, from
passenger cars to buses, trucks and vans, even though the main deployment is still recorded for cars.

However, the growth in registration of FCEV passenger vehicles in Europe has slowed down, with year-on-year
growth declining from more than 45% in 2022 to almost zero in 2023, and almost flatlining in 2024 with
around 7% growth [26], see Figure 3. In contrast, fuel cell trucks have been the fastest growing sector globally,
and Europe is also seeing an increase in registrations, with 140 units sold in 2024 [31], see Figure 2. The market
penetration for fuel cell trucks is however negligible, with about 0.01% of the fleet. For reference battery trucks
are around 1% of the overall truck fleet.

3 Asia had several times the number of operational HRS than Europe in 2024, with roughly half of the capacity located in China and one
quarter in Japan and South Korea.
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Figure 1 Fuel cell deployment (GW) per application and year.
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Globally, road transport applications dominate the installed fuel cell power capacity, mainly driven by the
deployment of car and bus fleets. After experiencing a significant acceleration in deployment from 2019, the
year-on-year growth appears to be stalling or decreasing momentum almost everywhere. Asia is by far the
leading market for fuel cells in road transport, followed by North America, while Europe has a much lower
installed capacity across all applications. In Europe, fuel cell vehicles have a negligible share of the total vehicle
fleet, concentrated in Germany, France, and the Netherlands, and accounting for less than 0.002% of the total
fleet vehicles for passenger cars [26]. For comparison, battery-powered vehicles make up slightly more than 2%
of the total EU passenger vehicle fleet [33][34].

Fuel cells in maritime applications are also appearing in the deployment numbers in the last couple of years,
both in Europe and globally. Their volumes are still significantly lower than for other applications. In Europe,
Norway is the leading country and is planning and operating several FC ferries, see Annex 4.
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Figure 3 New registrations of fuel cell vehicles in the EU27
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2.3.1. Road freight (trucks)

As can be seen from Figure 2, there is some growth evident for the FCT segment, with 4800 units sold in 2024,
against 3600 in 2023 [31]. However, this needs to be put into context with BET sales at 93 000 units in 2024.
Over 90% (4 400) of the FCT were deployed in China, which only amounts to about 6% of the BET sales.

In Europe, the sales numbers are very low with less than 140 units sold in 2024 [31].

There are vast differences in opinion between OEMs regarding the future of fuel cells trucks, with many shifting
to hydrogen combustion [6]. In favour of fuel cells a lower dependency on Chinese battery manufacturers was
mentioned [6].

2.3.2. Road mobility (buses)

In 2024 global fuel cell buses reached 11 000 units. Of these roughly 72% were deployed in China, about 5% in
North America and 8.6% in Europe (6% in EU27) [31].

Hydrogen fuel cell buses have been deployed in urban transit systems due to their ability to handle long routes
with high power demands. They have smaller batteries compared to BEVs, enabling faster recharging. In the U.S,,
about 480 FCB have been sold, 180 in 2024 [31], with more demonstration projects planned, although zero-
emission mobility is facing challenges [35]. Globally, Asia-Pacific leads in deployment due to strong government
incentives, with 1 400 units deployed in 2024, of which 1 100 in China. China had long been a champion of FCB
with over 8000 units sold since 2017, but seems to be seeing a marked decline as most buses being deployed
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are battery electric (94.7% in 2024 for Beijing [36], compared to around 60% in 2023, [37]). According to Clean
Technica [36], of the 800 FCB deployed for the Winter Olympics in 2022, probably only around a quarter are still
operational.

South Korea has deployed 992 FCB by June 2024 [38] and is still seeing strong growth for this application.
Supported by subsidies of around USD 540 million for fuel cell vehicles, the Ministry of the Environment
announced the purchase of an additional 2 000 FCB for 2025 [39].

Europe had 378 FCB registered in 2024, with a remarkable growth of an additional 279 registrations in the first
half of 2025, many of these in Germany [40].

2.3.3. Waterborne applications

There are a number of European maritime projects operational and in the planning phase, indicating the
development of an emerging market (see Annex 4). In total the fuel cell capacity to be deployed is still marginal,
but there are signs of growth (e.qg. [41]). Norway and the Netherlands are in the lead for the deployment of
hydrogen powered vessels. The Rystad data, as shown in Figure 1 (fuel cell installations in the order of 200
MW), is difficult to confirm, as only around 10 MW seem more certain, see also Annex 4. Based on the available
data, this might be an application with Europe in the lead.

2.4. Technology costs

Depending on the application considered, the cost of a hydrogen fuel cell will vary significantly. Moreover, each
application relying on fuel cells will have costs which go much beyond those of the fuel cell, with the fuel cell
stack only being a fraction of the overall system costs. In a parallel with electrolysers, CAPEX costs only partially
cover the costs incurred by using an asset during its lifetime. For electrolysers electricity costs dominate the
costs of hydrogen produced beyond a marginal use [42], while for fuel cell-based applications, fuel costs
dominate total costs of ownership.

Due to the prominence of fuel cells deployed in mobility applications, only these will be covered in this section.

It is possible to find estimates of costs for both fuel cells stacks for cars and for heavy-duty vehicles [43] [44]
[45]. Production costs are expected to decrease as production volumes increase, with system costs expected to
roughly become half going from a yearly production level of 1 000 units to one of 100 000 for medium duty
vehicles and decreased by about one third for heavy-duty vehicles. Economies of scale are even more
pronounced when cars (light duty vehicles) are considered, with systems costs dropping down to about one third
in the same production range. Fuel cell stacks are the largest contributor to system costs, with BoP having a
higher fraction of overall system costs the lower the production volume is. The cost of fuel cell stacks is
estimated to account for approximately 60-70% of the total system cost, although their relative impact is
expected to diminish gradually as production volumes increase and economies of scale are achieved.

The highest fraction of fuel cells stack cost is linked with the use of catalyst and it progressively increases with
an increase in production volumes. More intense applications have a higher portion of production costs
associated to catalysts and membranes and in general, for most production volumes, catalysts, bipolar plates
and membranes costs cover more than 50% of the production costs of stacks.

Balance of plant costs are dominated by the air compression system and cost for components replacement
which together make up about 50% of costs.

Based on the above considerations, if a production of 1 000 systems per year is considered, for heavy-duty
vehicles which is more representative for Asian markets, a system cost of around 300 EUR/kW and stack costs
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of around 200 EUR/KW can be assumed®. For production volumes of the order of hundred systems per year
(more representative of a European deployment scenario) the manufacturing costs rise up to 600-700 EUR/kW
with 450-500 EUR/kKW representing fuel cells manufacturing costs. Cost for other road applications tend to be
lower, with annual production ranges, estimated based on current European deployment numbers, of the order
of tens of units for every class and few hundreds for personal vehicles.

2.4.1. Total cost of ownership

Fuel cell costs are a relatively minor component of the total cost of ownership of a fuel cell vehicle, as the
overall cost of ownership is heavily influenced by fuel costs, similar to conventional combustion engine vehicles.
In fact, fuel expenses will play a significant role in determining the total cost of ownership for the vehicle owner,
outweighing the initial fuel cell costs.

Right now, almost anywhere in the world the price of hydrogen distributed in HRS does not allow for a viable
business case. For trucks, the price of hydrogen versus the price of electricity will define whether a viable
business case exists for fuel cell powered heavy-duty transportation over long distance and heavier payload
[46]. It seems unlikely that fuel cells trucks will have the chance to meaningfully penetrate the market for
hydrogen pump prices above EUR 5/kg. Hydrogen internal combustion engines, due to their lower CAPEX costs
have a significant advantage over fuel cell-based solutions. A meta-analysis of projected cost evolution from
batteries and fuel cells for heavy-duty transport identifies the potential of fuel cell trucks to be competitive
against diesel trucks and comparable, if not marginally better, to battery trucks if long ranges and high
utilisation are considered while system costs for fuel cell system reach values around 200-250 EUR/KW> [47],
see Figure 4.

Figure 4 Projections for heavy ZET fuel cell system costs. System-level costs per kW of rated power.
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4 This refers to costs based on a US analysis, they are likely to be lower in an Asian case.

> This would presuppose a system production capacity of between 10 000 and 100 000 systems per year according to US projections
data.
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Figure 5 Average hydrogen price 2024 - 2025 expressed in USD per kg in different countries.
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A key challenge for FCB, which have seen a cumulative deployment of around 11 000 vehicles globally by mid-
2024 [15], is that battery-electric buses are consistently shown to be more cost-effective than fuel cell buses
across purchase price as well as TCO by a noticeable margin [48][49]. While hydrogen buses do offer some
advantages in terms of range and cold-weather performance, their high costs make them less appealing for
widespread adoption in public transit systems.

The average levelized cost of hydrogen from grid connected electrolysis in Europe is EUR 7.94 kg/H2 in 2023,
according to the Clean Hydrogen Observatory report [50]. Prices have increased meanwhile, see Figure 5. The
HRS specific refuelling costs, additional to hydrogen production costs, range from EUR 0.6 -2.2 kg/H2, according
to a study by Fraunhofer [51], depending on the station size and distribution pathway.

2.5. Public RDD funding

Public RDD funding for fuel cells has increased sharply at global scale (see Figure 6), in particular for Europe to
a total of EUR 3.07 billion since 2014. Europe has the highest share of funding for fuel cells with 49%, followed
by the US with 17% and Japan with 12%, on average since 2014. This is mainly due to mobility applications
seeing a rise in funding (see Figure 7). It should be noted that 2023 and 2024 data is still provisional, and that
the RDD funding for China is not transparent.
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Figure 6 Public R&D investment globally.
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Figure 7 Public RDD investment globally in fuel cells per application.
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Figure 8 Public R&D investment in the EU per MS (2014 - 2024)
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At European level, the JRC assessment based on IEA data found a total of EUR 1.3 billion of public funding for
mobility applications in the period 2014 - 2024 (Figure 8), including both MS and EU funding for R&D projects. A
large share of this funding is provided by France, with EUR 625 million.

A complementary analysis, also carried out by JRC, based on datasets of European funded projects, excluding
MS funding, found a total for fuel cells of EUR 932 million, of which 51% went to heavy-duty applications
(Figure 9). Total funding is EUR 932 million in this period, for 128 projects, including demonstration and
deployment projects. As can be seen in Figure 10, for heavy-duty applications the total funding is EUR 549
million in this period, for 42 projects, 20 of which are funded by the FCH 2 JU and the Clean Hydrogen JU.
This analysis also included demonstration and deployment projects. Table 7 lists the fuel cell technology heavy-
duty mobility and freight projects identified by the JRC analysis.
The European Union supports fuel cell development and deployment for heavy-duty transport via four major
managing entities:
e (Clean Aviation Joint Undertaking: Manages Horizon Europe funds for climate-neutral aircraft and
hydrogen propulsion research.
e (lean Hydrogen Joint Undertaking: Administers EU funding for hydrogen and fuel cell R&D, pilots, and
demonstration projects.
e European Climate, Infrastructure and Environment Executive Agency: Manages the Innovation Fund and
parts of Horizon Europe, including large-scale demonstration/fuel cell flagship projects.
e Research Executive Agency: Implements a significant share of Horizon Europe R&I projects, including
Cluster 5 calls for climate, energy, and mobility, overseeing collaborative R&D and demonstration
initiatives.
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Figure 9 European funding for projects on fuel cells, for the period 2014 - 2024.
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Figure 10 European funding for projects on fuel cells for heavy-duty mobility and freight, funding schemes are indicated,
for the period 2014 - 2024. EIC stands for European Innovation Council, CL5 is Cluster 5 (climate, energy, mobility), MG is
Mobility for Growth.
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European funding for these applications is going almost equally to road, aviation and maritime applications. All

three fuel cell technologies, PEM, HT-PEM and SOFC are considered for each of these applications.
24



2.6. Private RD&I funding

Globally, there are 1334 active fuel cell companies, according to JRC research, with China, Japan, the US, South
Korea and Germany in the lead with over 100 companies each. In 2024, venture capital (VC) investment in
European Union (EU) companies reached a record high of EUR 141 million, representing a significant 77%
increase compared to 2023 (see Figure 11). This surge was driven by major deals involving companies such as
Elcogen, which secured EUR 71 million in funding, and Inocel, which received EUR 64 million. This trend confirms
the upward trajectory of VC investment in the EU since 2022 (Figure 13).

However, despite this growth, VC investment levels in the EU still only account for 9.4% of the total investment
realized worldwide between 2022 and 2024. In contrast, China has been attracting substantially larger
investments, with several companies such as SPIC Hydrogen Energy, REFIRE, Sinosynergy, FTXT Energy
Technology, and SHPT securing large deals ranging from EUR 125 million to EUR 610 million since 2021 (Figure
12).

Notably, after a brief hiatus in 2023, VC investment in Chinese firms rebounded strongly in 2024, with China
Hydrogen Energy Technology raising a substantial EUR 919 million in venture funding. This resurgence highlights
the significant gap between VC investment levels in the EU and China, with the latter continuing to dominate the
global landscape in terms of attracting large-scale investments.

Figure 11 Global VC/PE investment by region (all deal types)
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Figure 12 Venture Capital/ Private Equity investment in top 10 beneficiary countries, by period for all deals.
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Figure 13 Share of VC/PE investment in the EU and in the ROW for all deals over the 9 years, by period of 3 years
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Figure 14 Number of active innovating companies by type over a 6-year period, ranking of top 15 countries. [VC companies
count over 2019-24. Count of corporate companies over 2017-22].
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2.7. Patenting trends

Patenting trends are a valuable tool to analyse research trends in concepts that have market value. They are
essentially using R&D knowledge to translate it into commercialised products. It must be noted though that in no
way they may be used for R&D analysis, but they can provide an insight into innovation.

The dataset used for the creation of the patent indicators [52], [53], [54], [55], [56] is based on the Cooperative
Patent Classification (CPC) code: YO2E - CCMT related to energy generation, transmission or distribution [57]. It
must be noted though that data for 2022 is not complete.

As depicted in Figure 15 China has the largest number of patents with more than 10 168 inventions, followed by
Japan and Rep. Korea. The EU is in 4th position with 1 280 inventions in total between 2020 and 2022.



Figure 15. Number of inventions and share of high-value and international activity for the period 2020-2022.
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However, when only the high-value inventions® are taken into consideration, the EU moves first with 67 % of its
total inventions being high-value ones and China is relegated to the fifth position with only 3%. The US has seen
a strong increase in high value patents, from 10% in 2019-2021 to 62% for 2020 - 2022. This suggests that
the EU, unlike China, is generally filing to more than one patent office’. The same trend is evident also as far as
international inventions® are concerned. The EU is aiming for patent applications outside while China appears to
be concentrated on applying mainly within the country rather than internationally. Thus, the EU is leading
followed by the US and Japan regarding the international inventions. While Figure 15 shows the high-value
inventions as a percentage of the total number of inventions, Figure 16a presents the number of high-value
inventions in absolute numbers for each year from 2010 until 2022. A decreasing trend is observed for Europe
in 2021, whereas there is an uptick for most other countries (2022 dataset is not complete). Germany, France,
Sweden and Austria are among the top ten countries with the highest number of high-value inventions between
2020 and 2022 (Figure 16b).

High-value inventions (or high-value patent families) refer to patent families that include patent applications filed in more than one
patent office. International inventions include patent applications protected in a country different to the residence of the applicant.
High-value considers EU countries separately, while for international inventions European countries are viewed as one macro
category.

An invention is considered of high-value when it contains patent applications to more than one office.

Patent applications protected in a country different to the residence of the applicant.
28



Figure 16. a) Number of high-value inventions and b) Top ten countries with high-value inventions for the period 2020-
2022.
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Table 2 and Table 3 respectively present the top ten entities globally and in the EU which filed the highest
number of inventions in fuel cells between 2020 and 2022.

Table 2 Global top ten entities with high-value inventions in fuel cells for the period 2020-2022.

Number of high-value

Entities Country inventions
Robert Bosch Gmbh DE 254
Toyota Jidosha Kabushiki Kaisha JP 201

Honda Motor Co Ltd Jp 171
Hyundai Motor Company KR 124

Kia Motors Corporation KR 122

Kolon Industries Inc KR 80

Bloom Energy Corporation us 42
Hyundai Mobis Co Ltd KR 38

Audi Ag DE 35

Avl List Gmbh AT 31

Source: JRC analysis based on EPO Patstat

More than half of the top ten entities in the field of high-value inventions are based in Asia. The rest of the top
ten list includes entities from Europe and the US (Table 2). The company Robert Bosch Gmbh, same as in
previous years, is in first position globally, followed by Toyota Jidosha Kabushiki Kaisha and Honda Motor Co Ltd.
As far as the EU is concerned, the top ten list highlights the leadership of German entities in high-value
inventions (Table 3). Robert Bosch Gmbh tops the charts in the EU top ten followed by Audi Ag and Avl List
Gmbh.
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Table 3 EU top ten entities with high-value inventions in fuel cell for the period 2020-2022.

Number of high-value
Entities Country inventions
Robert Bosch Gmbh DE 254
Audi Ag DE 35
Avl List Gmbh AT 31
Reinz Dichtungs Gmbh DE 27
Mahle International Gmbh DE 24
Schaeffler Technologies Ag Co Kg DE 18
Volvo Truck Corporation SE 17
Airbus Operations Gmbh DE 8
Powercell Sweden Ab SE 7
Safran Power Units FR 7

Source: JRC analysis based on EPO Patstat

Figure 17 presents the countries in which patents for high-value inventions were submitted, and subsequently
enjoyed patent protection, between 2020 and 2022. European applicants have mainly chosen to patent their
inventions in China and the US. Korean inventors are mainly applying in the US and to a lesser extent in China
and Europe. Chinese applicants have also US as the main destination IP office outside China. US inventors have
filed their patent applications preferably in Europe and then more evenly between China, Rep. Korea and other
geographical areas. The same applies also for EU inventors, where patent applications are split evenly between
US, China and others. In conclusion, the US is receiving the largest number of high-value invention applications.
Europe is 3™ after US and China as far as the reception of patent applications is concerned.
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Figure 17. International protection of high-value inventions for the period 2020-2022.
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2.8. Scientific publication trends

From an analysis of available data in Scopus using the TIM interface, it appears that the publishing gap on PEM
fuel cells between China and the EU is growing larger, with China surpassing Europe in 2018 in terms of
published research papers (Figure 18).
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Figure 18 Number of publications on fuel cell technology.
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2.9. Assessment of R&l project developments

Key challenges include adapting fuel cell technologies to specific requirements such as long lifetimes, scaling
power output, reducing costs, and integrating systems into existing platforms. Advancements in modular designs
and materials are pushing these technologies toward higher Technology Readiness Levels (TRLs) and broader
adoption. For a more detailed assessment and a list of notable projects, see Annex 4 and Annex 3 for a list of
EU funded projects.

Road Freight (Trucks)

Research and Development: Companies like Cellcentric and Honda are developing next-generation fuel cell
systems with improved efficiency, durability, and reduced costs. Standardisation efforts, such as by the
European StasHH project, aim to enable high-volume manufacturing and cost reduction. Component optimisation
and hybrid systems are also being explored.

Field Testing and Demonstration Projects: Several projects, including REVIVE, H2Haul, and Pegasus, are
showcasing the viability of hydrogen-powered trucks across Europe.

Manufacturing Projects: The FicH2tel project supports the manufacturing capacity for fuel cell components.
Road Mobility (Fuel Cell Buses)

Research and Development: Hybrid systems combining fuel cells with batteries are being developed to optimise
efficiency. Durability and automation are key focus areas.

Field Testing and Demonstration Projects: Projects like JIVE 1 and JIVE 2, and the Solaris Urbino hydrogen buses,
are deploying fuel cell buses in various cities. South Korea is seeing significant growth in fuel cell bus adoption.

Rail

Research and Development: Hybridisation with batteries and standardisation of powertrains are being explored
to improve efficiency and range.
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Field Testing and Demonstration Projects: Projects like FCH2RAIL and the Coradia iLint are developing and
testing hydrogen-powered trains. China and South Korea are also making strides in hydrogen rail technology.

Maritime

Research and Development: Modularization, durability, and the development of high-temperature HT-PEM and
SOFC are key focus areas. Safety and certification frameworks are being established.

Field Testing and Demonstration Projects: Projects like MARANDA and ShipFC are testing hydrogen-powered
vessels. China, Norway and Japan are leading in hydrogen maritime applications.

Aviation

Research and Development: Improvements in fuel cell technology, including higher power density and durability,
are being pursued. HT-PEM innovations are also being explored.

Field Testing and Demonstration Projects: Airbus, ZeroAvia, and H2FLY are developing hydrogen-powered
aircraft. Projects like FAME and NEWBORN aim to design and test aviation-grade fuel cells.
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3. Value Chain Analysis

3.1. Turnover and Gross Value Added

Current market data for fuel cell heavy-duty turnover and GVA reveals significant reliability problems. Market
size estimates seem wildly unrealistic and vary from USD 206.6 million to USD 2.5 billion for 2025, representing
a 12x difference between sources claiming to measure the same market [S8][59][60]. Given the sales of FCB,
FCT and vans in 2024 of 9400 units, and estimating 150 kW FC capacity per unit, this would be a total capacity
of 1.4 GW. This corresponds to a global market size of EUR 0.7 billion, for EUR 500/kW. Growth rate projections
range from 12.5% [60] to 39.5% [58] CAGR, suggesting much uncertainty. The scarcity of concrete, comparable
data across European markets indicates this sector lacks mature market analytics, making any turnover or GVA
analysis highly speculative and potentially misleading for policy or investment decisions.

3.2. Environmental and socio-economic sustainability

A 2024 study conducted a life cycle assessment of a 200kW PEM fuel cell system designed for long-haul
heavy-duty trucks (40-ton mass, 750km range). The most impactful component is the catalyst (due to platinum
content), followed by balance of plant components. However, for all sources of hydrogen (AE with wind energy or
SMR), when considering cradle-to-grave impacts, the use phase (hydrogen consumption during operation) was
the main driver of overall environmental impact, while raw material extraction and production phases were
negligible [61]. The Clean Hydrogen JU project eGHOST conducted an LCSA on a 48 kW PEMFC stack for mobility
applications, again highlighting platinum production as a key impact during the manufacturing phase, here
raising social concerns for all impact categories. The study revealed that ecodesign can reduce both GHG
emissions and lower the social impact [62].

An emerging environmental concern involves per- and polyfluoroalkyl substances (PFAS) used in PEM fuel cell
membranes and ionomers. Recent regulatory developments in Europe are driving research into alternatives
[63]. While there are on-going research activities, the proposed PFAS restrictions could significantly impact fuel
cell manufacturing, as current proton-conducting fluoropolymer membranes are considered essential for fuel
cell operation.

3.3. Role of EU companies

The European heavy-duty transportation sector's adoption of fuel cell technology is facing challenges, with the
industry dominated by large corporations and SMEs struggling to scale up. Therefore, the technology is sup-
ported by European deployment programs. Key OEMs are involved in those initiatives, for example, Daimler
Truck advances fuel cell commercialisation through the H2Accelerate TRUCKS project, deploying 150 Mercedes-
Benz GenH2 trucks across Europe with >600 km range and <15 minute refueling [64]. The company is trying to
demonstrate technical maturity of liquid hydrogen systems for long-haul operations.

CaetanoBus dominated the European hydrogen bus market with 32% market share in 2023, delivering buses
across Germany, France, Spain, and Portugal using Toyota fuel cell technology [65]. The company secured Eu-

rope's largest hydrogen bus framework agreement.

IVECO Group advances heavy-duty applications through the H2Haul project, demonstrating 16 fuel cell trucks
(26-44 tonnes) in real commercial operations with major supermarket fleets [66].

Solaris Bus & Coach (CAF Group) holds significant market position with over 450 hydrogen buses or-
dered and 140 delivered, serving markets across Germany, Italy, and Central Europe [671.
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A more detailed assessment in terms of turnover and employment faces challenges due to data quality issues,
including inconsistent sources, subsidiary reporting complexities, gaps between estimates and actual figures,
and pre-revenue companies (e.g. H2FLY, TECO 2030) in pilot phases. With this caveat, an overview of key play-
ers in Europe can be found in Annex 1, Table 4.

Large corporations dominate the industry, accounting for 40% of total companies (10 out of 25), with major
players like Daimler Truck, Robert Bosch, and IVECO Group. SMEs comprise 36% of companies (9 out of 25),
while medium-sized specialized firms make up 24% (6 out of 25).

The ownership structure shows public companies leading at 32% of the total (8 companies), including PowerCell,
IVECO, CAF, Daimler Truck, Bosch, HDF Energy, SFC Energy, and TECO 2030. Private independent firms account
for 28% (7 companies), while subsidiaries represent 20% (5 firms). Joint ventures and partnerships comprise
20% (5 companies), including the significant joint venture cellcentric between Daimler Truck and Volvo, EKPO,
Symbio, and HYVIA.

Germany emerges as the clear leader with 6 companies (249%), establishing itself as Europe's primary hydrogen
hub. The Netherlands follows with 4 companies (16%), France with 4 companies (16%), and the United Kingdom
with 2 companies (8%). Norway hosts 2 companies (8%) specialising in maritime applications. The remaining 7
countries each have a single company, demonstrating broad geographic distribution across Europe.

The analysis reveals a sector dominated by established industrial players (Bosch, Daimler, SFC Energy) with sub-
stantial fuel cell investments, alongside specialized SMEs developing niche applications. Pure-play fuel cell com-
panies typically generate EUR 5-200 million annually, indicating still-developing commercial markets. The most
reliable revenue data could be found for:

e SFC Energy: EUR 145 million (2024, public company with confirmed growth of +22.5% against 2023,
however, likely not active in the heavy-duty segment)

e HDF Energy: EUR 11.1 million (2024, public company, confirmed revenues)

e EKPO Fuel Cell Technologies: EUR 66 million (joint venture with transparent reporting)

e PowerCell Sweden AB: SEK 334.3 million (~EUR 30 million, 2024, public company with audited finan-
cials) EUR 18 million net sales first half of 2025 (public company, audited financials). However, a large
share of the revenues is for license fees from Robert Bosch GmbH rather than technology sales [68].

The strong presence of major corporations, including the cellcentric joint venture, alongside continued VC fund-
ing for SMEs, indicates sector consolidation and growth potential, with established players acquiring promising
technologies and startups. SFC Energy are only marginally relevant as they are more involved in defense and
portable power markets.

3.4. Employment

The employee base of fuel cell companies varies significantly. While the average is 22 9889, this figure is heavily
skewed by large conglomerates like Bosch (418 000 employees), Daimler Truck (104 919 employees), and other
major industrial groups where most employees work outside of fuel cell technology. A more representative
median is 249 employees, and SMEs in the fuel cell sector average 109 employees, with a range from 15 to
249 employees. Notable specialised fuel cell companies include Cellcentric with 520 employees, SFC Energy with
470 employees, and Symbio with 590 employees, representing the emerging scale of dedicated fuel cell
manufacturers. For more details, see Table 5 in Annex 2.

3.5. Energy intensity and labour productivity

Unfortunately, there are not yet enough fuel cell volumes being produced to calculate this. It is not possible to
provide precise figures for these categories as they are not officially tracked.
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3.6. EU Production Data

The Prodcom code 27904200 (Fuel Cells) has been available since 2016 for monitoring fuel cells production.
However, it does not differentiate by type or application. Figure 19 illustrates EU fuel cell production in monetary
value. The sum of countries’ production (boxes) is lower than the ‘EU Total’ (line) because some Member States
keep their production data confidential. However, Eurostat includes confidential data in the ‘EU Total’ estimates.

In 2024, EU fuel cell production declined by 7% compared to 2023, falling to approximately EUR 186 million.
Over the past nine years (2016-2024), the total EU production value almost doubled, with an annual compound
growth rate of 8% and an average annual value around EUR 136 million. Germany remained the leading EU
producer, accounting for 68% of the total EU 2024 production. Italy appears as the second largest producer
during 2016-2017 but has since ceased disclosing its production data, limiting the ability to track its
contribution to the EU’s overall production. Notably, the majority of EU Member States maintain production data
confidentiality, which significantly hinders comprehensive understanding of the sector’s distribution and the
identification of other key producers beyond Germany.

Figure 19 EU production value and top producers among the Member States disclosing data [EUR Million].
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4. EU Market Position and Global Competitiveness

4.1. Global markets and growth prospects

Retrieved revenues from fuel cells sales, even considering their patchy nature, tend to display that despite
having a strong presence in terms of factories, European companies targeting mobility applications do not show
many revenues, likely because of a sluggish market appetite (see Annex I). Asian markets have historically been
more relevant and vibrant because of their significantly larger mobility-related deployments, but there are signs
that deployment numbers are stagnating in these geographical areas as well; while North America is divesting
from road transport applications and appears to be keeping on investing in stationary applications which can
guarantee off-grid power supply continuity in applications such as data centers.

Available revenues from companies focusing on stationary and portable applications appear to be more stable
across time, but with the only exception of SFC, Europe has no strong players in this segment (Figure 20 and
Figure 21) and as can be seen in Figure 1, not much deployment in terms of power capacity, for this application,
is happening on European territory.

Figure 20 Fuel cell electric vehicle models by OEM headquarters, type of vehicle and release date, 2022 - 2024.
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Figure 21 Green hydrogen equipment suppliers, revenues from the sale of fuel cells. Except SFC, none of the companies
are EU-based.
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China

The fuel cell market in China has experienced significant changes in the past four years, shifting from being
dominated by buses, which accounted for 90% of the market in 2020, to being overwhelmingly led by trucks,
which made up 87% of sales in 2024 [69]. China remains a global leader in the deployment of commercial class
hydrogen vehicles, but has seen declines in 2024 in terms of both sales and production [70]. The adoption of
fuel cell vehicles in China is supported by a national strategy as well as subsidies and incentives. The Plan for
Hydrogen Industry Development aimed to deploy 50 000 hydrogen vehicles by 2025 [71][72]. The government
has allocated Yuen 300 billion (USD 41 billion) of subsidies, which are awarded to local governments rather than
individual buyers [73]. These support mechanisms have contributed to China's leading position in the global fuel
cell market. This is also reflected by the manufacturing landscape, with China seeing the highest number of
vehicle models available, see Figure 20.

Japan and South Korea

Japan and South Korea are both targeting the heavy-duty vehicle sector as a core pillar of their hydrogen
strategies, with specific policy drivers and substantial public investment.

Given the slow uptake in passenger FCEVs, Japanese national and Tokyo metropolitan policies now prioritise
heavy-duty and commercial vehicles, including large trucks and buses. These policies aim at decarbonising the
food and waste chain in the cities and commuting transport, having an impact on the air quality and wellbeing.

Tokyo has allocated 4.2 billion yen (~USD 27.6 million) in 2024 specifically to subsidise the purchase of large
hydrogen-powered trucks. By 2030, Tokyo aims for 1 000 hydrogen-powered heavy trucks and 3 500 small fuel
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cell trucks [74], but in 2024, only 6 were sold [31]. Japan is investing into fuel cells, offering USD 110 million for
IHI Aerospace to build a 4 MW unit and USD 203 million in 2023 to support both fuel cell development and the
supporting infrastructure [75] [76].

There are significant investments in heavy-duty fuel cell applications of South Korea. Guided by the Hydrogen
Economy Roadmap and subsequent policy updates, there are targets for 30 000 FCT and 40 000 FCB by 2040
[771. The Ministry of Environment’s 2025 guidelines allocate KRW 721.8 billion (~ USD 540 million) to support
the purchase of 2 000 hydrogen buses and 10 hydrogen cargo trucks in 2025, with performance-based criteria
for subsidy eligibility [78]. In 2024, 350 FCB were sold [31]. There are also activities on hydrogen trams and fuel
cells for maritime applications (see below).

United States

In the US, the fuel cell truck manufacturers Hyzon and Nikola both went bankrupt recently (see below), caused
by factors such as uncertain subsidies, high costs and technical challenges. The significant failures can also be
attributed, in part, to the 2020-2021 SPAC (Special Purpose Acquisition Company) boom, which injected
substantial amounts of capital into fuel cell startups prematurely, before they had established viable business
models or achieved consistent revenue generation. The US had sales of close to 500 FCB, 180 in 2024, and the
|IEA database does not see any sales of FCT [31].

4.1.1. Current EU positioning in the global market

The fuel cell sector in Europe demonstrates strong technological capabilities but limited commercial scale. Figure
20 shows a large number of available FCEV vehicle options from European manufacturers, which is impressive,
considering the low number of sales. While there is a favourable environment and support through instruments
like the AFIR, Innovation Fund and IPCEI programs, deployment remains constrained. Battery electric solutions
are the preferred choice across all segments in road mobility.

SMEs provide essential innovation and specialisation, particularly in emerging applications (aviation, maritime)
and system integration, but require targeted support mechanisms that account for their unique risk profiles and
scaling challenges. The sector's commercial deployment remains extremely limited, with 49 fuel cell buses and
140 fuel cell truck sales across Europe in 2024, indicating that the sector is still not relevant for the market [261.

The market for zero-emission buses globally and in Europe is dominated by battery electric models, with
adoption rates for FCB stagnating and trucks making small inroads, see section 2.3. Sales of FCEV passenger
cars are steeply declining and moreover, actually operating are mainly the heavy-duty vehicles, based on their
hydrogen consumption (see 2.2.6). Policy drivers are the amended EU regulation 2019/1242 stating that 90
percent of new city buses must be emission-free by 2030. The new rules prescribe that for coaches and trucks
over 7.5 tonnes, CO, emissions are to be reduced by 45% by 2030, 65% by 2035 and 90% by 2040, compared
to 2005 levels [79]. FuelEU Maritime focuses on reducing GHG emissions in the shipping sector by boosting
demand for renewable and low-carbon fuels. However, it may encourage Liquified Natural Gas (LNG) more than
RFNBOs in the first 10 years.

For aviation, Europe is making significant investments, driven by companies like Airbus, although recent
announcements are signalling delays [80]. Excluding national funding through the hydrogen IPCEI, Europe is
supporting development of fuel cells for aviation with EUR 137 million for 5 projects starting in 2023 or 2024
through the Clean Aviation JU®.

9 The Clean Aviation JU has a SRIA, with targets for hydrogen-powered aircraft.
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The European funding landscape is heavily fragmented, with a large array of options for support. In comparison
with other areas, for example China, there may be a lack overarching strategic planning in Europe. Since 2016,
CINEA has been funding 14 projects in heavy-duty sector for a total funding of EUR 270 million (46% for
maritime, 42% for manufacturing®®). Horizon Europe has funded an additional 15 projects for EUR 304 million
(86% for aviation)'*. At member state level there is investment through the hydrogen IPCEI, with large scale
projects such as Daimler GenH Truck, Symbio’s fuel cell gigafactory, Bosch and Iveco. A recent report by
Hydrogen Europe, referring to the IPCEI projects, called for a centralised EU grant-disbursement system,
improved transparency in funding allocation, and more cross-border collaboration to accelerate hydrogen
projects and ensure Europe’s competitiveness in this sector [81].

4.1.2. Policy context

There are no direct policy references to fuel cells. The policy landscape for heavy-duty applications across
Europe is shaped by several interconnected frameworks addressing climate change, emissions reduction, and
infrastructure development, but there are no specific technological solutions.

The EU has established increasingly stringent CO; emission standards for heavy-duty vehicles under the revised
Regulation (EU) 2019/1242, requiring manufacturers to reduce fleet-wide average emissions by 45% by 2030,
65% by 2035, and 90% by 2040 compared to 2019 levels. These standards cover nearly all heavy-duty vehicles
including trucks, buses, coaches, and trailers, representing approximately 93% of HDV fleet emissions in the EU.
The regulations specifically recognise fuel cell electric vehicles (FCEVs) as zero-emission vehicles eligible for
compliance.

The AFIR (Regulation EU 2023/1804) entered into force in April 2024 as part of the Fit for 55 package,
establishing mandatory national targets for alternative fuel infrastructure deployment [1]. For heavy-duty
applications, AFIR requires hydrogen refuelling stations every 200 km along the TEN-T network by 2030.

At international level, the International Maritime Organization has established comprehensive regulations for
marine fuel decarbonisation through its 2023 IMO GHG Strategy, which aims to achieve net-zero greenhouse
gas emissions from international shipping "by or around 2050". The IMO approved a legally binding Net-zero
Framework in April 2025, combining mandatory fuel intensity targets with GHG emissions pricing for ships over
5 000 gross tonnage. This framework includes 2024 Guidelines on Life Cycle GHG Intensity of Marine Fuels,
which address well-to-tank and tank-to-wake emissions assessments.

4.1.3. Market prospects

The heavy-duty fuel cell sector faces fundamental economic and scale challenges that make commercial
success highly uncertain. FCT, in particular, face an uphill battle against battery electric solutions that are
becoming more practical and cost-competitive much faster than hydrogen. Due to the uncertainties, and limited
market growth projections, the sector has faced notable setbacks.

Nikola Bankruptcy

Nikola, once valued at USD 30 billion when it went public in 2020, filed for Chapter 11 bankruptcy protection in
February 2025 [82]. The company cited "various market and macroeconomic factors" that disrupted its business
operations. The company faced a series of scandals involving founder Trevor Milton, who was found guilty of

10 For one project, FicH2Tel, see 2.1.1.4

1 Source: JRC analysis of public CORDIS and CINEA databases of projects.
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fraud in 2022 and sentenced to four years in prison. The company paid a USD 125 million settlement with the
Securities and Exchange Commission over allegations of misleading investors. Despite positioning itself as a
leader in zero-emission trucks and hydrogen refuelling infrastructure, Nikola ultimately failed to secure enough
funding or find a buyer to maintain operations.

The bankruptcy represents a significant setback for the hydrogen truck industry, as Nikola was developing both
hydrogen fuel cell electric trucks and a hydrogen refuelling network in California.

HYZON motors liquidation

Hyzon Motors, a hydrogen fuel cell manufacturer specialising in heavy-duty commercial vehicles, is undergoing
liquidation and dissolution following persistent financial challenges. The company was delisted from Nasdaq in
January 2025 [83]. Hyzon's collapse stems from liquidity issues, high cash burn rates, delayed government
incentives, and operational inefficiencies [84] [85]. Additionally, penalties for fabricated orders after its SPAC
merger in 2021 further eroded investor confidence. Despite its downfall, Hyzon's advanced fuel cell technology
may still influence the industry if acquired by other entities.

TECO 2030 AS bankruptcy

TECO 2030 planned to produce hydrogen fuel cells in Narvik for zero-emission ships, but is now exploring
opportunities abroad due to uncertain Norwegian regulations and limited funding, putting its NOK 400 million
Narvik production project at risk [86].

Hyvia insolvency (Renault-Plug Power JV)

The French joint venture entered insolvency proceedings in February 2025, affecting 110 employees at its Flins
fuel cell assembly plant. Renault CEO Luca de Meo delivered a blunt market assessment: "There is no market" for
hydrogen vehicles, citing the "too slow evolution of hydrogen mobility ecosystems” [87]. The failure represents a
major setback for hydrogen commercial vans in Europe, with one of the automotive industry's most experienced
executives publicly abandoning the hydrogen transport vision. HYVIA had public support, for example from the
Hydrogen IPCEI.

Ballard Power Systems restructuring

Canada's fuel cell pioneer underwent major restructuring in September 2024, cutting costs by over 30% and
implementing sizeable workforce reductions. Despite maintaining a strong USD 637 million cash position, Ballard
acknowledged a "multi-year push-out" due to sluggish hydrogen infrastructure development and delayed market
adoption. Remarkably, the company has never been profitable in its public history, highlighting the persistent
commercial challenges facing even the most established fuel cell manufacturers [88].

Proton Motors Power Systems GmbH termination of employees

The German subsidiary of U.K.s Proton Motor Power Systems plc, with 25 years of experience producing fuel
cells for the stationary and mobility sectors, appears to have ceased operations. Proton Motors had just recently
launched a new production site of 13 500 m2 near Munich with an annual capacity target of 5000 units [89]. In
2023, the company reported EUR 2.1 million revenue with 93 employees and saw a dramatic shift toward
stationary applications, which comprised 96% of new orders [90]. However, mounting financial pressures led to
the parent company's funding withdrawal in August 2024, followed by employee terminations in September
2024 and the withdrawal of their EU Innovation Fund application for an automated "PM Hy-Factory" project [91].
The UK parent company officially delisted from London's AIM market on February 17, 2025 [92].
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Stellantis Discontinues Hydrogen Fuel Cell Technology Development Program

On July 16, 2025, Stellantis announced it was discontinuing its hydrogen fuel-cell vehicle development program,
effectively cancelling close to 80% of its planned orders with Symbio for 2025. This decision halted production
ramp-up at Symbio’s newly inaugurated SymphonHy gigafactory (16 000 systems/year), prompted conciliation
proceedings between Symbio and Stellantis, and casts doubts on the future of France’s largest hydrogen fuel-
cell manufacturing site [93].

4.1.3.1. POTEnCIA model

Future deployment of heavy-duty fuel cells on European territory modelled using POTEnCIA'?, shows a relatively
slow uptake, which starts to ramp up only from 2030 onwards, with trucks having a need for fuel cell capacity
which reaches about 15 GW by 2030 and grows up 202 GW by 2040 and then reaches 414 GW (see Figure 22)
in 2050. In comparison, fuel cell buses and coaches do not seem to be growing much and appear to only cover a
minor fraction of capacity which remains more or less stable from 2035-2040 onwards.

In order to reach the deployment numbers required to fulfil this scenario for trucks and imagining full coverage
by European facilities, with annual production capacities ramping up every five years and then remaining stable
for another five years, annual production volumes should be more than 8 000 systems between 2025 and
2030, more than 31 000 between 2030 and 2035 and reaching a level around 75 000 by 2040.

In terms of a fuel cell market for the heavy-duty road sector, this would imply that by 2040, a European
production capacity of 150 GW would need to be in place. Considering a price of roughly EUR 200/kW, if full
economies of scale are achieved and will adhere to the published forecast, then the market volume will be
above EUR 30 billion per year.

Figure 22 Projected deployment of heavy-duty fuel cell powertrain vehicles (left), and cumulative fuel cell capacity (right).
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12 A short description of the POTEnCIA CETO 2025 scenario and the POTENCIA model can be found in Annex 5
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4.2. Trade (Import/export) and trade balance

Due to the lack of appropriate and specific CN codes there is no reliable information on trade of fuel cells.

4.3. Status of net zero technology systems and components in the EU

As evidenced in section 2.3, the European market is a fraction of the one in China. It could be argued that a
significant market penetration in Europe is unlikely to materialise, and battery-powered options may be able to
meet the requirements for heavy-duty applications, despite their limitations in terms of refuelling time and
range, thanks to their more developed infrastructure and lower total cost of ownership. Since it is not possible to
exactly quantify the production capacities for production of fuel cells, deployment figures for automotive
applications can be used as a proxy for production capacity!®. Using fuel cell trucks as relevant indicator, the
European market for fuel cells is currently small compared to the Chinese market. According to IEA data, in
2024, Asia accounted for around 949% of fuel cell truck sales, with the EU accounting for only around 3% and
the US for 3.5 % [31]. This disparity in market size is reflected in the retrieved production capacity, with current
EU production capacity estimated to be around 1 GW/y. IEA quantifies global production capacity for mobile
applications in 2022 around 24 GW/y. More than half of this is located in China (around 13 GW/y) and another 8
GWl/y is located in Asia [94]. Other estimates quantify the manufacturing capacity for fuel cells (mobility) around
16 GW, but without any transparent sources for this number [95].

To meet projected decarbonisation pledges, the EU would need to significantly increase its production and
deployment capacity. According to the POTENCIA projection, the EU would have to deploy an average of around
8.1 GW (3 GW for trucks'?) of fuel cell capacity per year from 2025 to 2030, with this number increasing to 30
GW/y from 2030 to 2035 and 70 GW/y from 2035 to 2040 (see Figure 22). However, current manufacturing
capacity is not in line with these projections, with the EU's current production capacity covering only around
12.5% of the average annual deployment needs required to achieve the expected 2030 deployment numbers. In
terms of European deployment projections according to the POTEnCIA model, the production capacity would
need to grow by a factor of 8 in the short term, to reach around 40 GW cumulative deployment by 2030 (see
Figure 22).

It is worth noting that there are different estimates of global deployment needs, depending on the assumptions
used. The IEA's STEP scenario, which can be considered a relatively conservative forecast, estimates that global
sales should rise from a current (2024) deployment level for fuel cell road vehicles of around 3-4 GW/y to
around 23 GW/y by 2030, with more than half of this dedicated to trucks. In contrast, the more ambitious IEA
APS scenario, estimates that the global stock of fuel cells vehicles should grow up to around 950 GW by 2030
[96]*°. Assuming a linear annual growth from the current global deployed capacity for road transport (estimated
between 6 and 13 GW), this would presuppose an annual deployment between 180 and 190 GW/y. In this
context, current European capacities are just above 0.5 9% of the needed annual global production for 2030.

The Global CETO 2°C Scenario 2025 projects a global deployment of 166 GW for trucks (heavy and light duty)
and buses in 2030 which grows up to 595 GW by 2040. Considering that 15% of this last value is 89 GW,

13 This is a simplification since some of the newly registered vehicles might have been manufactured outside of Europe fully, or in part.

4 Considering an annual current deployment of the order of 150 trucks per year, a production of roughgly 3 GW/y, would presuppose a
several times tenfold acceleration in truck sales.

15 The POTENCIA CETO 2025 Scenario is closer to the Announced Pledges Scenario (APS), because it is defined as satisfying all EU policy
targets set in law (and most national targets) [96]

6 The model used for this scenario builds on the POLES-JRC model in the version used for the Global Energy and Climate Outlook (GECO)
2024 [100] and documented in [101]. Additionally, to the GECO 2024 model version, updates apply for (i) new vehicles and vehicle
stock by transport mode; (ii) hydrogen infrastructure costs for road transport; (iii) investment costs for renewables, batteries, and
capacities for power generating technologies as well as (iv) modelling revisions for electrolysers.
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European manufacturing capacity should grow by about 90 times in the span of 15 years. Overall annual
demand for fuel cells across transport segments is projected to grow to 2174 GW in 2040, according to the
Global CETO 2°C Scenario 2025.

Despite the uncertainty surrounding global deployment needs, it is clear that European production will likely face
significant competition from Asian manufacturers, particularly those in China, and it is unlikely that the Chinese
market would be open to European products. If the current fuel cell production capacity available in Europe is
taken in its entirety, the EU would be able to cover around 25% of the current global annual deployment, but as
mentioned above, most of the deployment and manufacturing is happening in Asia.

These considerations on forecasts focus on road mobility and do not consider yet an uptake of fuel cell
technology in sectors such as maritime or aviation.
4.3.1. EU Manufacturing Benchmark

Table 5 Annex 3 provides an overview of the available information on European manufacturing capacity for fuel
cell stacks and systems and capacity targets. To summarise the current status, around 1 GW capacity could be a
rough estimate, which is however highly uncertain, also as there is not much information on the status of the
EKPO production facility.

- EKPO: ~760 MW/year (10 000 x 76 kW)

- HDF Energy: 100 MW/year (factory active)

- Ballard Europe: 60 MW/year

- Blue World: 15 MW/year

- Helion (Alstom): 30 MW/year

- Elcogen: 10 MW/year

- Symbio: presumably near 0 MW due to Stellantis cancellation
- Nedstack: 0 MW (bankrupt 2024)

- cellcentric: pilot scale only (~few MW)

- TECO: testing only (not full production yet)

- Bosch: volume rollout underway, but no current MW/year published

- INOCEL: pre-series, no volume yet

4.3.2. EU share in Global Manufacturing Benchmark

It is not possible to provide actual figures since production capacity and supply chains are not accurately
tracked. This is further exacerbated by the fact that several PU components manufactured for fuel cells are just
a part of a much larger technical production capacity present inside a company.

4.3.3. Relevant final products and primarily used components

It appears that few European companies are able to provide fuel cell- based solutions for mobility applications.
It is not possible to know with certainty where components are sourced in each case, unless companies disclose
this information. Also, it is not clear which supply chain options are going to be preferred by EU actors if
production capacity will be scaled up.
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It is difficult to have a clear overview of the key players and their capacity for producing FP (Final Product) and
PUCs (Primarily Used Component). Several players have been identified and they should be able to supply, if not
the full component, at least some of the crucial components or processing machinery able to manufacture the
full PUC (e.g.: coating, or forming). It is near to impossible to retrieve data on actual capacity for a company
involved in the production of a PU, because usually they are produced leveraging expertise and technical
infrastructure used in other business areas the company is active in (e.g.: production of carbon cloth). It is not
known up to which extent each identified company manufacturing stacks is responsible for integrating
components supplied from elsewhere and how much they are relying on in-house production facilities. It is also
not trivial to retrieve accurate production capacities and define what is their current utilisation. Several
companies can leverage their production to serve both PEM fuel cells and PEM electrolysers. In general, it is not
easy to clearly tell apart a stack manufacturer from a system manufacturer since it would require having a
much more clear picture of the downstream value chain sequence for the product coming out of a specific
factory.

Similarly, it is often not easy to distinguish between and electrocatalyst manufacturer and a MEA manufacturer,
since for larger companies production capacities can exist for both.

In Annex 1 and 2 a list of identified companies listed by the component they seem to be involved with, is
provided. This list is not exhaustive and very likely misses some companies which could provide relevant
components. Certain companies identified are headquartered in Europe, but they are part of larger
conglomerates which are non-European (e.g.: Borit [97] or Greenerity [98]). Most of the companies identified are
small or medium enterprises with few notable exceptions, see Section 3.3.

4.4. Resource efficiency and dependence in relation to EU competitiveness

According to JRC analysis the greatest risk in the supply chain for fuel cells lies in the raw material stage. Europe
generates only 3 % of the raw materials, 18 % of the processed materials, and 25 % of the components used in
FC manufacturing. Europe's FC manufacturing for system assemblies is also comparatively low, accounting for
just 12 % of the global production share, see Figure 23.

The 2022 Critical Raw Materials (CRM) list identifies 18 out of 24 materials needed for PEMFC and SOFC
production as crucial for the EU economy. Europe heavily relies on foreign sources for these materials. China
leads in the production of several CRMs, such as cerium (100 %), yttrium (100 %), lanthanum (over 85 %),
gadolinium (over 85 %), and natural graphite (65 %). Due to competing demands from various industries and
poor social governance in these source countries, the situation is unlikely to change, keeping prices high for
these materials.

Asian companies dominate the supply chain steps, while Europe holds the highest share in components (25 %)
and processed materials (18 %) production but does not have a clear advantage in any particular stage.
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Figure 23 An overview of supply risks, bottlenecks, and key players along the supply chain of fuel cells. The color of the
circles shows whether the step should be considered critical (red) or non-critical (grey). The size of the circles (small,
medium or large) relates to the number of supply chain elements appearing in the step.
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Nate: In the case of components, the graph represents combined categories for Europe (EU27 together with Rest of Europe), North America (USA + Canada), and Asia
(China, Japan, Korea, Taiwan, and Rest of Asia) presented at the level of the main source.

Source: JRC, 2023 [99]
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5. Conclusions

The hydrogen fuel cell sector, particularly in heavy-duty trucking, is experiencing a significant shakeout. Despite
substantial public investments in fuel cell technology, the sector is struggling to generate solid commercial
returns, leading to a wave of failures (see section 4.1). The main causes of these failures include the lack of
market demand, competition by battery solutions, inability to raise sufficient capital, and delays in infrastructure
development.

Several companies have filed for bankruptcy or are undergoing major restructuring, including Nikola, Hyzon, and
TECO 2030. Even established companies like Ballard Power Systems and Plug Power are facing significant
financial difficulties. The geographic distribution of these failures is predominantly in the US, with some
European companies also affected. Notably, the announcement by Stellantis to withdraw from investing in fuel
cell technologies will have an effect on the European FC manufacturer Symbio [86]. The outlook for hydrogen
fuel cells in aviation is also uncertain, with Airbus recently announcing a 10-year delay in its targets, a
development that casts a shadow over the sector's prospects [80].

The sector faces significant headwind, with challenges including the high cost of hydrogen production and lower
TCO for battery electric solutions. These factors, combined with capital market realities and infrastructure
challenges, have contributed to the sector's struggles.

However, some areas, such as maritime applications, appear more resilient and continue to attract investment.
Established OEMs like Toyota and Hyundai are also continuing with their internal hydrogen programs. The
industry is undergoing a process of rationalisation, with further failures, restructurings, and consolidation
expected in the future.

In terms of regional deployment, Europe seems to be set to become a minor market compared to Asia,
particularly China. Nevertheless, Europe should have the production capacity to cover its future needs if current
positive deployment trends continue. New market opportunities may arise from the maritime and aviation
sectors, although the extent of their potential is still unclear. Other markets are not likely to be found, as
stationary applications for fuel cells are relatively small in Europe compared to North American and Asian
markets, and can overall considered to be modest compared to current deployment levels for mobility
applications.
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FCEB Fuel Cell Electric Buses
FCET Fuel Cell Electric Trucks
FCEV Fuel Cell Electric Vehicles
FCH JU Fuel Cell Hydrogen Joint Undertaking, now Clean Hydrogen Partnership
FCH 2JU Fuel Cell Hydrogen Joint Undertaking 2, now Clean Hydrogen Partnership
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FWCI Field-Weighted Citation Impact
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HGV Heavy Goods Vehicles
HT-PEMFC High Temperature Proton Exchange Membrane Fuel Cells or Polymeric Electrolyte
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LT-PEMFC Low Temperature Proton Exchange Membrane Fuel Cells or Polymeric Electrolyte

Membrane Fuel Cell
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MAWP Multi-annual Work Programme

MEA Membrane Electrode Assembly

METI Japan’s Ministry of Economy, Trade and Industry
NDRC National Development and Reform Commission
NZE Net Zero Emissions

PAFC Phosphoric Acid Fuel Cell

PCFC Proton Conducting Fuel Cells or Proton Ceramic Fuel Cells
PEMFC Proton Exchange Membrane Fuel Cells or Polymeric Electrolyte Membrane Fuel Cell
PFAS Per- and polyfluoroalkyl Substances

PUC Primarily Used Component

R&D Research and Development

RED Renewable Energy Directive

RFNBO Renewable Fuels of Non Biological Origin

R&l Research and Innovation

RoW Rest of the World

SET-Plan Strategic Energy Technology Plan

SoA State of the Art

SAF Sustainable Aviation Fuels

SOEC Solid Oxide Electrolyser Cells

SOFC Solid Oxide Fuel Cells

SRIA Strategic Research and Innovation Agenda

TEN-T Trans-European Transport Network

TRL Technology Readiness Level

TRUST Technology Reporting Using Structured Templates
UPS Uninterruptible Power Systems

US DoE United States Department of Energy

VC Venture Capital
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Annex 1 EU companies

Table 4 EU companies active in the heavy-duty fuel cell sector

Company

AVL List GmbH

Toyota Motor Eu-
rope

cellcentric

EKPO Fuel Cell
Technologies
H2FLY

Daimler Truck

Country

AT

BE

DE

DE

DE

DE

Primary Application

Heavy-duty trucks, fuel
cell testing systems

Heavy-duty trucks

Heavy-duty trucks

Heavy-duty trucks,
buses, rail, marine

Aviation

Heavy-duty trucks

Function Supply Chain

Fuel cell system developer /
Testing equipment manufac-
turer

Fuel cell module supplier / Ve-
hicle OEM

Fuel cell system manufacturer

Fuel cell stack manufacturer

Fuel cell powertrain developer

Vehicle OEM / Fuel cell system
integrator

o [
N =)
w0n [11]
g s
[ -
a =
£ =
S g
c
(7]
>
(]
[
®
3
c
c
<
Large
2030
Large
NA
Medium NA
Medi
edium 66
SME
NA
Large 54077

Number of Employees

12200

3700

520

198

50-100

104919

Company Type

Private

Private
Subsidi-
ary
Joint
Venture
Joint
Venture
Private
(Ac-
quired)
Public

Ownership Structure

Independent private company

Subsidiary of Toyota Motor
Corporation

50:50 JV Daimler Truck &
Volvo

ElringKlinger 60% / OPmobil-

ity 40%
Subsidiary of Joby Aviation

Daimler Truck Holding AG

17 “AVL Company Overview, Contact Details & Competitors | LeadlQ.” Accessed: Jul. 31, 2025. [Onlinel. Available: https://leadiq.com/c/avl/5a1d8ab4240000240064ba24
18 “cellcentric GmbH & Co. KG information.” [Online]. Available: https://www.apollo.io/companies/cellcentric-GmbH---Co--KG/60aefe4c2fcac900016edba3

18 “EKPO Fuel Cell Technologies.” [Online]. Available: https://www.zoominfo.com/c/ekpo-fuel-cell-technologies-gmbh/557889526

20 “Breaking the hydrogen barrier.” [Online]. Available: https://www.h2fly.de/
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18

19

20



Proton Motor Fuel
Cell GmbH

Robert Bosch
GmbH

SFC Energy
Ballard Power Sys-
tems (Europe)
Blue World Tech-
nologies

Elcogen
CAF

INOCEL

Symbio

HDF Energy
Helion Hydrogen

Power (now Al-
stom Hydrogéne)

DE

DE

DE
DE/
CA

DK

EE
ES

FR

FR

FR

FR

Stationary power sys-
tems, emergency
backup systems, rail
applications
Heavy-duty trucks, ma-
rine, stationary
Portable power, sta-
tionary, marine, de-
fense

Buses, trucks, rail, ma-
rine

Maritime industry,
heavy-duty transporta-
tion

Marine, stationary, in-
dustrial

Rail & buses

Marine & heavy-duty
mobility
Light & heavy vehicles

Rail, marine, stationary
Heavy mobility (rail,

maritime, construction),
stationary power

21 “Facts and figures | Bosch Global.” Accessed: Jul. 31, 2025. [Online]. Available: https://www.bosch.com/company/facts-and-figures/

Fuel cell system developer /
system manufacturer

Fuel cell stack manufacturer /
System integrator

Fuel cell system manufacturer
Fuel cell stack manufacturer

Methanol fuel cell system de-
veloper / stack manufacturer

Fuel cell stack manufacturer
Vehicle OEM

Fuel cell system integrator
Fuel cell system manufacturer

Fuel cell stack manufacturer /
Power developer

High-power fuel cell system
manufacturer

Small

Large

Large
Large

Small

SME
Large

SME
Medium
SME

SME

18

90300

145
69.7
27

4212

22

NA

NA

109

418000

470
90
116

88
NA

80

590

125

126

Private

Public

Public
Public

Private

Private
Public

Private
Private
v
Public

Private

22 “SFC Energy AG (ETR:F3C) Stock Price & Overview.” Accessed: Aug. 07, 2025. [Online]. Available: https://stockanalysis.com/quote/etr/F3C/

23 “Fuel cell manufacturer Blue World Technologies sets sail for the maritime market,” Blue World Technologies. [Online]. Available: https://www.blue.world/fuel-cell-manufacturer-blue-world-

technologies-sets-sail-for-the-maritime-market/

Subsidiary of Proton Motor
Power Systems plc

Robert Bosch GmbH

SFC Energy AG (XETRA: F3C)
Ballard Power Systems Inc.

Private company

Private company with institu-
tional investors

CAF Group

Independent private company
Jointly owned by Michelin,

Forvia, Stellantis
Listed on Euronext Paris

1009% subsidiary of Alstom
Group (acquired April 2021)

24 “Elcogen company information, funding & investors | Dealroom.co.” Accessed: Aug. 07, 2025. [Online]. Available: https://app.dealroom.co/companies/elcogen

25 “Symbio - our history.” [Online]. Available: https://www.symbio.one/en/who-we-are/our-history
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HYVIA

Intelligent Energy
Wrightbus

ARCO Technologies
Inc

IVECO Group

VDL Groep
Zepp.solutions

Yanmar Power
Technology

Nedstack

Corvus Energy
TECO 2030

Solaris Bus &
Coach

FR

GB
GB

us/i

NL

NL

NL

NL
NO

NO

PL

Light commercial vehi-
cles, HRS

Automotive, aerospace,
UAV, materials han-
dling

Buses & coaches

Heavy-duty mobility,
material handling
equipment

Heavy-duty trucks,
buses

Heavy-duty trucks,
buses

Medium/heavy vehicles
& marine

Marine

Marine & stationary

Marine
Marine

Buses

Vehicle OEM

Fuel cell stack manufacturer
Vehicle OEM

Fuel cell system developer

Vehicle OEM
Vehicle OEM
Fuel cell system integrator

Fuel cell system manufacturer

Fuel cell stack manufacturer

Fuel cell & battery system in-
tegrator
Fuel cell system manufacturer

Vehicle OEM

Medium

Medium
Medium

SME

Large
Large
SME

Medium

SME
SME

SME

Large

68
(bankruptcy)

~7 (esti-
mate)
740
(estimate
[92])

NA

15289

4281
19
(uncertain)

NA

6 (estimate)

186
(uncertain)

08

927

130

236

2200

25

12375

14356

15

NA

43

249

161

>3000

26 “HYVIA: Revenue, Competitors, Alternatives.” Accessed: Aug. 07, 2025. [Online]. Available: https://growjo.com/company/HYVIA

Private

Private
Private

Private

Public

Private

Private

Private
Subsidi-
ary
Private

Private
Public
Private

Subsidi-
ary

Joint Venture Renault and
Plug Power

Private company
Bamford family

Private company
IVECO Group N.V.

Family-owned
Founders & venture capital

Subsidiary of Yanmar Hold-
ings

Privately held

Private investors incl. BW
Group

Listed on Oslo Euronext
Growth

Owned by CAF Group

26

27

28

29

30

511}

27 “Intelligent Energy Ltd Company Profile - Overview - GlobalData.” Accessed: Aug. 07, 2025. [Online]. Available: https://www.globaldata.com/company-profile/intelligent-energy-ltd/

28 “Wrightbus expects +1,200 buses produced in 2025, +20% on a record-breaking 2024 (and opened a service centre in Germany) - Sustainable Bus.” Accessed: Aug. 07, 2025. [Online].

Available: https://www.sustainable-bus.com/news/wrightbus-record-2025/

29 “About us - Yanmar Marine.” Accessed: Jul. 31, 2025. [Online]. Available: https://www.yanmarmarine.eu/about-us/
30 “Nedstack Fuel Cell Technology Information.” [Online]. Available: https://rocketreach.co/nedstack-fuel-cell-technology-profile_b4b97815fbladSb4
31 “Corvus Energy Information.” Accessed: Jul. 30, 2025. [Online]. Available: https://rocketreach.co/corvus-energy-profile_b5cd70e6f42e0b0a
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CaetanoBus PT Buses Vehicle OEM Medium 172 746 Private Partnership with Toyota
(estimate)

PowerCell Sweden SE Aviation, marine, trucks | Fuel cell stack manufacturer SME 38 148 Public Listed on Nasdaq Stockholm

AB

32 “Caetanobus - Overview, News & Similar companies | ZoomInfo.com.” Accessed: Jul. 31, 2025. [Online]. Available: https://www.zoominfo.com/c/caetanobus-sa/404296570
33 “Powercell Sweden AB: Overview.” [Online]. Available: https://www.globaldata.com/company-profile/powercell-sweden-ab/
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Annex 2 EU fuel cell manufacturing capacity

Table 5 List of European fuel cell manufacturers

Company
Country Current Target Facility Size Power per Unit Product Focus Manufacturing Status Source
Capacity Capacity (m?) (kW)
(MW/year) (MW/year)
AVL List GmbH | AT NA NA Multiple global Complete systems Heavy-duty trucks R&D + custom 34
manufacturing
Blue World | DK 15 500 MW 8 500 Methanol systems Maritime, heavy-duty 250000 cells/a 35
Technologies ultimate transportation
Ballard Power | DK 60 NA NA PEM Stacks + Maritime No expansion plans 36
Systems modules
Europe
Advent | DK 15 500 ultimate 228 m? HT-PEM systems Methanol fuel cells, Operating + R&D
Technologies (Aalborg) + maritime, heavy-duty expansion
A/S additional
facilities
Elcogen | EE 10 360 (mid- 14 000 (new) SOFC/SOEC stacks Maritime, stationary New facility mid-2025 37
2025)

34 “Fuel Cell Development | AVL.” Accessed: Aug. 21, 2025. [Online]. Available: https://www.avl.com/en/engineering/e-mobility-engineering/fuel-cell-development

35 “Blue World Technologies starts series production - Blue World Technologies.” Accessed: Aug. 21, 2025. [Online]. Available: https://www.blue.world/blue-world-technologies-starts-series-

production/
36 “Ballard to Establish Fuel Cell Center of Excellence in Europe to Serve Marine Market with Zero- Emission Solutions - Ballard.” Accessed: Aug. 21, 2025. [Online]. Available:

https://www.ballard.com/press-release/ballard-to-establish-fuel-cell-center-of-excellence-in-europe-to-serve-marine-market-with-zero-emission-solutions/

37 “Elcogen’s new production facility to expand manufacturing capacity to 360 MW | Tallinn.” Accessed: Aug. 21, 2025. [Online]. Available: https://www.tallinn.ee/en/business/news/elcogens-

new-production-facility-expand-manufacturing-capacity-360-mw
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HDF Energy

Helion
Hydrogen
Power
(Alstom)

INOCEL

Symbio
(Forvia-
Michelin-
Stellantis JV)

cellcentric
(Daimler-Volvo
Jv)

EKPO Fuel Cell
Technologies

FR

FR

FR

FR

DE/CA

DE

100

30

Development
phase

(1 440)

Pilot
production

680-1 000

1 000 (1 GW
by 2030)

Automated
scaling

9 000 (by
2030)

4 500 (50 000
systems)

Large scale by
end 2020s

6 800-10 000
(end 2020s)

7 000
(Blanguefort)

2 200 + 15000
(Delta factory)

15 000 (Belfort)

26 000 -
40 000

10300
(Esslingen)

Dettingen/Erms

PEM Multi-MW
systems (1.5-10
MW)

PEM 100kW - MW+

PEM Complete
systems (300-500
kW)

PEM Complete
systems

PEM Complete
systems

PEM stacks +
components

stationary, maritime, rail

Heavy mobility (rail,
maritime, construction),
stationary

Heavy-duty applications,
aerospace,
motorsports, maritime

Heavy-duty trucks, buses,
commercial vehicles

Long-haul trucks

Trucks, buses

Started production

Operational since June 2025
at Delta megafactory - Pre-
series 2025

Preparing mass production

16 000 systems currently,
impact of Stellantis decision
unknown) (see 4.1.3

Pilot since June 2024

10 000 stacks/year

38 “HDF Energy launches its fuel cell plant in Blanquefort in Gironde - Automation / Mechatronics / Digital.” Accessed: Aug. 21, 2025. [Onlinel. Available: https://www.industrie-
online.com/en/news/865/hdf-energy-launches-its-fuel-cell-plant-in-blanquefort-in-gironde

39 “PRESS RELEASE HELION Hydrogen Power initiates the construction of its megafactory focused on manufacturing high-power fuel cells”, Accessed: Aug. 21, 2025. [Online]. Available:

www.alstom.com

40 “Press Release - INOCEL hydrogen fuel cells.” Accessed: Aug. 21, 2025. [Online]. Available: https://inocel.com/category/press-release/page/2/
41 “Symbio inaugurates SymphonHy, Europe’s largest integrated Gigafactory for hydrogen fuel cells,” Symbio. Accessed: Jul. 30, 2025. [Online]. Available: https://www.symbio.one/en/news-

media/newsroom/symbio-inaugurates-symphonhy-europes-largest-integrated-gigafactory-hydrogen

42 “Launching Pilot Production of Fuel Cell Systems for Long-Haul Trucks - cellcentric.” Accessed: Aug. 21, 2025. [Online]. Available: https://www.cellcentric.net/en-us/news/cellcentric-starts-

pilot-production-of-fuel-cell-systems
43 “EKPO: INDUSTRIALIZATION OF FUEL CELL STACK PRODUCTION P. Stiefel 6. Marktplatz Zulieferer Wasserstoff- und Brennstoffzellenindustrie 17. August 2021".
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Robert Bosch
GmbH

Intelligent
Energy

TECO 2030
PowercCell
Sweden AB
Accelera by
Cummins

Ballard

Advent
Technologies

DE

GB

NO

SE

USA

CA

USA

Volume
production

Small scale
Testing phase
Stack
production
Limited fuel
cell production

1660

NA

NA
NA
200 (2025) -
1 600 (2030)

NA

expanding

3,000+ (Texas
facility)

NA

Multiple German
sites

NA

Narvik
gigafactory

Sweden facilities

8,268 m?
(including
electrolysis)

5,270 m? main
facility

1950 m2
(Boston)

PEM Stacks + power
modules

PEM Stacks

PEM Marine
modules (400 kW)

PEM Stacks

150kW, 300kW
engines

30-125 kW
modules

Heavy-duty trucks
Automotive, UAV, materials
handling

Marine, heavy-duty trucks

Aviation, marine, trucks

PEM fuel cell systems

PEM stacks, MEAs, engines

Next-generation HT-PEM
MEAs operating above
100°C

Active since July 2023 44

Active production 45

FCM400 testing complete

Active production &S

R&D + limited production

Operating

R&D and manufacturing
facility

44 “Bosch Starts Volume Production Of Hydrogen Fuel-Cell Power Module | Gas Compression Magazine.” Accessed: Aug. 21, 2025. [Online]. Available:
https://gascompressionmagazine.com/2023/08/07/bosch-starts-volume-production-of-hydrogen-fuel-cell-power-module/

45 “Intelligent Energy Information.” [Online]. Available: https://rocketreach.co/intelligent-energy-profile_b5c6b793f42e0cee

46 “Powercell Sweden AB: Overview.” [Online]. Available: https://www.globaldata.com/company-profile/powercell-sweden-ab/
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Table 6 List of EU component manufacturers

Membrane electrode assemblies (3-layer) /catalyst coated membranes:

Johnson Matthey

BASF

Greenerity

lonysis

TFP Hydrogen Products
IRD Fuel Cells

Mebius

Freudenberg

Porous transport layers/ gas diffusion layers

SGL Carbon
Freudenberg

TFP Hydrogen Products
Schuler

Graebener

Feintool

Bipolar plates

Graebener

Micrometal

Borit

Celllmppact

CellForm Hydrogen

Dana

DeNora

Esinger

Mersen

HYCCO

IRD Fuel Cells

TFP Hydrogen Products
Precision Micro
Schaeffler/Innoplate
Schunk

Herz

Atotech

Feintool

Advanced Chemical Etching
Akris Group

Oberland Mangold GmbH
Whitecell Eisenhuth GmbH & Co. KG

Gaskets / sealants

TRP Polymer Solutions
Dobson Gaskets
ElringKlinger
Frenzelitt
Freudenberg
James Walker
Eisenhuth
Laufenberg
Trelleborg
WEVO-CHEMIE
Wacker Chemie
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Electrocatalysts optimised for fuel cells

Johnson Matthey
BASF

Heraeus

IRD Fuel Cells
Umicore

Frames and casing necessary for fuel cells tacks assembly

Several options are possible. In many cases players which have capacity in the production of
thermoplastics used in automotive applications can cover this segment. As examples
companies like Evonik and Solvay and Victrex can be considered as potential providers.
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Annex 3 European funded projects

Table 7 European funded projects on fuel cells for heavy-duty freight and mobility applications

ID # PROGRAMME ACRONYM TITLE START DATE END DATE FUNDING
723368 Horizon Transport  MAHEPA Modular Approach to Hybrid Electric Propulsion Architecture 2017-05-01 2021-10-31 8,979,179
Development and demonstration of a long-endurance sea sur-
veying autonomous unmanned vehicle with gliding capability
824348 Horizon Transport  ENDURUNS powered by hydrogen fuel cell 2018-11-01 2023-07-31 7,908,265
861647 H2020 Nautilus Nautical Integrated Hybrid Energy System for Long-haul Cruise Ships 2020-07-01 2024-12-31 7,892,363
Development and demonstration of zero-emission propulsion
technology on board ships using green hydrogen from liquid or-
ganic hydrogen carrier in combination with fuel cells at MW-
101056723 Horizon Transport ~ SHIP-AH20Y scale 2023-01-01 2027-12-31 14,999,509
101056784 Horizon Transport ~ HELENUS High Efficiency Low Emission Nautical Solid Oxide Fuel Cell 2022-07-01 2027-06-30 14,866,244
101069828 Horizon Energy FuelSOME Multifuel SOFC system with Maritime Energy vectors 2022-09-01 2026-08-31 2,499,986
101074503 LIFE Environment  LIFE21-ENV-DE- Fuel Cell and Methanol Reforming system for clean energy on board 2022-08-01 2025-07-31 2,354,208
LIFE OCEAN
Hydrogen Optimized multi-fuel Propulsion system for clean and
101096275 Horizon Transport  HOPE silEnt aircraft 2023-02-01 2027-01-31 3,394,198
101096981 Horizon Transport  HyEkoTank Hydrogen PEM fuel cell system to retrofit ships in the marine transport 2023-02-01 2026-07-31 5,092,999
industry
101137583 Horizon Transport  HYLENA HYdrogen eLectrical Engine Novel Architecture 2024-01-01 2027-06-30 4,271,244
101138184 Horizon Transport  exFan Novel recuperation system to maximize exergy from anergy for fuel 2023-12-01 2027-11-30 3,984,083
cell powered geared electric aircraft propulsion system.
Future enabLing technologies for hYdrogen-powered Electrified
101138488 Horizon Transport ~ FIlyECO aero engine for Clean aviatiOn 2024-01-01 2026-12-31 3,496,729
101138530 Horizon Transport ~ ZEAS Ferry demonstrator for the switch to safe use of sustainable climate 2024-01-01 2027-12-31 13,503,786
neutral fuels in Adriatic - Zero Emission Adriatic Ship - ZEAS
Ballard Power System's Fuel Cell Hydrogen Technology Engine
101191024 Innovation Fund FicH2tel Location 2025-04-01 2040-09-30 113,248,840
101191050 Innovation Fund Swap2Zero Swap2Zero 2025-04-01 2033-03-31 40,000,000
First of a kind high-speed zero emission short sea container ser-
vice powered by multi-megawatt liquefied RFNBO hydrogen fuel
101191247 Innovation Fund H2ydroShuttle cells 2025-04-01 2033-10-31 47,140,000
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101101967

101101998
101102007

101112991
101140499

101140559

HORIZON

HORIZON
HORIZON

HORIZON
HORIZON

HORIZON

NEWBORN

HyPoTraDe
HERA

ENABLER
HEROPS

FAME

NExt generation high poWer fuel cells for airBORNe applications

Hydrogen Fuel Cell Electric Power Train Demonstration
Hybrid-Electric Regional Architecture

Tech and business validation towards market readiness of high-
performance PFSA-free intermetallic Pt-alloy membrane elec-
trode assemblies for PEMFCs: Enabling next-gen hydrogen-based
transport

Hydrogen-Electric Zero Emission Propulsion System

Fuel cell propulsion system for Aircraft Megawatt Engines
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2023-01-01

2023-01-01
2023-01-01

2023-06-01
2024-01-01

2024-01-01

2026-06-30

2025-12-31
2026-12-31

2025-11-30
2026-12-31

2026-12-31

33,323,824

3,999,697
34,979,440

2,495,900
29,684,005

34,993,248



Annex 4 R&D activities

All mobility sectors face challenges related to adapting the existing fuel cell technologies to the specific
requirements, such as long lifetimes. In addition, scaling power output, reducing costs, and integrating fuel cell
systems into existing platforms are key challenges. However, advancements in modular designs and materials
are steadily pushing these technologies toward higher TRLs and broader adoption.

Basic research and development on fuel cells for heavy-duty applications focuses on improving catalyst
performance, membrane durability, and system efficiency. 9 projects performing basic research in this area
were identified, for a total funding of EUR 37 million. These improvements are crucial to achieving the long
operational lifetimes and high efficiencies required for heavy-duty vehicles. Membranes are being designed to
meet the durability requirements of heavy-duty applications, with some already achieving the necessary
lifetimes through improved mechanical and chemical properties. Accelerated stress testing protocols are being
refined to predict and enhance membrane longevity [100]. Heavy-duty applications demand catalysts with high
durability, which is a significant challenge in catalyst development (e.g. [101]). In heavy-duty applications, the
need for long lifetimes calls for the use of expensive coatings for bipolar plates. In this sector, key demands are
durability and efficiency, rather than low cost, which was a primary requirement for fuel cells in passenger cars.

Road freight (Trucks)

Similar to the case for FCBs (see below), FCTs face significant challenges in terms of costs when compared to
other zero emission options, such as BETs. However, for long distances the TCO for BETs increases significantly
due to their heavy batteries and long charging times [102][103][104]. BETs have the lowest TCO for short- to
medium-haul applications according to a study [104], with costs ranging from EUR 0.93-€0.94/km, compared to
EUR 1.24/km for FCTs. For the long-haul segment, FCT may have advantages.

Technical requirements

e Power Output: Heavy-duty trucks require fuel cell systems with power outputs ranging from 200 kW to 400
kW, depending on the application and payload requirements.

e Durability: Fuel cells for trucks must achieve lifetimes of up to 30 000 hours by 2030 [4], far exceeding the
5 000-8 000 hours typical for passenger cars, to meet the operational demands of freight applications.

o Efficiency: High efficiency is critical to minimise hydrogen consumption. US DOE targets are achieving 68%
peak efficiency by 2025 and 72% by 2030, while maintaining durability.

e C(Cost Targets: According to the Clean Hydrogen JU, the cost of fuel cell systems must decrease to around
EUR 50/kW by 2030 to compete with diesel and battery-electric alternatives.

e BOP: The costs for the stack BOP should decrease more than 10 fold by 2030, to less than EUR 100/kW [5].
Research and development activities

Next generation PEM stack:

e Cellcentric introduced its NextGen fuel cell system at IAA Transportation 2024. It has a capacity of 350 kW
and, according to the producer, has improved efficiency, higher operating temperatures, and reduced cooling
requirements. The system fits into conventional diesel engine compartments [105].

e Honda has also shown a Next-Generation Fuel Cell Module, which purportedly achieves double the durability
and half the production cost compared to previous models. Mass production is set to begin in 2027 [106].

Standardisation of components:

e A major focus of current research in Europe involves standardising fuel cell modules for heavy-duty applica-
tions. The European StasHH project aims to develop standardized physical dimensions, flow and digital inter-
faces, and test protocols for fuel cell modules. This standardisation could help to enable high-volume manu-
facturing and cost reduction [107].
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Component Optimisation:

e Projects such as BeBoP focus on improving Balance of Plant (BoP) components like air compressors, humidi-
fiers, and DC/DC converters, enhancing efficiency and durability while reducing costs [1071].

e Next generation bipolar plates (BPP) will be produced in a joint venture between Symbio and Schaeffler
Group [108].

Hybrid Systems:

¢ Combining hydrogen fuel cells with battery-electric components is being explored to meet variable power
needs without compromising payload capacity. The ZECT project demonstrated three prototypes of hydro-
gen fuel cell hybrid Class 8 drayage trucks designed for port operations [109].

Testing:

e The US. DOE's Argonne National Laboratory is constructing a dedicated research and development test facil-
ity for large-scale fuel cell systems ranging from 150 to 600 kilowatts, specifically designed for heavy-duty
applications. This facility, which had been expected to be operational by fall 202547, will allow industry
partners to test and validate PEM fuel cell systems [110].

Field Testing and Demonstration Projects

Several demonstration projects across Europe are showcasing the viability of hydrogen-powered trucks:

e H2Haul (Clean Hydrogen JU, 2019 - 2026, EUR 14 million): Deployment of 16 hydrogen trucks in Belgium,
France, Germany, and Switzerland to test real-world performance [66].

e H2-Share (Interreg, 2019- 2023, EUR 5.5 million): Demonstration of a 27-ton hydrogen truck with a mobile
refueling station in Northwest Europe [111].

e HECTOR (Interreg, 2019- 2023, EUR 5.6 million) Testing seven hydrogen-powered garbage trucks in various
operational contexts across Northwest Europe [112].

e FC4HD (Austrian Climate and Energy Fund, 2021-2023, EUR 12 million): Development and testing of a 40-
ton zero-emission truck in Austria by AVL List GmbH. The project aimed for 35 000-hour lifetimes by target-
ing corrosion [113].

Manufacturing Projects

o FicH2tel (CINEA, EUR 113 million) is providing support to the Canadian manufacturer Ballard for building
manufacturing capacity to produce eight million MEA and BPP corresponding to 25 000 stacks and 15 000
engines annually by 2031 in Germany [114].

Road mobility (Fuel Cell Buses)

A key challenge for this sector, which has seen cumulative deployment of <10 000 vehicles globally by mid-
2024 [15], is that battery-electric buses are consistently shown to be more cost-effective than fuel cell buses
across purchase price as well as TCO, by a wide margin [48][49]. While hydrogen buses do offer some
advantages in terms of range and cold-weather performance, their high costs make them less appealing for
widespread adoption in public transit systems. Nevertheless, there are on-going research, development and

47 No announcements as of 11/2025.
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demonstration activities. Some cities already deploying FCB have decided to expand their fleets and South Korea
is seeing an annual growth rate of 130% [15].

Technical Requirements

¢ Fuel cell capacity: Most buses use 70-150 kW PEM fuel cell stacks (e.g., Ballard’s 120 kW FCmove-HD
in Solaris buses [8]).

e Range: 400-600 km per refueling, with some models like the Solaris Urbino 18 hydrogen achieving 600
km using 51.2 kg of hydrogen [9].

Research and development activities

Hybrid Systems: Most fuel cell buses combine 70-150 kW fuel cells with smaller batteries (e.g., Solaris Urbino
hydrogen uses a 70 kW Ballard stack + 30 kWh battery). The Safra fuel cell bus integrates a 30kW fuel cell
module (model H2Motiv) and a 132kWh battery pack [115]. This hybrid design is meant to optimise efficiency
and reduce peak loads on fuel cells.

Durability: Freudenberg Fuel Cell e-Power Systems, within the HyFleet project with FlixBus, developed a design
targeting a lifetime of at least 35 000 hours [115]. There are European projects like IMMORTAL, which aimed to
provide durable MEAs meeting the 30 000 h lifetime requirement [116].

Automation: As part of its stack cost reduction effort, Ballard’s automated production could cut graphite bipolar
plate costs by 70% [117].

Field Testing and Demonstration Projects

e JIVE 1 and JIVE 2 projects (Clean Hydrogen JU, EUR 32 million and EUR 25 million, 2017-2025) will de-
ploy 300 FCB in France, Germany, Spain, the Netherlands and the UK by 2025 [118]

e H2BUS project (CEF-Transport, EUR 40 million, 2019-2023) aimed to implement a refueling network and a
fleet of 425 buses in Denmark and the UK [119]. There is no information regarding the actual deployment of
the 200 FCB planned in Denmark, or of those for the UK.

e Solaris Urbino 18 hydrogen buses with 600 km range, 140-passenger capacity, 70 kW FC capacity were
awarded Bus of the Year 2025 [120]. The buses will be deployed in Frankfurt and Bolzano, with a 137-unit
order for Bologna and Ferrara [121].

e Supported by the German BMVI, FlixBus HyFleet (2022-2024) aims to develop hydrogen fuel cell-powered
long-distance buses. Led by FlixBus, the project focuses on creating durable fuel cells from Freudenberg with
a minimum lifespan of 35 000 hours [122].

e Wiener Linien (Austrian Ministry of Climate Protection and EU, EUR 12 million, 2022-2025) is replacing 12
battery-electric buses with 10 Rampini minibuses (with range extender fuel cell) to reduce fleet size, and
testing a Hyundai/TAM bus [123]. They have also placed an order for 10 CaetanoBus FCB [123].

e H2.City Gold (Portugal/Germany) demonstrates a few 10.7m CaetanoBus with Toyota fuel cells [124].

e COACHYFIED is another Clean Hydrogen JU project (2021-2025, EUR 0.4 million) aiming to operate six fuel
cell coaches at two regions in Latvia and France [125].

¢ Beijing Hydrogen Bus Deployment (China): 50 hydrogen-powered buses announced for Beijing, powered
by Yuchai Xingshunda fuel cells. Buses use 82kW and 125kW fuel cell systems with energy efficiencies of
over 43% and 45%, respectively. Fuel cells have a lifespan exceeding 15 000 hours[126]

¢ Incheon Hydrogen Bus Fleet (South Korea), conversion of 700 buses to hydrogen by 2024, supported by
Hyundai Motor and SK E&S, with plans to convert a total of 2000 buses by 2026 in the country [127]
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e Busan Hydrogen Initiative (South Korea) for the conversion of 1 000 buses to hydrogen by 2025 [128].
Rail

Currently not all rail lines are electrified, and in Europe especially rural lines are still relying on diesel-powered
trains. MW scale diesel engines for locomotives are highly optimised, with durabilities of 34 000 MWh and
efficiencies over 50% [129]. Fuel cells need to be competitive with the incumbent technology, as well as offer
high speed operation in challenging conditions (vibration, cold weather,...).

Technical Requirements
e Fuel cell capacity: Trains need fuel cells of 200 — 960 kW capacity for traction [10].
e Speed: Up to 200 km/h to be maintained, which needs high power output [10].

o Retrofitting existing trains: Upgrading existing rolling stock with FCH systems without the need for
purchasing new trains [11].

e Heat management: Due to the lower operational temperature of fuel cells, thermal management is
difficult and a larger heat transfer area is needed [129].

o Vibration/shock resistance: Fuel cell stacks and the BoP must withstand vibrations 3x higher than
for automotive [12].

Research and development activities

Hybridisation: As for other heavy-duty applications, hybridisation with batteries enable peak power
management and offer extended range. Optimising efficiency by recuperating braking energy (over 30%
recovery) and balancing fuel cell/battery use [130].

Standardisation: R&D on sizing, scaling and modularisation of powertrains is needed and undertaken by
projects such as FCH2RAIL [131] [11].

Field Testing and Demonstration Projects

e FCH2RAIL (Clean Hydrogen JU, 2021-2024, Spain, Portugal, Germany): Development of a bi-modal train
prototype combining fuel cells and overhead lines using a Toyota Fuel Cell Hybrid PowerPack [46].
Hydrogen TER Regiolis H2 (France, EUR 47 million, 2023-2026): Deployment of 12 dual-mode trainsets
(electric + hydrogen) across four French regions for regional rail services [132].

o Brescia-Iseo-Edolo Hydrogen Line (Italy, National Recovery and Resilience Plan and possibly EIB): Conver-
sion of the Brescia- Edolo line into Italy’s first hydrogen-powered railway with 14 Alstom trains [133].

e Coradia iLint (Germany, National Innovation Program for Hydrogen and Fuel Cell Technology, EUR 8 million,

2018-): World's first hydrogen-powered passenger train operating on non-electrified lines in Lower Saxony
[130]

e Zero Emission Multiple Unit (ZEMU) USA, USD 45.8 million from California’s Transit and Intercity Rail Cap-
ital Program: First hydrogen-powered passenger train in the US, designed for regional rail services in Califor-
nia [132].

e Hympulso High-Speed Train (Spain, EUR 6.5 million, Recovery and Resilience Plan): Development of the
world’s first hydrogen-powered high-speed train, analysing feasibility for Spain’s rail network [134].

e CRRC CINOVA H2 (China): Qingdao Sifang’s intercity train achieves 200 km/h top speed with a 960 kW
fuel cell system [10].
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CRRC Changchun Urban Train (China): Operates at 160 km/h with a 1 000 km range, consuming an aver-
age of 5 kWh/km [135].

CRRC Ningdong (China): Retrofit diesel-to-hydrogen freight locomotive with 800 kW fuel cells and 270 kg
hydrogen storage. Capable of hauling 5 000-ton loads for 190 hours on a straight and level track [136].

Daejeon Urban Railway Line 2 (South Korea): In 2024, Daejeon signed a Won 293 .4 billion (USD 219.4
million) contract with Hyundai Rotem for hydrogen trams and supporting infrastructure [137][138]. This will
become the world’s longest catenary free tram line at 38.8 km.

Busan Port Tram Line (South Korea): the 24.4 km tram line is supported by Won 724 billion (USD 541
million), which included hydrogen infrastructure [139].

Maritime

Maritime applications present unique challenges for fuel cell implementation. Marine fuel cells must be able to
deliver higher power outputs and longer lifetimes than currently available systems, with future requirements
likely to be building blocks for systems exceeding 10 MW. The primary fuel cell technologies investigated for
maritime applications are PEMFC, SOFC and DMFC. Operational profiles are very different from those for trucks
or buses, with mostly steady-state operation at high load and close to continuous operation.

Technical Requirements

e On-board reformers: more tolerance of fuel cells to impurities in hydrogen (more development of
SOFC and HT-PEM).

e 1-10+ MW scalability. Modular approaches are emerging as the preferred solution for scaling power
capacity.

e 100 000+ h operational lifetime. Durability is being investigated for example in the Hi-SEA PEMFC
testing infrastructure for maritime applications [17].

e Power density can be much lower than for automotive applications, 4 kg/kW are acceptable as there
are fewer space and weight constraints.

¢ Harsh environment: Salt spray corrosion resistance.

Research and Development Efforts

Modularisation:

Blue World Technologies' methanol HT-PEM system employs 200 kilowatt cabinets that can be combined to
provide energy loads in the megawatt range [140].

Corvus Pelican System: Modular 200-500 kW PEMFC units (scalable to 10 MW). Corvus Energy's H2NOR pro-
ject®® has developed systems with performance ranging from 320 kW to 10 MW using Toyota automotive FC
stacks [141][142].

Yanmar: 250 kW marine PEMFC system derived from Toyota Mirai components [143].

Durability: for example enabled by Freudenberg's marine-grade graphite bipolar plates [144].

HT-PEM Development:

48 Funded by Norway with EUR 5.9 million.
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Denmark's Blue World Technologies offer methanol-compatible HT-PEM systems, achieving 45-60% efficiency
through advanced thermal management. Their work received EUR 37 million Series B funding from
Breakthrough Energy Ventures (Bill Gates' fund) and AP Ventures [140].

SOFC advancements:

A study tried to determine the suitability of SOFCs for various ship types [145]. The analysis found that SOFCs
are not well-suited for vessels with unpredictable or high-power demands, such as tugs, fast ships, and ferries.
Ships with long journeys and consistent power requirements, like container ships, cargo vessels and cruise ships,
are better candidates for SOFC systems. These can provide significant efficiency improvements without requiring
large batteries.

The EU's Horizon Europe program funds several projects on ammonia/LNG-compatible SOFCs as listed below.

Doosan fuel cells to develop an SOFC APU with 2 x 300 kW sub-systems [146]. The fuel cells are operating at
620 °C, which will enable longer lifetimes [147].

Fuel Processing and Desulfurisation Systems: Norway's H2NOR consortium (Corvus Energy, Equinor, LMG Marin)
developed marine-specific desulfurisation units enabling NATO F-76 diesel use in PEMFCs. Supported by EUR 5.9
million from Innovation Norway [142].

Safety and Certification Frameworks: Japan's NEDO funded Yanmar's development of the first IMO-compliant
hydrogen vessel (EX38A FC), creating certification protocols now adopted in 14 Asian countries [143].

Field Testing and Demonstration Projects

e MARANDA (Clean Hydrogen JU, 2017-2021, EUR 2.9 million): PowerCell Sweden 165 kW PEMFC hybrid
systems for research vessel. The project also investigated Regulation, Codes and Standards (RCS) gaps
[148]. The main gaps related to fuel cells include the lack of prescriptive requirements for the design
and safety of fuel cell compartments (such as ventilation, ignition source control, and risk assessment
for hydrogen release), insufficient standards for integrating fuel cell systems into ships (especially re-
garding modularisation and system interfaces), and the absence of harmonised rules for maintenance,
inerting, purging, and safety procedures tailored to fuel cell technology—most of which are expected to
be addressed only in future updates of the IGF Code and related standards.

e ShipFC (Clean Hydrogen JU, 2020-2025, EUR 10 million): 2 MW ammonia fuelled SOFC for retrofitted
offshore vessel. Hybridised with batteries for auxiliary power and dynamic positioning [149][150].

e sHYpS consortium (UK, Horizon Europe, 2022-2026, EUR 8.82 million with additional funding from
UKRI) Ricardo is designing and testing 375 kW PEM modules which will be part of multi-MW container-
ised systems. Testing on a passenger cruise ship is planned [151].

e Hydrogen Fuel Cell River Container Ship (China). Demonstration planned for 2025. Sinosynergy (fuel
cells), 2 x 240 kW hydrogen fuel cells, hydrogen storage for 550 kg, lithium battery integration for in-
land container shipping [152].

e zero4cruise Project (Germany, €18.7 million from the German Federal Ministry) [153], Manufacturers:
DLR, Meyer Werft, Freudenberg are developing and testing 250 kW LT-PEM and 120 kW HT-PEM stacks
paired with methanol for cruise ships. The project started in January 2025.

e APOLO Project (Horizon Europe, EUR 7.5 million, 2024-2028) Manufacturers Nuvera, HELINOR Energy
are demonstrating 125 kW PEMFC using ammonia-derived hydrogen [154].

e Doosan SOFC Marine Project (South Korea) 600 kW low-temperature SOFC for auxiliary power by Doo-
san Fuel Cell 2024: Marine certification target; 2025: One-year vessel demonstration. Funding of ~EUR
50 million has been provided to Doosan for a 50 MW SOFC factory

Aviation
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Hydrogen fuel cells are being explored as a viable solution for short-range and long-range aircrafts as well as
auxiliary power systems in aviation. Hydrogen-powered VTOL*® and drones are being investigated. In Europe,
Airbus is investing heavily into the decarbonisation of aviation, with hydrogen being one of the options explored.
Together with ElringKlinger, the company is developing stacks fulfilling the stringent weight and safety
requirements [155]. There have been delays in their programme and flight testing will no longer take place in
near future, due to technical and infrastructure problems [156]. Airbus is part of the 4" IPCEI wave “HY2MOVE”.
In comparison, Boeing seems to be more focused on the use of SAF*°, but the company has completed 100
hydrogen powered flights [157].

Research and Development Efforts

Improvement to Fuel Cell Technology: The Clean Hydrogen JU project NIMPHEA will develop MEAs operating
at 120 °C for PEMFC for aviation. ZeroAvia's MEAs use aluminium to reduce weight and cost [18].

Short Lifespan: PEMFCs, the leading candidate for aviation, degrade quickly and may require replacement
every 18 months under heavy use, increasing maintenance costs and downtime [158].

Altitude Performance: Fuel cells struggle to maintain power output at high altitudes due to lower air pressure
and oxygen levels [19].

Power Density Demands: Aviation requires fuel cells with >1 kW/kg power density, far exceeding automotive
standards. Scaling systems while minimising weight remains a technical hurdle [19], [159].

HT-PEM Innovations: ZeroAvia announced that a power density of 2.5 kW/kg has been achieved for a HT-PEM
module [18]. EH Group’s 175kW system for Joby eVTOL has reached TRL 4 [160].

Field Testing and Demonstration Projects

Airbus ZEROe Program
e Airbus is developing a hydrogen-powered aircraft concept featuring four 2MW fuel cell systems powered
by liquid hydrogen stored in cryogenic tanks. Ground testing of liquid hydrogen storage/distribution sys-
tems is planned for 2027 [161][162].
ZeroAvia
e The US and UK based company has developed several fuel cell power trains, and performed the world’s
longest hydrogen-powered flight in 2023 [163]. It is aiming for certification of its powertrain [164].
H2FLY HY4 Demonstrator

o The German startup H2FLY achieved a milestone with its HY4 aircraft flying at an altitude of 7,200 ft us-
ing cryogenic liquid hydrogen. Its H2F-175 fuel cell system is now being tested in Joby Aviation’s eVTOL
aircraft [165][166].

GKN Aerospace’s H2GEAR

e This UK-led initiative aims to develop a 2MW hydrogen-electric propulsion system for sub-regional aircraft
by 2030 [167].

43 Vertical Take-off and Landing

50 Sustainable Aircraft Fuel
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FAME project (Clean Aviation JU, 2023-2026, EUR 35 million) is aiming to design and test (in a ground
demonstrator) a multi-MC PEMFC propulsion system [168].

NEWBORN is another Clean Aviation JU project (2022-2026, EUR 33 million), will also try to develop aviation
grade fuel cells, with an efficiency of 50% and a stack power density of >5 kW/kg [169].

84



Annex 5 Potencia model

Model Overview

The Policy Oriented Tool for Energy and Climate Change Impact Assessment (POTENCIA) is an energy system
simulation model designed to compare alternative pathways for the EU energy system, covering energy supply
and all energy demand sectors (industry, buildings, transport, and agriculture). Developed in-house by the
European Commission’s Joint Research Centre (JRC) to support EU policy analysis, POTEnCIA allows for the joint
evaluation of technology-focused policies, combined with policies addressing the decision-making of energy
users. To this end:

o By simulating decision-making under imperfect foresight at a high level of techno-economic detail,
POTENCIA realistically captures the adoption and operation of new energy technologies under different
policy regimes;

o By combining yearly time steps for demand-side planning and investment with hourly resolution for the
power sector, POTEnCIA provides high temporal detail to suitably assess rapid structural changes in the
EU’s energy system;

o By tracking yearly capital stock vintages for energy supply and demand, POTENCIA accurately represents
the age and performance of installed energy equipment, and enables the assessment of path
dependencies, retrofitting or retirement strategies, and stranded asset risks.

The core modelling approach of POTENCIA (Figure 1; detailed in [171], [172]) focuses on the economically-driven
operation of energy markets and corresponding supply-demand interactions, based on a recursive dynamic
partial equilibrium method. As such, for each sector of energy supply and demand, this approach assumes a
representative agent seeking to maximize its benefit or minimize its cost under constraints such as available
technologies and fuels, behavioural preferences, and climate policies.

Figure 1 The POTEnCIA model at a glance

DEMAND (
Foreseen Activity Level Macroeconomic and demographic assumptions
) I
Structural ( | Infrastructure energy saving potential
adjustment Demand-side techno-economic assumptions
Energy Service Needs - (endogenous leaming)
Demand-side behaviour assumptions
L y (market acceptability, policy responsiveness)
! \
Energy Demand
Lagged Decisions optimizing equipment stock and operation
|J'I.':E 1 1
Partial Equilibrium * * )
Electricity and heat load curves [ Other energy carriers Policies
Supply , = Demand , T T
‘ Transformation processes
Power and Heat Supply T .
Decisions optimizing supply - ;meTational uel prices
capacity and dispatch to meet upply curves |
load curves and system stability
GremhE Supply-side techno-economic assumptions

(exogenous leaming)
Supply-side behaviour assumptions

SUPPLY

(market acceptability, policy responsiveness)

Source: JRC adapted from [173]

This modelling approach is implemented individually for each EU Member State to capture differences in
macroeconomic and energy system structures, technology assumptions, and resource constraints. The national
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model implementation is supported by spatially-explicit analyses to realistically define renewable energy
potentials and infrastructure costs for hydrogen and CO; transport. Typical model output is provided in annual
time steps over a horizon of 2000-2070; historical data (2000-2021) are calibrated to Eurostat and other
official EU statistics to provide accurate initial conditions, using an updated version of the JRC Integrated
Database of the European Energy System [174].

POTENCIA CETO 2025 Scenario

The technology projections provided in the POTEnCIA CETO 2025 Scenario are obtained under a climate
neutrality scenario aligned with the broad GHG reduction objectives of the European Green Deal. As such, this
scenario reduces net EU GHG emissions by 55% by 2030 and 90% by 2040, both compared to 1990, and
reaches net zero EU emissions by 2050. To model suitably the uptake of different technologies under this
decarbonisation trajectory, the scenario includes a representation at EU level of general climate and energy
policies such as emissions pricing under the Emissions Trading System, as well as key policy instruments that
have a crucial impact on the uptake of specific technologies. For instance, the 2030 energy consumption and
renewable energy shares reflect the targets of the EU's Renewable Energy Directive and of the Energy Efficiency
Directive. Similarly, the adoption of alternative powertrains and fuels in transport is consistent with the updated
C0; emission standards in road transport and with the targets of the ReFuelEU Aviation and FuelEU Maritime
regulations.

Compared to the POTENCIA CETO 2024 Scenario [175], the POTEnCIA CETO 2025 Scenario incorporates many
model enhancements and scenario-specific data updates, most notably:

»= The usage of the more recent JRC-IDEES 2023 data [174]

» (Closer alignment to the National Energy and Climate Plans (NECPs) of the individual MS, which have
been published in recent months

A more detailed description of the POTEnCIA CETO 2025 Scenario will be available in the forthcoming report
[176]
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Getting in touch with the EU

In person

All over the European Union there are hundreds of Europe Direct centres. You can find the address of the
centre nearest you online (european-union.europa.eu/contact-eu/meet-us en).

On the phone or in writing
Europe Direct is a service that answers your questions about the European Union. You can contact this service:

— by freephone: 00 8006 7 8 9 10 11 (certain operators may charge for these calls),
— at the following standard number: +32 22999696,
— via the following form: european-union.europa.eu/contact-eu/write-us en.

Finding information about the EU

Online

Information about the European Union in all the official languages of the EU is available on the Europa
website (european-union.europa.eu).

EU publications

You can view or order EU publications at op.europa.eu/en/publications. Multiple copies of free publications can
be obtained by contacting Europe Direct or your local documentation centre (european-
union.europa.eu/contact-eu/meet-us en).

EU law and related documents

For access to legal information from the EU, including all EU law since 1951 in all the official language
versions, go to EUR-Lex (eur-lex.europa.eu).

EU open data

The portal data.europa.eu provides access to open datasets from the EU institutions, bodies and agencies.
These can be downloaded and reused for free, for both commercial and non-commercial purposes. The portal
also provides access to a wealth of datasets from European countries.
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Publications Office
of the European Union

Science for policy

The Joint Research Centre (JRC) provides independent,
evidence-based knowledge and science, supporting
EU policies to positively impact society

Scan the QR code to visit:

The Joint Research Centre: EU Science Hub
https://joint-research-centre.ec.europa.eu
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