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Overview: Fuel Cells

From niche to mainstream

•	 In	the	last	five	years,	15,000	fuel	cell	electric	vehicles	(FCEV)	have	been	sold	
globally,	with	7,500	of	those	in	2019.	Sales	have	been	dominated	by	the	
Asian	brands	Hyundai	Nexo,	Toyota	Mirai	and	Honda	Clarity.	FCEV	sales	in	
China	and	Japan	are	forecast	to	reach	1	million	and	800,000	units	per	annum	
respectively	by	2030.

•	 With	a	drive	to	decarbonise	transport,	FCEVs	offer	an	alternative	to	battery	
electric	vehicles	(BEVs)	and	a	system	efficiency	that	competes	with	the	best-
in-class	internal	combustion	engines	(ICE)	for	specific	use	cases.	

•	 There	are	two	primary	fuel	cell	technologies	that	are	common	in	automotive	
applications:	proton-exchange	membrane	fuel	cell	(PEMFC)	and	solid	oxide	
fuel	cell	(SOFC).

Global activity is increasing

•	 European	OEMs,	like	Mercedes	and	BMW,	have	shown	renewed	interest	in	
developing	fuel	cell	technology	within	their	portfolio,	following	product	trials	
such	as	F-Cell	and	Hydrogen7.	BMW	revealed	the	i	Hydrogen	NEXT	concept	
at	last	year’s	Frankfurt	motor	show.	Beyond	passenger	vehicles,	the	heavy	
goods	transport	sector	has	active	projects	in	developing	FCEV	technologies	
to	mitigate	battery	weight	increases	for	long-range	driving.	The	Hyundai	
XCIENT	fuel	cell	truck	and	a	joint	venture	between	Volvo	Trucks	and	Daimler	
announced	in	April	2020	plan	to	produce	and	commercialise	fuel	cell	systems	
for	heavy	duty	vehicle	applications.

•	 Although	PEMFCs	powered	by	hydrogen	dominate	the	transportation	fuel	cell	
market,	there	are	other	fuel	cell	technologies	that	use	existing	commercial	
fuels,	like	SOFC,	that	have	widespread	application.	This	roadmap	provides	
performance	indicators	and	charts	the	technology	evolution	for	both	PEMFCs	
and	SOFCs.

•	 The	current	high	purchase	price	($60,000–$80,000	for	a	mid-size	passenger	
car),	poor	refuelling	infrastructure	(hydrogen,	being	the	most	common	fuel,	
lacks	roadside	provision)	and	the	need	to	increase	system	efficiencies	to	
compete	with	other	powertrains	are	some	of	the	key	challenges.	Delivering	a	
combination	of	cost,	efficiency	and	durability	benefits	is	a	key	target	for	this	
promising	technology.

A	full	glossary	is	provided	at	the	end	of	this	report
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This roadmap brings together the huge body of international research in 
fuel cells into a concise summary of the challenges and opportunities in 
realising mass deployment of the technology in road transport. The roadmap 
was developed as part of a wider project looking simultaneously at product 
requirements from different segments of the transport sector and alternative 
technologies. This wider view brings new perspectives into essential 
cost, durability and performance targets and the essential role of fuel cells 
alongside different technologies in delivering a net zero transport sector.

Setting targets with defined timeframes is essential for benchmarking 
progress, driving technologies forward and judging market readiness. This 
is particularly important for emerging technologies such as fuel cells, which 
are at a critical phase in their commercialisation journey. The APC approach 
draws upon perspectives from major international roadmaps, forecasts 
market uptake and presents a harmonised view of fuel cell technology 
and cost progress. Overlaid onto this path are the critical technological 
advancements required to reach these goals.

There is increasing recognition of the important role that fuel cell technology 
will play in supporting decarbonisation across many sectors, including the 
transport sector. This roadmap helps prioritise the research and innovation that 
will be needed to continue to lower fuel cell cost and improve performance, 
enabling the increased use of both light and heavy-duty fuel cell vehicles.

I am delighted to share the 2020 automotive propulsion technology roadmaps 
developed closely in collaboration with industry by the Advanced Propulsion 
Centre. These roadmaps define critical future targets and the most promising 
pathways to achieve a decarbonised and more sustainable future vehicle parc. 
They are an essential tool in developing a focused R&D agenda, particularly 
relevant for collaborative innovation.

The roadmaps build on the foundations of original UK Automotive Council 
roadmaps and developed further by the APC in 2017. These have been refreshed 
to reflect the urgency in transitioning to the UK target of net-zero emissions by 
2050. The rate of change in propulsion technologies has accelerated rapidly in 
recent years; electrified vehicle adoption is on the rise, battery prices have come 
down faster than previously forecast, alternative zero-emission technologies like 
fuel cells are maturing at significant pace and clean fuels for combustion, including 
hydrogen, are emerging to replace existing fossil fuels.

However, there are significant challenges to overcome as the rate of change must 
increase further, requiring more intensive R&D and commercialisation that will 
deliver affordable products to market that are even more attractive for consumers. 
The 2020 technology roadmaps have been developed by industry expert surveys 
and panels, delivering a consensed view of future automotive propulsion targets, 
technologies and timescales. 

Our aim with this report is to support the automotive sector with insights and a 
common technology focus to accelerate and deliver world-class solutions. The 
roadmaps are an important source of information in building collaborative R&D 
opportunities to address future mobility challenges, goods transport and off-
highway vehicle research and development.



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. 

Light Duty  
Vehicles 

Hydrogen  
Storage Tank2

Heavy Duty  
Vehicles 

$/kW (System) 112 68 40

$/kW (Stack) 70 40 20

System Efficiency1 (%) 60 65 70

Stack Durability (Hrs) 5,000 6,000 8,000

Onboard Hydrogen 
Storage Cost  
($/kg of H2) 

470 365 200

$/kW (System) 455 195 80

$/kW (Stack) 285 115 40

System Efficiency* (%) 60 65 70

Stack Durability (Hrs) 15,000 22,000 30,000
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Technology Indicators

Notes:
•	All	indicators	are	based	on	averaged	data	and	volume-corrected	figures	derived	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 Japan. 

•	System	Efficiency	values	are	based	on	specific	rated	load	values	for	PEM	and	SOFC.	These	do	not	represent	 
a	fuel	efficiency	target	and	cannot	be	compared	as	such.

•	Although	single	point	efficiency	values	are	shown,	these	are	not	accurate	indicators	of	real	world	vehicle	efficiency	
which	will	vary	across	propulsion	technologies	and	product	applications.

Indicators	are	based	on	the	following	global	FCEV	production	volumes:

2020 2025 2030 2035

15,000 50,000 750,000 > 3,000,000

1.	PEM	@25%	rated	load;	SOFC	@80%	rated	load						2.	PEM	specific	technology
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The indicators refers to the same technology 
across all the fields of cost and performance.
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Setting indicator values
Fuel cells are a rapidly maturing technology with limited vehicle benchmark data. 
Our approach uses key performance indicators from extensive work done by the US 
Department of Energy (DoE), the EU Fuel Cells and Hydrogen Joint Undertaking (FCH JU), 
and the Strategy Council roadmaps from China and Japan and presented here.
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System cost
This is the cost for the complete fuel cell 
system, including the stacks, ancillaries and 
balance-of-system, but excludes the fuel 
storage and delivery system.

Significant reductions in costs are necessary 
to drive market adoption.

System efficiency
Although fuel cells are capable of high system 
efficiencies, this should not be taken as a fuel 
economy reference. Real-world drive cycles 
and driveline efficiency will affect overall 
performance. The values provided are for 
rated loads (typical torque demand relative 
to maximum output capability). This is PEM 
@25% and SOFC @80% rated load.

Stack cost
These have been provided separately as 
system costs do not map linearly to stack 
costs. The stack is the main chemical to 
electricity conversion unit. Large cost 
reductions are needed with an interest in fuel 
cells growing. 

Stack durability
Provides an estimate of the number of hours 
the fuel cell can perform reliably and not 
exceed the service wear limits for overhaul. 
This is a common metric for engines, often 
referred to as Time Between Overhaul (TBO).
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Cost and Performance Indicators
Costs, system efficiency and durability have been selected as the key metrics for fuel cell  
mass-market adoption.

Each report varies in its assumptions for fuel cell demand or production. A volume 
adjusted approach has been taken to derive values for this report, shown below.

US Department of Energy EU Fuel Cells & Hyrogen JU China Japan
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Setting indicator values
Fuel cells are a rapidly maturing technology with limited vehicle benchmark data. 
Our approach uses key performance indicators from extensive work done by the US 
Department of Energy (DoE), the EU Fuel Cells and Hydrogen Joint Undertaking (FCH JU), 
and the Strategy Council roadmaps from China and Japan and presented here.

Each report varies in its assumptions for fuel cell demand or production. A volume 
adjusted approach has been taken to derive values for this report, shown below.
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Hydrogen storage tanks 
This is a separate technology indicator for PEM fuel cells. Hydrogen is difficult to store 
because of its very low volumetric energy density. Compressed hydrogen at 350 bar (5,000 psi) 
and 700 bar (10,000 psi) is used in automotive hydrogen tanks but requires very high strength 
materials, like CFRP, and significant reinforcement for pressurised tanks. This comes with a 
weight and cost penalty.

Onboard hydrogen storage costs 
The cost of storing hydrogen is a significant part of the complete PEM fuel cell system. The 
values provided are primarily taken from the US DoE US-Drive and EU FCH JU publications. 
Different storage technologies, such as absorbent systems, metal hydride and chemical 
regeneration systems, were taken into account in the benchmark reports.
The cost of the storage systems is provided in $ per kg of hydrogen required.

Price of hydrogen (fuel supply) 
The price of hydrogen (per kg) continues to evolve and changes with supply and infrastructure 
development. These are driven by market supply–demand and local authority incentives and 
therefore not included in the roadmap indicators list.

Current estimates (2020) suggest an average price of $14/kg (with California at $16/kg).  
This is likely to come down rapidly to $4-6/kg by 2035 as uptake and interest increases,  
with some estimates in EU suggesting costs could be a low as $3/kg for H₂ by 2035. 
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Fuel cell stack encompasses all constituents that make up the fuel cell stack. For PEMFCs, this is primarily bi-polar plates (the electrodes), MEA (membrane electrode 
assembly, comprising membranes, coatings, gas diffusion layers (GDLs) and catalysts), insulation and end plates. SOFC-specific information is provided separately, as they 
have a different cell construction: they can be planar or tubular in construction, with an anode, cathode and electrolyte assembly.

Storage and fuel: There are different fuel considerations for PEMFCs and SOFCs. The evolution of hydrogen storage for PEMFCs and net-zero commercial fuels adoption  
for SOFCs are shown separately on the roadmap.
Delivery: Pumps, connectors, regulators, values and nozzles need adapting as the quality and on-board storage of hydrogen changes for PEMFCs.  
Reformers and fuel delivery systems will develop as net-zero fuels are adopted for SOFCs.

Control systems: New sensors, software advancements, on-board diagnostics and model predictive controls are essential to improving fuel costs, performance and durability. 

Life cycle includes the energy intensity, LCA impact, resource consumption and recyclability value chain for fuel cell components and production processes.

Balance-of-systems refers to all supporting components and auxiliary systems of a fuel cell that are needed to deliver and manage energy for automotive duty cycles.

Thermal systems: Heat exchangers and integrated thermal management systems can drive improvements in system efficiencies.  
For SOFC, waste heat recovery, cold start thermal support and reformers are key themes on the roadmap.
Power and ancillary management covers cell management, DC boost technologies, power architecture and overall balance-of-systems management to increase efficiency.
Air and fluid handling: Blowers, humidifiers, compressors, turbo-expanders and water management systems provide durability, cost and size improvement opportunities.
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Fuel cell stack
Material	developments	in	all	parts	of	the	stack	are	important	for	cost,	efficiency	and	durability	improvements	of	the	fuel	cell.
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1

3

4

Electrode and gas diffusion layer 
innovation
GDLs, as part of the MEA, are a 
porous material typically composed 
of a dense array of carbon fibres, 
providing an electrically conductive 
pathway for current collection. 
They also perform the function 
of reactant transport, heat/water 
removal, mechanical support and 
corrosion protection. 

Developments are underway to 
create novel flexible, low thickness, 
low-cost and high performance 
GDLs with low preparation 
temperatures and low energy 
consumption.

Cell materials for SOFC 
The cathode and anode are typically 
made from porous ceramic materials 
and the electrolyte consists of a 
dense oxygen-ion-conducting 
ceramic. To adapt this to a range 
of fuels for decarbonisation, 
blended and net-zero, requires an 
optimisation of the fuel and cell 
technology. Alternative low-cost 
materials for electrodes that provide 
performance and durability benefits 
are key.

In the longer term, running SOFC at 
lower temperatures than currently 
(600°C), can help to reduce the 
energy demand and hence energy 
cost of running the fuel cell. New 
developments in nano-scale 
electrolyte structures have been 
shown to bring down operating 
temperatures to around 350°C.

3 4

2
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Platinum group metals and 
membrane materials
The use of PGMs in PEMFCs, used 
to increase MEA performance, 
is costly. Their use is likely to 
significantly decrease, falling from 
~30g to 6–9g per system as cost 
reductions are targeted.

Operating temperatures for 
PEMFCs, which usually run at 
60–80°C, could increase to >120°C 
to improve the efficiency of energy 
conversion.

Low cost and high-performing 
PGMs or PGM-free cathodes have 
the potential to transform cell costs 
by overcoming the challenges of 
fabrication, ionomer integration and 
transport losses at the cathode.

Bi-polar plates and coatings 
Bi-polar plates are a key component 
that uniformly distribute fuel gas and 
air, conduct electrical current from 
cell to cell, remove heat from the 
active area, and prevent leakage of 
gases and coolant.

The plates need to be electrically 
conductive, highly chemically 
resistant and thermally conductive for 
better heat transfer across the cell.

Materials, coating and high-volume 
manufacturing techniques need 
further development to bring down 
costs and optimise durability. 

1 2
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Improving thermal management
Maintaining the fuel cell at the correct temperature is 
critical. Depending on the fuel cell type, the optimal 
temperature can range from 80°C for PEMFCs to 
1000°C for certain high-temperature SOFCs. Any 
deviation from the designed temperature range can 
result in reduced efficiencies. Temperatures are 
maintained via a combination of heat sources and 
heat dissipation and cooling systems.

Advanced heat exchangers, cooling pathways, 
recirculating heat systems and condensers all 
provide a mix of options to develop efficient low-
cost solutions.

Integrating fuel cell thermal systems with the vehicle 
thermal system offers advantages in component 
synergies but is challenging to achieve.

Balance-of-system, sometimes generically called 'Balance-of-Plant', performs fuel processing or reforming, thermal management, air handling, water management, and electric power 
conditioning. It is required for the complete fuel cell to operate and deliver continuous electric power.

Cold start support for SOFCs
By operating at intermediate to high temperatures 
(600–1000°C), fuels used in SOFCs will reform inside 
the fuel cell itself without the need for external 
reforming or a metal catalyst.

To get the cell to this temperature requires a power or 
a heat source at start-up before the cell can be self-
sufficient, so SOFCs are often coupled with a related 
battery supply.

Onboard energy storage solutions, providing 
and delivering heat, bring benefits to full-system 
efficiencies for SOFCs.

Thermal efficiency for SOFCs
Alternative heat delivery systems and on-board 
management, for example, via improvements in heat 
exchangers and reformers, incorporating waste heat 
recovery and surrogate heat sources (e.g. from the 
vehicle), can provide benefits in energy efficiency 
and cost savings for the complete system.

Low-cost and low-temperature (500–600°C) SOFC 
stacks, currently available, use cerium gadolinium 
oxide (CGO) in place of current industry standard 
ceramic, allowing the use of stainless steel to 
support the ceramic at the electrodes.

1 2 3
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Reduced size and more efficient fuel reformer systems

Improving H2 fuel quality, pump, connectors, regulators, values, nozzles 

Reduced parasitic losses and local energy demand mgm’t

Degradation mgm’t for cell durability

Compact and efficient heat exchangers

Materials tolerant to a range of commercial fuels

Electrode and GDL for higher conductivity and lower cost

Delivery systems adapted for net-zero fuels

On-board H2 cleaning, liquid H2 systems, solid state delivery systems 

Ancillary power rationalisation, integration within hybrid battery system, cost optimisation

Built-in cell diagnostics, management and self-correction for improved stack life

Integrated thermal management systems

Cells running at lower operating temperatures <450oC 

Alternatives to GDL, new electrode technologies

On-board diagnostics and model predictive controls for increased efficiency, durability and life 

Cryogenic and liquid H2 storage

Thermal efficiency: Waste Heat Recovery, reformer, heat exchanger

Cold-start support i.e. battery, thermal energy storage, improved thermal inertia

AI self-learning controls

Increasing H2 liquid and solid state (e.g. Hydride) storage 

Low cost, low energy thermal management
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Design for net zero and disassembly

Multi-fuel tolerant SOFC
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Bi-polar plates and coatings optimised for durability

Low PGM catalysts, low-cost durable membranes

Fluid handling, water management for performance and cost

Improved durability and cost blowers, compressors and turbo-expanders

High efficiency DC boost

Environmentally focussed processes e.g. for MEA and catalyst mfg

 Internal sensors and software enhancing performance and durability

Highly decarbonised, energy efficient manufacturing and recycling 

SOFC for low-carbon blended fuels

High volume, low cost, increased life CFRP H2 tanks
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Next generation fluid management and reduced volume radiators

Low cost and durable, air compressors and filters

DC-DC integration with High Voltage Power Distribution Unit and inverters

Efficient recovery of high-value materials e.g. Pt, CFRP
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Improved tank design: conforming to space, new materials and life

Novel bi-polar plate materials

Higher power efficiency PGM and fuel efficiency
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Degradation and cell management
Fuel cells require a range of operating conditions to 
be well managed in order to achieve performance 
and durability. Improvements in design and test 
for cell validation help inform design decisions to 
increase cell health. In the longer term, innovations 
in built-in cell instrumentation and software 
management could increase cell life by addressing 
and re-balancing the reformer and MEA constituents.

Reduced losses and power rationalisation
Fuel cell stacks require a variety of ancillary systems 
to support continuous electric power. These include, 
but are not limited to, blowers, compressors, filtration 
systems, water management, heat exchangers, tank 
conditioning systems etc. These ancillaries, in turn, 
consume power. Minimising losses at these auxiliary 
systems increases overall system efficiency. 

Future rationalisation of components and 
simplification of the fuel cell architecture can deliver 
significant cost savings. For example, common power 
management functions could be aggregated with the 
on-board battery or other vehicle power systems.

DC boost and integration to deliver higher efficiency
Fuel cells have a lower and more variable output 
voltage than the battery system, so a DC–DC 
converter is required. High-efficiency power 
electronics converters are essential to reduce losses.

On-board power electronics systems can be 
integrated, for example the fuel cell DC–DC 
convertors with the propulsion system High Voltage 
Power Distribution Unit. Reducing the number of 
systems not only reduces potential losses but also 
offers cost improvements. 

1 2 3
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Thermal efficiency: Waste Heat Recovery, reformer, heat exchanger
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AI self-learning controls

Increasing H2 liquid and solid state (e.g. Hydride) storage 

Low cost, low energy thermal management

2020 2025 2030 2035 2040 …

Design for net zero and disassembly

Multi-fuel tolerant SOFC

Light weight, low cost CFRP H2 tanks

Bi-polar plates and coatings optimised for durability

Low PGM catalysts, low-cost durable membranes

Fluid handling, water management for performance and cost

Improved durability and cost blowers, compressors and turbo-expanders

High efficiency DC boost

Environmentally focussed processes e.g. for MEA and catalyst mfg

 Internal sensors and software enhancing performance and durability

Highly decarbonised, energy efficient manufacturing and recycling 

SOFC for low-carbon blended fuels

High volume, low cost, increased life CFRP H2 tanks
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Membrane materials for >120oC operating temps

Next generation fluid management and reduced volume radiators

Low cost and durable, air compressors and filters

DC-DC integration with High Voltage Power Distribution Unit and inverters

Efficient recovery of high-value materials e.g. Pt, CFRP

Standardised and harmonised control systems for mass market
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Improved tank design: conforming to space, new materials and life
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Better designs for air-handling systems
Off-the-shelf commercial compressors and humidification 
systems are not always suitable for automotive fuel cell 
applications. The built-in compression ratio has to be as  
close as possible to the fuel cell working pressure to achieve  
a high efficiency.

Air-handling systems drive the size and volume of the stack. 
Optimised systems can result in lighter and more compact  
stacks that, in turn, demand less auxiliary support.

The reliability, durability and cost reductions of air compression 
and filtration systems also need to be addressed as adoption  
of fuel cells increases.

Improvements to fluid-handling systems
In PEMFCs, the membrane must be continuously hydrated, requiring water to be evaporated at precisely 
the same rate that it is produced. If water is evaporated too quickly, the membrane dries, resistance 
across it increases, and eventually it will crack. If the water is evaporated too slowly, the electrodes will 
flood, preventing the reactants from reaching the catalyst and stopping the reaction. Lighter, lower-
volume stacks, working at a lower pressure, reduce the water necessary for humidifying the membrane, 
resulting in a simpler, cheaper system.

An integrated direct water injection system has advantages for air humidification because of its 
controllability, low power consumption and compactness.

Water is a common by-product of SOFC fuel cell reaction and needs managing.  
Next-generation systems provide opportunities for smaller heat exchangers. These will see significant 
close-loop technologies, cost consolidation and design changes as adoption increases. 

1 2
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successfully	to	net-zero	carbon	fuels.
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3

2

CFRP tanks for hydrogen storage
Specialist hydrogen tanks are required for PEMFCs. 
These are high-pressure tanks, currently 350 bar 
(5,000 psi) moving to 700 bar (10,000 psi) and 
expensive to manufacture. CFRP is the common 
choice of material due to its high strength but comes 
at a cost. The labour and plant energy required to 
manufacture CFRP is high. Low-cost, high-durability 
hydrogen tanks are needed for a high-volume supply.

In the longer term, manufacturers see opportunities 
for new tank materials and the possibility of moving 
away from gaseous hydrogen storage, allowing 
novel and new tank designs, such as shaped tanks 
conforming to allowable spaces in the vehicle.

Liquid hydrogen and solid-state hydrogen
PEM on-board fuel delivery systems may see the 
introduction of cryogenic liquid hydrogen storage 
from as early as 2030. Liquids offer a better storage 
and delivery solution than gaseous hydrogen but 
need to be stored very low temperatures.

Another alternative to gaseous hydrogen is solid-
state hydrides. Metal hydrides formed by the 
reversible reaction of gaseous hydrogen with a 
parent hydride forming metal, alloy or intermetallic 
compound are particularly promising for several end-
user applications. The use of metal hydrides allows 
for a very high volumetric hydrogen density and 
simplified storage.

Fuels for SOFCs
SOFCs have an advantage in this regard, as they use 
standard commercial fuels. As the fuel cell operates 
at very high temperatures, the fuels are internally 
reformed within the anode. SOFCs currently use 
conventional tank technology. 

The choice of fuels will become of increasing 
importance as decarbonisation is targeted, requiring 
SOFCs to migrate to net-zero carbon fuels and adapt 
the fuel delivery and reformer system accordingly.
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Ancillary power rationalisation, integration within hybrid battery system, cost optimisation

Built-in cell diagnostics, management and self-correction for improved stack life

Integrated thermal management systems

Cells running at lower operating temperatures <450oC 

Alternatives to GDL, new electrode technologies

On-board diagnostics and model predictive controls for increased efficiency, durability and life 

Cryogenic and liquid H2 storage

Thermal efficiency: Waste Heat Recovery, reformer, heat exchanger

Cold-start support i.e. battery, thermal energy storage, improved thermal inertia

AI self-learning controls

Increasing H2 liquid and solid state (e.g. Hydride) storage 

Low cost, low energy thermal management

2020 2025 2030 2035 2040 …

Design for net zero and disassembly

Multi-fuel tolerant SOFC

Light weight, low cost CFRP H2 tanks

Bi-polar plates and coatings optimised for durability

Low PGM catalysts, low-cost durable membranes

Fluid handling, water management for performance and cost

Improved durability and cost blowers, compressors and turbo-expanders

High efficiency DC boost

Environmentally focussed processes e.g. for MEA and catalyst mfg

 Internal sensors and software enhancing performance and durability

Highly decarbonised, energy efficient manufacturing and recycling 

SOFC for low-carbon blended fuels

High volume, low cost, increased life CFRP H2 tanks

Plates optimised for cost and HV manufacturing

Membrane materials for >120oC operating temps

Next generation fluid management and reduced volume radiators

Low cost and durable, air compressors and filters

DC-DC integration with High Voltage Power Distribution Unit and inverters

Efficient recovery of high-value materials e.g. Pt, CFRP

Standardised and harmonised control systems for mass market

Net zero CO₂ production systems

SOFC for net-zero fuels

Improved tank design: conforming to space, new materials and life

Novel bi-polar plate materials

Higher power efficiency PGM and fuel efficiency
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Delivering hydrogen for PEMFCs
The quality of hydrogen delivered to the fuel cell is particularly important, with 
stacks being sensitive to the purity of the fuel supply. Various balance-of-systems 
are in place to clean, circulate and condition the fuel, directly affecting the efficiency 
of energy conversion and cost of the system. Improving the quality (i.e. purity) of 
hydrogen will see related improvements in the pumps, regulators, connectors, 
values and nozzles. 

In the longer term, liquid and solid-state hydrogen will result in changes to the 
cleaning, conditioning and delivery of hydrogen to the stack.

Delivering multiple fuels for SOFC
Fuel delivery systems need to address impurity removal and efficient supply to the 
cell, or risk adversely affecting performance and cell life.

Heating the fuel directly to the operating temperature of the stack prevents carbon 
formation, which would otherwise render the stack non-functional.

Smaller and more efficient fuel reformer systems have surrogate benefits, as they 
reduce demand from the balance-of-system and hence the cost. 

Longer term, SOFC fuel delivery systems will need to adapt to net-zero sustainable 
fuel sources, in order to address decarbonisation.
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Control systems
Greater	use	of	sensors,	predictive	controls	and	complex	model-based	control	will	improve	cell	efficiency,	durability	and	life,	although	there	is	a	need	for	consistent	regulations,	codes	and	 
standards	to	support	commercialisation.	
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1 2
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Life cycle
Key	components	of	fuel	cells,	such	as	the	membrane	electrode	assembly,	are	difficult	to	manage	environmentally	and	are	energy	intensive	to	produce.	As	FCEV	volumes	increase,	there	will	be	a	
need	for	greater	focus	on	LCA	and	new	energy-	and	resource-	efficient	approaches	to	minimise	impact.	
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Electrode and GDL for higher conductivity and lower cost

Delivery systems adapted for net-zero fuels

On-board H2 cleaning, liquid H2 systems, solid state delivery systems 

Ancillary power rationalisation, integration within hybrid battery system, cost optimisation

Built-in cell diagnostics, management and self-correction for improved stack life

Integrated thermal management systems

Cells running at lower operating temperatures <450oC 

Alternatives to GDL, new electrode technologies

On-board diagnostics and model predictive controls for increased efficiency, durability and life 

Cryogenic and liquid H2 storage

Thermal efficiency: Waste Heat Recovery, reformer, heat exchanger

Cold-start support i.e. battery, thermal energy storage, improved thermal inertia

AI self-learning controls

Increasing H2 liquid and solid state (e.g. Hydride) storage 

Low cost, low energy thermal management
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Multi-fuel tolerant SOFC

Light weight, low cost CFRP H2 tanks

Bi-polar plates and coatings optimised for durability

Low PGM catalysts, low-cost durable membranes

Fluid handling, water management for performance and cost

Improved durability and cost blowers, compressors and turbo-expanders

High efficiency DC boost

Environmentally focussed processes e.g. for MEA and catalyst mfg

 Internal sensors and software enhancing performance and durability

Highly decarbonised, energy efficient manufacturing and recycling 

SOFC for low-carbon blended fuels

High volume, low cost, increased life CFRP H2 tanks

Plates optimised for cost and HV manufacturing

Membrane materials for >120oC operating temps

Next generation fluid management and reduced volume radiators

Low cost and durable, air compressors and filters

DC-DC integration with High Voltage Power Distribution Unit and inverters

Efficient recovery of high-value materials e.g. Pt, CFRP

Standardised and harmonised control systems for mass market

Net zero CO₂ production systems
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Improved tank design: conforming to space, new materials and life

Novel bi-polar plate materials

Higher power efficiency PGM and fuel efficiency
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Materials, processes and LCA focus
The manufacture of MEA, including catalysts, is highly complex and expensive, 
contributing about 35–45% to the system cost.

The MEA comprises polymer electrolyte membranes, catalyst layers and 
gas diffusion layers. The membranes in automotive are typically made from 
perfluorinated sulfonic acid to create polymer chains. These processes are both 
environmentally difficult to manage and energy intensive: Catalyst ink is commonly 
applied to the membranes in a die coating process, resulting in a catalyst-coated 
membrane; and the sheets are hot pressed at ~130°C and 200–350 kPa.  
A chemical- and energy-efficient focus is therefore required. 

In the longer term, a closed-loop circular value chain for key stack materials like 
CFRP and platinum will be needed for efficient and economically viable recovery 
processes. A focus on LCA will increase as more fuel cells are brought to the 
market, like ICE catalysts and battery metals.

Energy-efficient manufacturing and net-zero production systems
Energy consumed at manufacturing plants has an associated carbon footprint. 
Reduced energy utilisation in production processes and continuous improvements to 
achieve net-zero CO₂ production is a common long-term goal for OEMs. 

This includes the design and development of easy-to-disassemble stacks and 
improved recycling processes for overall ‘cradle-to-grave’ but moreover ‘cradle-to-
cradle’ environmental improvements. 

In the longer term, the full environmental impact of the cell and chemical supply chain 
will come under further scrutiny. This will incorporate the energy intensity of MEA, 
bi-polar plate and stack production, as well as environmental impacts like VOCs and 
water consumption. This could stimulate the commercialisation of new energy- and 
resource-efficient ways of making fuel cell systems. 
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Glossary

Abbreviation Explanation

 AI Artificial	Intelligence.	Smart	machines	and	algorithms	capable	of	performing	tasks	that	usually	require	human	intelligence.

CFRP Carbon	fibre	reinforced	polymer	composite

FCEV Fuel	cell	electric	vehicles

FCH	JU Fuel	Cells	and	Hydrogen	Joint	Undertaking.	A	European	public	private	programme	supporting	research,	technological	development	and	
demonstration	activities.

GDL Gas	diffusion	layer

LCA Life-cycle	assessment.	Assessing	environmental	impacts	over	all	stages	of	the	life-cycle	of	a	product	(for	instance	from	raw	material	extraction,	
through	processing,	to	manufacture,	use	and	ultimately	recycling/disposal).	

MEA Membrane	electrode	assembly,	comprising	membranes,	(coatings,	gas	diffusion	layers	and	catalysts),	insulation	and	end	plates.

PEMFC Proton	exchange	membrane	fuel	cell

PGM Platinum	group	metals

RCS Regulations,	codes	and	standards

SOFC Solid	oxide	fuel	cell

TBO Time	between	overhaul

TCO Total	cost	of	ownership

VOC Volatile	organic	compounds	are	a	variety	of	chemicals,	some	of	which	can	have	long-term	effects	on	human	health.

A	special	thanks	goes	to	Spell	Creative	and	Mindraft	for	helping	design	and	write	this	report	and	to	BMG	Research	for	conducting	and	supporting	the	roadmap	industry	survey	on	behalf	of	the	APC.



This is an industry consensus roadmap facilitated by the APC

Spread of companies that participated in the refresh

109	industry	organisations	participated	in	Workshops	and	Interviews

38	additional	industry	organisations	participated	via	the	Online	Survey

Total	engagements	147	Industry	Organisations

A global view with international participation
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