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The 2024 technology roadmaps provide a view of technology adoption

in the automotive industry. These roadmaps help academia, industry it Lol R eSS
. and Hydrogen Storage

and policy-makers understand where research and development (R&D)

efforts are likely to be focussed, highlight key milestones in technology Technology

adoption, and through the supporting documents explore challenges Roadmap

and opportunities. 2024

The documents available for each roadmap are as follows:

ADVANCED

The executive roadmap N (€ e
The executive roadmap provides a high-level view of forecast mass

adoption of technology within the automotive industry. Mass adoption
requires technology, supply-chain, manufacturing and market readiness Technology roadmap
and in some instances, regulatory readiness.

. Hydrogen Fuel Cell System
The narrative report (18 and Hyarogon Starage

The narrative report supports the executive roadmap by providing the
context behind the technologies on the roadmap. The narrative considers
regulatory and market drivers alongside the work required to develop
individual technologies and their supply chain.

The innovation opportunities report
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The innovation opportunities report is intended to take a deeper dive in - automotive @
to the R&D steps required to enable technologies on the roadmap. 2
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Narrative report




Introduction to the technology roadmap

This technology roadmap represents a snapshot-in-time view of the
global automotive industry propulsion technology forecast for
mass-market adoption.

+ Chevrons with text describing a technology indicate when a technology
is expected to reach mass-market adoption in the automotive industry.

Technology adoption will vary from region to region, this is recognised
and discussed in the narrative report that accompanies this
executive roadmap.

Technology adoption varies within different sectors of the automotive
industry and, where appropriate, this is indicated on the roadmap and
discussed in the accompanying narrative report.

« Some technologies may be feasible before appearing on the roadmap,
many technologies that do not appear until later are technically feasible
now. However, the roadmap considers not just technology maturity but
also market, supply chain and regulatory impacts. These are discussed
in the accompanying narrative report.

+ Some chevrons appear to start on the 2025 line, this is considered as
equivalent to a technology being available now.

Technology

Beginning of chevron
(developing technologies)

Technology is in a
mass-market application.
Significant innovation is
expected in this timeframe.
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Technology >

Transitions

Each horizontal set of bars
represents a technology
‘theme’. Transitions do not
mean a phase-out from market
but a change of R&D emphasis.
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Two hydrogen roadmaps: Quick links = council PROPULSION
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Fuel cell system roadmap Hydrogen storage roadmap

See page 6 See page 11
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Technology roadmap: fuel cell system

Technology indicators for light-duty and heavy-duty applications

Technology indicators that industry is likely to achieve in a mass-market competitive environment.
All the cost and performance metrics are ambitious but relate to the same technology.

2025 2030 2040 2025 2030 2040

System ($/kW) 112 68 40 Onboard hydrogen

Hydrogen storage cost 365 266 200

storage tank ($/kg of H2)

Stack ($/kW) 70 40 20

Light-duty
vehicles
System efficiency (%) 65 68 70

Stack durability (Hrs) 6,000 7,000 8,000

2025 2030 2040 Notes:

- Allindicators are based on averaged data and volume-corrected figures from the
following published data — US Department of Energy (DoE), the Fuel Cells and
Hydrogen Joint Undertaking (FCH JU), Strategy Council roadmaps from China and

Stack ($/kW) 180 118 40 Japan, supplemented with industry opinions.

System ($/kW) 285 200 80

Heavy-duty
vehicles

+ System efficiency values are based on specific rated load values for PEM. These do
System efficiency (%) 65 68 70 not represent a fuel cell system target and cannot be compared as such.

+ Although single point efficiency values are shown, these are not accurate indicators
Stack durability (Hrs) 22,000 27,000 32,000 of real-world‘vehllcle efficiency, which will vary across propulsion technologies and
product applications.

+ Indicators are based on the following global FCEV production volumes:

2025 2030 2035 2040
40,000 600,000 >1,000,000 >3,000,000
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2025 2030 2035 2040

» Fuel cell stack
- Membranes and ionomers
- Catalyst layers
- Gas diffusion layers Click to expand (page 7)
- Bipolar plates
- Power management and
manufacturing

» Balance-of-plant
- Thermal management

- Air, hydrogen and fluid
handling

- Power and ancillary
management

- Control systems

- Integration and packaging

Click to expand (page 8)

» Life cycle

- Life cycle impact Click to expand (page 9)

- Material recovery

2025 2030 2035 2040

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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2025 2030 2035 2040

Durable non-fluorinated membrane reinforcements Membranes for > 120°c operation ’

Hybrid ionomers with ultralow fluorinated content Non-fluorinated ionomers for low- medium- and high-temperature operation

Membranes and Low-cost durable fluoropolymer reinforcements for LT-PEM

LONDIIETS Fluorinated ionomers as electrolyte

Catalysts with optimised platinum (Pt) content Low-cost, high-power density cathode catalysts with ultralow Pt content

Majority recycled Pt content
Catalyst layers jority recy ’

Platinum-on-carbon anode catalysts Highly-durable anode catalysts Fluoropolymer-free catalyst .

Gas diffusion layers Highly-conductive non-woven carbon fibre based GDLs Low-thickness, low-cost GDLs that are fluoropolymer-free with recycled carbon fibres ’
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Metallic, alternative and hybrid bipolar plates optimised for durability and high-volume manufacturing

Y
Metal-based coatings

Cheaper carbon-based coatings, high durability

Built-in cell diagnostics, voltage management, and self-correction for improved stack life Effective stack voltage management (not cell-to-cell)

Novel, highly durable bipolar plates without coatings
Bipolar plates ghly p p [¢} ’

Silicon-based bipolar plates

Power management
and manufacturing

Tolerance control measures for sealing, compression with semi-automated manufacture Faster, high-tolerance seals / gaskets with fully automated manufacture ’

» Balance-of-plant Click to expand (page 8)
» Life cycle Click to expand (page 9)

2025 2030 2035 2040
Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe. This roadman represents a snapshot-in-time view of the global automotive indust
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis. . =R 2 . g 4
o N i L propulsion technology forecast for mass market adoption.
Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may Specific application-tailored technologies will vary from region to region
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications. :
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2025 2030 2035 2040

» Fuel cell stack Click to expand (page 7)

Optimised start-up and

Compact and efficient heat exchangers, high-voltage cooling fans shut-down heat management

Thermal
management*

Highly optimised for high-temperature (HT) operation

Optimising coolant and water handling while reducing cost Rapid heat distribution Next-generation fluid handling and cooling for HT operation

e e Improving reliability for compressors and humidifiers Compact and low-cost compressors with high-durability and high-performance filters
Ir, Ny

and fluid Increasing manufacture of air-path systems and vehicle architectures without humidifiers
handling*

Improving reliability for blowers and injectors Highly-durable and efficient H2 recirculation blowers, water ejectors

Power and
ancillary
management

Ancillary power rationalisation for size and cost reduction
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2 Increasingly compact ancillary components, e.g. actuators, valves Reduced part count and compact ancillary systems
]
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Control

On-board diagnostics and model predictive controls for increased efficiency and durability Al self-learning controls
systems ——

Integrated sensors for durability and performance Standardised and harmonised control systems for mass market

Integration and

DC-DC integration with high-voltage power distribution unit and inverters p» Systems without DC-DC integration
packaging Y

Refining fuel cell system design for mobile applications: focusing on shock, vibration, fluid compatibility and reducing fragility

» Life cycle Click to expand (page 9)

2025 2030 2035 2040
Compress all

*Hydrogen storage
Hydrogen storage is crucially important to the growth of the hydrogen fuel cell market. There is an inherent link between the technology growth in
fuel cells and growth in hydrogen storage solutions, especially in the route to mass-market applications. Such technologies include:
« Type 3, Type 4 and Type 5 gaseous storage alongside cryo-compressed, liquid hydrogen and solid-state storage (page 11
« Pressure regulation moving to consistent 700 bar with fuel supply flow rates increasing towards 5 kg / min and beyond (page 12

B Technology is in a mass market application. Significant innovation is expected in this timeframe. This roadman represents a snapshot-in-time view of the global automotive indust
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis. . =R 2 . g 4
o N i L propulsion technology forecast for mass market adoption.
Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may Specific application-tailored technologies will vary from region to region
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications. :
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2025 2030 2035 2040

» Fuel cell stack Click to expand (page 7)

» Balance-of-plant Click to expand (page 8)

Increased recycled content and chemicals used in manufacturing

Increased circularity across the life cycle and the entire supply chain

and critical materials .

Life cycle Design for easy disassembly, reuse, and maintenance

impact PFAS* (or substitute) recycling focus

Reduced energy and waste in stack manufacturing

Material
recovery

Life cycle

Record and track component passport > High-volume stack / material recovery with pilots for recycling and reusing ionomers, carbon fibres, polymers, PGMs**

Compress all

* Per- and polyfluoroalkyl substances
** Platinum group metals

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.

B Technology is in a mass market application. Significant innovation is expected in this timeframe.

B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.
Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.
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2025 2030 2035 2040

» Hydrogen storage
- Compressed gas
- Other storage forms
- Structural integration

Click to expand (page 11)

» Balance-of-plant
- Refuelling
= [Py (EEE RS Click to expand (page 12)
(filtration)
- Pressure regulation
and manifolds

» Safety and life cycle
- Safety and condition
monitoring
- Safety technology Click to expand (page 13)
implementations
- Life cycle impact
- Material recovery

2025 2030 2035 2040

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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2025 2030 2035 2040

\
High-volume manufacturing of lightweight material, improving cost CFRP* hydrogen gas tanks (steel for off-highway, including NRMM) Compact Type 5 linerless CFRP* gas tanks

Compressed Aluminium and polymer liners for gas storage Polymer liners for Type 4 gas storage Nanomaterials in CFRP* wrapping for linerless

gas Low-cost thermoset resins, graphene for adherence Hybrid resins with recycled content High-performance hybrid / thermoplastic resins for recyclability ’

Improving cost via new processes, high-tensile polyacrylonitrile carbon fibre (CF) Low-cost CF from bio-based precursors comparable to standard-modulus CF performance

Other storage
forms

Onboard conversion liquid-to-gas
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Structural Different size tanks in systems

integration

’ Car and van
. Truck and bus

Standardised tank systems

» Balance-of-plant Click to expand (page 12)
» Safety and life cycle Click to expand (page 13)

2025 2030 2035 2040

Compress all

* Carbon fibre reinforced plastics

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region. 11
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Technology roadmap: hydrogen storage e
2025 2030 2035

350 & 700 bar gas for compressed hydrogen storage Consistent high quality 700 bar

Reducing cost of compressing hydrogen to $1.20 per kg H2 Reducing cost of compressing hydrogen to < $1.20 per kg Hz
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2040

> 700 bar compressed hydrogen

Refuelling Systems for improving hydrogen flow rates (1-5 kg/min) Thermal management for increased flow rate Multi-flow rate tolerant systems, with flow rates > 5 kg/min

Liquid-to-gas refuelling

management

Purity Optimised filtration to ISO 14687:2019 level pure H delivery to fuel cell system Simplified and cheaper purity control system tolerance to lower purity green hydrogen
e

(filtration) System level tolerance to lower purity hydrogen for combustion systems Filtration for hydrogen fuel blends for improved combustion engine durability
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Pressure
regulation and

Reducing cost of valves, piping and pressure regulators Simplified hydrogen management with manifolds, fully-optimised for fuel cell and combustion systems

manifolds Tank-by-tank pressure regulation Tank regulation through taps Highly integrated hydrogen storage (including integrated pressure regulation)

» Safety and life cycle Click to expand (page 13)

2025 2030 2035
Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

2040

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region. 12
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2025 2030 2035 2040

» Hydrogen storage Click to expand (page 11)
» Balance-of-plant Click to expand (page 12)

Safety and
condition
monitoring

Health and impact monitoring sensors across tank Highly-integrated microsensors within storage system materials, with increased fatigue monitoring

e
Moving from reactive (impact) to predictive condition monitoring and cryogenic H> monitoring

\A

Reduce permeation for on-board H: storage and delivery

Safety technology
implementations

Safety valves and bypasses, increased ventilation

. Fire retardant, self-healing material
for storage and refuelling

Embedded radio frequency identification
in tank for recycling safety

Life cycle Designs for ease of repair, second life and disassembly Increased recycled content in manufacturing Increased circularity in supply chain

i t " . .
Mpac Hazardous material checks Reduced energy and waste in hydrogen storage manufacturing

Material recovery

Life cycle compliant supply chain
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Record and track component passport > Pilots for recovering, reusing carbon fibres and polymers High-volume carbon fibre recycling at storage end-of-life

v

2025 2030 2035 2040
Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.



Glossary

AFIR
Al
BEV
CFRP
CO2
CVM
DoE
EEA
EU
EV
FCEV
FCH JU
GDL
H2
HDV
HGV
HT
ICE
MEA
MOF

Alternative fuels infrastructure regulation
Artificial intelligence

Battery electric vehicle

Carbon fibre reinforced plastic

Carbon dioxide

Cell voltage monitoring

Department of Energy

European Environment Agency
European Union

Electric vehicle

Fuel cell electric vehicle

Fuel Cells and Hydrogen Joint Undertaking
Gas diffusion layer

Hydrogen

Heavy-duty vehicle

Heavy goods vehicle

High temperature

Internal combustion engine

Membrane electrode assembly

Metal-organic frameworks

NFC
NRMM
OEM
PEMFC
PFAS
PFHxS
PFOA
PFOS
PGM
POP

Pt

R&D
REACH
RFID
SOFC
TBO
TCO
TEN-T
UK
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Near field communication

Non-road mobile machinery

Original equipment manufacturer

Proton exchange membrane fuel cell (or polymer electrolyte membrane fuel cell)
Perfluoroalkyl substances

Perfluorohexanesulfonic acid

Perfluorooctanoic acid

Perfluorooctanesulfonic acid

Platinum group metals

Persistent organic pollitants

Platinum

Research and Development

Registration, Evaluation, Authorisation and Restriction of Chemicals
Radio frequency identification

Solid oxide fuel cell

Time between overhaul

Total cost of ownership

Trans-European Transport Network

United Kingdom

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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