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The Hydrogen Innovation Initiative (HIl)

Hll is a trusted group of organisations bringing together key
stakeholders to create an investible, globally competitive
hydrogen technology and services sector, here in the UK.

Our vision is for UK technology to power the global hydrogen
economy - transforming UK industry into a net zero powerhouse.
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has significantly enriched the content and strengthened the reports’
relevance to industry. We are truly grateful for their support.

HIl Industrial Advisory Board

The HIl Industrial Advisory Board (IAB) is made up of
experts bringing insight of the opportunities and challenges
of the hydrogen economy from across the value chain,
from production, distribution and consumption.

It brings expertise from the following organisations*:

Airbus, bp, Cummins, GKN Aerospace, H2GO Power,
Hydrogen Energy Association, Hydrogen UK,
Johnson Matthey, Macquarie, National Gas, ZeroAvia

*HIl and the HII |AB do not represent the direct interests of the organisations.
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This report provides an overview of
cross-cutting hydrogen technology
roadmaps. It has been produced

as a supporting report to The UK
Hydrogen Innovation Opportunity.
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Hydrogen technology roadmaps

The global hydrogen technology market has potential to reach
$1 trillion by 2050. Innovation in technologies that have application
across multiple sectors will unlock the UK'’s access to this market.

The UK Hydrogen Innovation Opportunity
lays out the vision for the UK to become a
leading exporter of hydrogen technology,
with a ten-year window of opportunity to
convert investment in innovation into globally
competitive supply chains. It sets out the
size of the prize for the UK and highlights
what is needed to make it happen.

The analysis in the UK Hydrogen Innovation
Opportunity is underpinned by evidence and
analysis contained in four supporting reports:

1. Hydrogen technology roadmaps
(this report)
A summary of the technology
innovation opportunities for the UK
in the hydrogen economy, based
on stakeholder engagement and
extensive literature review.

. UK capabilities
An overview of the UK'’s current
capability in hydrogen technologies
and the critical enablers required for
the UK to maximise its potential in
the hydrogen technology market.

. Sectors and scenarios
A summary of sector needs for
hydrogen and hydrogen technologies,
globally and in the UK, up to 2050
and modelled UK scenarios.

. Techno-economic methodology
A method statement explaining the
analysis behind the hydrogen economy
and technology market figures
quoted in the reports UK Hydrogen
Innovation Opportunity and
Hydrogen technology roadmaps.
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This report lays out roadmaps for the

nine technology families identified in the
UK Hydrogen Innovation Opportunity.
The content in these roadmaps has been
developed through a combination of extensive
industrial engagement and aggregation of
existing sector and technology roadmaps.
This document also signposts to reports
that highlight innovation challenges

and opportunities for two underpinning
technology families - materials and digital.

The technology roadmaps in this
document each include the following:

O UK and global market forecast for 2030 and
2050 for the respective technology family.

O Key technologies that make
up the technology family.

O The associated innovation opportunities
associated with each key technology
together with development and
industrialisation timelines and the sectors
that will benefit from the innovation.

The list of innovation opportunities on each
roadmap is by no means exhaustive, but they
are a sample that were selected because they
highlighted some key innovation actions for the
UK. To make this selection, a range of factors
were considered including global and UK
economic demand, the UK political imperative
and UK potential to win market share. The
development and industrialisation timelines
are recommendations only and do not signify
that this work is already planned or funded.

Hydrogen technology roadmaps 8



Figure 1. Hydrogen technology families and underpinning technology families

Hydrogen technology families

Production technologies Hydrogen as a feedstock and carriers Propulsion and power generation Materials

Technologies associated with the methods Technologies associated with hydrogen Technologies associated with the New materials and material recycling

to produce low carbon hydrogen, as defined used as a feedstock in production use of hydrogen for propulsion methods enabling higher performing

by UK low carbon hydrogen standard. processes including chemical or to generate power. and more sustainable products
processing and material production. across the hydrogen economy.

O Biomass handling and reforming . . O Fuelcells
O Hydrogen carrier technologies ]

© Ea:?: ne%ap:g;istr;sg led O Synthetic Aviation Fuels (SAF) © Gasturbines

ydrogenp and e-fuels synthesis . . O Internal combustion engines

O Electrolysers |III'
O Non-electrolytic production D 2

N —
Heat generation Storage Distribution and control Digital
Technologies associated with the Storage technologies for hydrogen as a Technologies required to safely distribute Digital technologies to enable system,
use of hydrogen for heat, considering gas, liquid or using carriers, at numerous and deliver hydrogen, covering both product and process design; for
industrial and commercial applications. scales and for numerous applications. infrastructure and on-vehicle solutions. asset monitoring and for robust
‘o certification of hydrogen.
O Emissions control O Compressed storage tanks O Control valves
O Hydrogen gas and O Cryogenic storage O Cryogenic pumps

flame monitoring

O Large-scale storage O Hydrogen-capable pipes

O Refractories

O Solid-state storage O Refuelling systems

Conditioning Electrical and thermal management Metering and monitoring
Technologies to prepare hydrogen Technologies associated with Application of sensors and monitoring
for distribution and use. electrical and thermal management systems to ensure the safe and efficient
for end-to-end hydrogen use. operation of hydrogen systems.
O Compressors
O Liquefiers O Power electronics O Distribution pipeline inspection
O Thermal management O Flow meters

O Purification and separation

O Hydrogen purity analysis S 2
O Leak detection W
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Sectors in a hydrogen economy
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The underlying technology required

1 to facilitate hydrogen adoption for
Refuelling Backup/ this market has been considered in
infrastructure auxiliary = the technology roadmaps, however
Road and domestic and commercial boilers
off-highway have not been considered.

Details on hydrogen heating’s
impact on the hydrogen market
can be found within the UK

The icons shown here are used throughout this

o o a Hydrogen Innovation Opportunity
report to indicate relevance of innovations to sectors.

Sectors and scenarios report.
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Production technologies

Summary: Electrolytic and non-electrolytic
technologies are common ways to produce hydrogen,
vital in both large-scale and localised production.
Electrolytic production creates hydrogen from water
and electricity, with oxygen as a by-product, whilst

2030 2050
UK Global UK Global
other methods use different feedstocks or thermal Global and UK market forecasts
processes. Biomass may play a key role with its
ability to be carbon negative, whilst electrolysis may ;TSSS };[ar:?;eriesthfg\;vtmgeéiitﬁgﬁ) rgt;]?a?nn”r;uilhgelobal $3.45bn | $59bn $2.31bn | $249bn
provide a route for long-term grid balancing. figures show the neutral (midpoint) scenario from

analysis for HIl by Markets and Markets [1].

Biomass handling and reforming

Current state: Biomass hydrogen production
methods using consistent feedstocks are mature.
Processes using variable feedstock with high
carbon capture rates are still immature.

Carbon capture enabled
hydrogen production

Current state: Carbon capture technology within low
carbon hydrogen production routes is mature, but currently
unable to achieve 100% capture rates. Global projects

are underway to demonstrate this technology at scale.

Electrolysers

Current state: Proton exchange membrane (PEM)

and alkaline electrolyser technology are mature and
available, with development needed to improve key
performance criteria. Alternative electrolyser technology
to meet these needs are being developed.

Non-electrolytic production

Current state: Non-electrolytic hydrogen production
methods, such as biogas/natural gas pyrolysis,
thermochemical water splitting and chemical
looping reforming have different maturity levels.
Some of these methods require development to
demonstrate competitive cost and efficiency.

Increased process flexibility by utilising a broader range of
feedstocks without pre-treatment enabling cost reductions

)
&

o ‘o)
Efficiency of carbon capture from hydrogen in syngas S
o o o) )
Improve efficiency of carbon capture rates for low carbon hydrogen @{?
o o o)

\
<

\
<




Hydrogen as a feedstock and carrier

Summary: To satisfy global needs and enable
distribution of low carbon energy resources,
transport of energy over long distances is required.
Hydrogen chemical carriers, such as ammonia, have
been identified as likely candidates to achieve this.
Efficient conversion of energy into a transportable
carrier, and conversion into a useable form at the
point of need is critical in making this economically
and environmentally viable. Numerous studies have
investigated if centralised or decentralised production

Hydrogen carrier technologies

Current state: Hydrogen carrier technologies, including

ammonia are mature and available. Ammonia is one
of the most mature carriers with an existing global
infrastructure for its production and transportation
(primarily as a feedstock for fertiliser) and is only
used as an example here. Further developments are
required to meet future market requirements.

Synthetic Aviation Fuels (SAF)
and e-fuels synthesis

Current state: The maturity of SAF synthesis
methods varies. Hydrotreated Esters and Fatty Acids
(HEFA) are the most mature with synthesis of fuels
such as ‘power to liquid’ and ‘power to gas’ requiring
development. Further work is heeded on conversion
efficiency and cost to increase competitiveness.

and conversion are the most viable, with a mixture the Global and UK market forecasts
most probable. The co-location of sites producing and
using feedstock is vital for the competitive production
of hydrogen containing platform chemicals. Hydrogen
is an essential feedstock in the production of Synthetic
Aviation Fuels (SAF) and e-fuels that have potentially
huge export opportunity and domestic applications

to achieve decarbonisation. These green fuel sources
must become cost competitive and readily available

if they are to be as viable as conventional fuels.

These tables show forecasts for the annual global
and UK market for this technology family. The
figures show the neutral (midpoint) scenario from
analysis for HIl by Markets and Markets [1].

Efficient hydrogen carrier production methods, such as high-yield, low-energy production of ammonia
o o o)

Durable, energy efficient recovery of hydrogen from carriers, both centralised and decentralised,

such as decentralised low-temperature ammonia crackers with long life catalysts

2030 2050
UK Global UK Global
$0.28bn | $9bn $2.28bn | $288bn

(e,

Develop reliable technology for direct use of hydrogen carriers

to reduce cost, such as catalysts suitable for ammonia
o

(o]

Assessing existing infrastructure to maximise cost effective usage in

the production, distribution and deployment of SAF / e-fuels
o o o)

Increasing efficiency of SAF / e-fuel production, such as
optimisation and contaminant resistance of catalysts
o o o)

Develop robust, sustainable, competitive bio-based and chemocatalytic

pathways, technologies and processes to produce platform chemicals
o o e}

@EW

B
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Propulsion and power generation

Summary: Three propulsion technologies will see step change in technology to improve performance and Global and UK market forecasts 2

natural deployment into key sectors. Fuel cells and reliability. Direct combustion of hydrogen is seen as a These tables show forecasts for the annual global 2030 050
internal combustion engines are typically suited natural transition for internal combustion engines, with and UK market for this technology family. The

to medium to high-duty demands with long-range the key advantage being minimal change to the existing figures show the neutral (midpoint) scenario from UK Global UK Global
requirements and where refuelling can be centralised technology and supply chains. Direct combustion analysis for HIl by Markets and Markets [1]

at key hubs, such as Heavy Good Vehicles (HGVs), of hydrogen through turbines is seen as a possible ’

and coaches. This is reliant on the availability of method to decarbonise higher power applications, $0.12bn $8bn $5.25bn | £150bn
refuelling infrastructure and the technology becoming such as power generation or short-medium haul

cost competitive with battery electric vehicles. Fuel flights. Hydrogen combustion processes need to be

cells could also see migration into more demanding managed to minimise other emissions such as NOx.

applications, such as short-range flight, but require a

Fuel cells Monitoring and automation to enable scalable and
repeatable manufacture including the stack A\\ R .
Current state: Many fuel cell technologies are mature o 9 O ’o) Je: . @ =

and readily available. Development is needed to improve

durability and efficiency such as through novel high- Improved integration of balance of system equipment
temperature Proton Exchange Membrane (PEM) fuel cells. to increase efficiency and reduce cost 55 @
(o, O 7o) oo

2 %

High temperature/efficient fuel cells reducing mass and increasing operating life @
o o e} S N
Durable long life fuel cell le to withstand impuriti harsh envi ) ({2 WE
c:urabe ong life fuel cells and membranes, able to withstand impurities and hars ergnronments . @

Resource-efficient use of and development of routes to recycle and re-utilise critical
materials (such as critical raw materials and platinum group metals) 55 @
o o o) N\ N\

Gas turbines Incremental solutions using modification to existing designs to improve durability @ <100% hydrogen 55 @

o o o)
Current state: Hydrogen gas turbine technology maturity
varies depending on the blend of hydrogen. Low hydrogen Material and monitoring solutions for combustion to improve durability @ 100% hydrogen 55 @
concentrations using existing gas turbine designs are the most o o o}

mature with existing designs thought to be suitable. Further

: : : . Control and operational parameters to mitigate NO, emissions
development is required for higher hydrogen concentrations. X
P . SR A without impacting efficient performance @ 100% hydrogen {5 @

(e,

(o]
(o]

Internal combustion engines

Current state: Hydrogen internal combustion engines
are being matured, with several leading manufacturers
bringing products to market; other manufacturers
are also developing solutions. Activity is required to
improve performance and increase competitiveness.




Heat generation

Summary: Hydrogen will play a role in decarbonisation  To facilitate this transition, existing processes Global and UK market forecasts 2

of high energy demand sectors where there are must be able to safely use hydrogen without These tables show forecasts for the annual global 2030 050

limited other alternatives met with fossil fuels. effecting equipment life, whilst operating and UK market for this technology family. The

The burning of hydrogen as a heat source within efficiently. Emissions abatement solutions able to figures show the neutral (midpoint) <cenario from UK Global UK Global
these high energy demand sectors, such as manage by-products of hydrogen combustion, analysis for HIl by Markets and Markets [1]

foundation and food and drink industries, will require such as NO, and carbon, must be developed. ’

adaptation of current fossil fuel technologies. $0.09bn | $2bn $0.49bn | $14bn
Emissions control Simulation and monitoring of hydrogen flame to @
Current state: Hydrogen for process heating has optimise efficient combustion conditions 8

been demonstrated across several foundation o o}

industries. Challenges regarding the control, detection
and response to NO, emissions still require further

research, particularly in applications where operating Understand performance of existing abatement systems for development
parameters are likely to produce emissions. of low-cost adaptation and redevelopment to suit hydrogen combustion
o o o}

Low-cost dedicated efficient abatement
systems for hydrogen combustion

(e,

(o]
o

Refractories

Current state: Use of hydrogen within process heating is Develop methods, standards and test capabilities to

mature and has been demonstrated. Research is required to ::epllcate, Ligietretizie 2 certify through-life perfor;nance
better understand, optimise and develop suitable refractory -

materials to resist deterioration under the different conditions Efficient and durable refractory materials for hydrogen furnace conditions
experienced when using hydrogen in place of natural gas. (o} o o}

Hydrogen gas and flame monitoring

Current state: Gas and flame monitoring technology for
industrial process heat applications using conventional
fossil fuels is mature. Due to hydrogen flames being within
different spectra, development is required to adapt or
develop new solutions that are hydrogen suitable.




Storage

Summary: Storage is critical at every scale for the
future of hydrogen adoption, from on vehicle storage
to large-scale long-duration grid balancing. Storage
is a significant challenge due to the low volumetric
density of hydrogen, requiring either high pressures,
cryogenic temperatures or use of emerging and

Compressed storage tanks

Current state: Metallic and non-metallic compressed
storage tanks are a mature technology, with
composite storage tanks the norm for mobility
applications. Innovation is required to meet

cost, mass and end-of-life requirements.

Cryogenic storage

Current state: Cryogenic storage technologies are
mature and readily available, but often have limitations.
Suitable materials to meet the increasingly stringent
requirements of mass and long life with minimal loss of
hydrogen are under investigation and are still immature.

Large-scale storage

Current state: Salt caverns are the most mature large-
scale storage solution. Depleted field storage has been
demonstrated and has potential for energy resilience;
however, the assessment of cost and losses means that
further consideration is required. Lined underground

storage is an emerging alternative offering possible storage

for lower quantities suitable for industrial applications.

Solid-state storage

Current state: Some technologies are nearing maturity,
with alternative technologies still under development.
The focus of this technology is reducing cost and
storage pressure compared to compressed storage,
mostly for non-mass sensitive applications.

novel storage mediums. Storage solutions must

be able to meet these harsh requirements, whilst
remaining safe and produced at a cost that enables
scale-up. The different storage technologies each
provide different advantages and limitations and are
therefore selected against specific requirements.

Scale up of manufacturing of certified non-metallic

hydrogen storage using full automation
o

Global and UK market forecasts

These tables show forecasts for the annual global
and UK market for this technology family. The
figures show the neutral (midpoint) scenario from
analysis for HIl by Markets and Markets [1].

O

Develop high gravimetric efficiency tanks with maximised service life

2030 2050
UK Global UK Global
$0.26bn | $8bn $3.53bn | $62bn

(e,

(e,

o o o)
Material recovery and reuse of non-metallic tanks
o o
Testing capabilities for fundamental understanding
of material properties and durability
o)
In-service monitoring of cryogenic fuel tanks to ensure safe operation
o o)
Energy-efficient boil-off management to
reduce energy use and hydrogen emissions
o o o)

O

slelcle
Blolele
Blolcle
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Distribution and control

2030 2050

Summary: Hydrogen must be distributed safely The transport sector needs reliable, safe and fast Global and UK market forecasts
from production to point of use at industrial methods for refuelling and on-vehicle distribution of These tables show forecasts for the annual global UK Global UK Global
sites and on vehicles. National distribution and hydrogen. Refuelling times and hydrogen loss need and UK market for this technology family. The
transmission networks will comprise of repurposed t(})c be minimised, without compromising integrity figures show the neutral (midpoint) scenério from
and new valves, pumps and pipelines. Minimising of on-vehicle storage or distribution systems. :
hydrogen leakage and predicting residual life of On-vehicle distribution and pumps need to meet analysis for Hil by Markets and Markets 1) $0.32bn $8bn $1.38bn | $29bn
distribution systems is critical for safe deployment. stringent mass, cost and safety requirements.
Control valves Asset integrity of existing gas network through inspection and

monitoring for repurpose and life extension of assets

Current state: Hydrogen control valves for some applications
are mature and available. For new and emerging applications

maturity, cost, or supply chain capacity are limiting. 3 -
eleleleeEld
cl?esign solutions for safe and reliable leak-free gas \ialves . ;;

~ o . . . & =
gafe leak-free, durable, thermally-isolated and efficient cryogenic valve N @

Cryogemc pumps Low mass and efficient on-vehicle cryogenic pumps @

Current state: Many cryogenic liquid hydrogen pumps o & ©
are mature and available. Development is heeded

f d . licati ith Improvement of durability, life in service, efficiency through =
on pumps ornew f”m eme,rg'”g applications wi . development of low loss and energy consumption cryogenic pumps @ ) @ H,
challenging operating conditions, such as on-vehicle. o o o %) \oox H,

Hydrogen capable pipes

Current state: Suitable materials for hydrogen-
capable pipes are understood. Alternative materials
to address specific challenges for new infrastructure
are being developed. Methods to ensure through-
life integrity are required for all solutions.

(e, O

Refuelling systems

Current state: Automotive hydrogen refuelling stations
are mature and deployed globally. Iterative improvement
is needed to improve efficiency and safety. Refuelling
for other applications, such as aerospace and
maritime is less mature and requires development.




Conditioning

Summary: Conditioning of hydrogen is needed across
the entire hydrogen value chain and may involve
change in pressure, purity or state. The low volumetric
density of hydrogen requires either high pressures or
liquefaction for space constrained applications, often
reliant on significant energy and technologies with
scalability or technical limitations. Early distribution
and deployment of hydrogen has been dependent

on pressurisation, with this technology remaining

an integral part of new infrastructure and end uses.
Emerging sectors, such as aerospace, are investigating
liquid hydrogen due to the higher volumetric and

mass efficiencies of the fuel and storage solutions
respectively. Hydrogen purity can be critical for some
applications, such as some fuel cell technologies;
contamination risks throughout production and
distribution must be addressed through purification.

Global and UK market forecasts

These tables show forecasts for the annual global
and UK market for this technology family. The
figures show the neutral (midpoint) scenario from
analysis for HIl by Markets and Markets [1].

2030 2050
UK Global UK Global
$0.13bn | $5bn $1.17bn | $32bn

Compressors

Current state: Compressor technology maturity
varies, with material and seal development
needed to improve reliability and performance.
Emerging compressor technologies, such as
electrochemical are still undergoing development.

Liquefiers

Current state: Small-scale hydrogen
liquefaction processes are an established
technology. Development is needed to increase
the scale and reduce energy consumption.

Purification and separation

Current state: Hydrogen purification technologies
for industrial scale applications, such as through
pressure swing adsorption are mature. Some existing
technologies require development to advance
efficiency with novel and smaller scale technologies
requiring development to increase longevity.

High-pressure compressors with improved reliability and service intervals

(e,

Diversification and upscaling of existing

liquefier producers to meet short-term needs

o o)
Smaller, high efficiency compressor for

high-volume low-pressure applications
o o

Competitive hydrogen electrochemical compressors

through improved membrane durability
o o

55
O 5;

(e, O

O

Increase efficiency through reduced energy usage

throughout the liquification process at all scales of production

(e, O
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Electrical and thermal management

Summary: Many sectors and net zero enabling and longevity of numerous hydrogen technologies. Global and UK market forecasts 2050
technologies, including hydrogen enabled Improving efficiency and tailoring of these subsystems These tables show forecasts for the annual global 2030

electrification, are reliant on power electronics. to the requirements of hydrogen applications is key . .

This will drive a significant increase in demand over to the successful roll out of hydrogen and may play znﬂrggsmhg\r/ﬁ;];ogézltsratle?mhir(]j0|(c)>igr1¥[)f2£n(-:!|r¥é|:li—2$rom UK Global UK Global
the coming years. Another prevalent subsystem is a key role in cost and performance differentiation. agalysis for HIl by Markets ang Markets [1]

thermal management, which is vital to the efficiency

$0.01bn | $0.2bn $0.32bn | $13bn

Power electronics Increase efficiency through development and scale up -
Current state: Power electronics are mature and to MW and GW of DC/DC power converter @ EE
already adopted across many sectors and applications. o o

Optimising the trade-off between performance and
cost for hydrogen specific applications is needed.

(o]

Increase efficiency through development of fast dynamic systems with -
improved filtering, including adoption of higher switching frequencies @ A\ 55
o o o} -
Cost reduction through standardisation and modularisation of power o
conversion to enable off the shelf solutions for fuel cells and electrolysers o
o o 0
Thermal management
Current state: Thermal management systems are mature :mpr:)ve eff|¢:|en<;y OIf thllerrpal Im;naglemednt syst:.mts 12l
and adopted across many sectors and applications. g w-temperature tuel cells, including fow drag raciators . .
More cost effective and power dense solutions for new
and emerging hydrogen applications is required.
Development of efficient thermal management
systems for high-temperature fuel cells @
o o e}
Development of efficient and smaller systems for gasification
of liquid hydrogen, providing cooling for propulsion systems @
o o e}




Metering and monitoring

2030 2050
Summary: There is a need for sensors and natural gas. Furthermore, measurement of hydrogen Global and UK market forecasts
monitoring systems across all sectors to build public emission is needed to prevent environmental These tables show forecasts for the annual global UK Global UK Global
and industrial confidence. Safety drives the need impact. Methods to measure quantity, composition and UK market for this technology family. The
for hydrogen detection, with hydrogen providing and purity of hydrogen in real time are required to figures show the neutral (midpoint) scenério from
arisk at a larger range of mix ratios with air than enable reliable distribution and trading [2], [3]. analysis for Hil by Markets and Markets [1] $0.02bn | $0.9bn $0.38bn $6bn

Distribution pipeline inspection

Current state: Inline inspection of pipelines when Pipeline inspection technology to meet asset

using natural gas is well established. Hydrogen integrity standards and detect embrittlement @O
presents new challenges, such as embrittlement, o o

that requires new methods to ensure asset integrity
for both new and repurposed pipelines.

@

Flow meters

Current state: Flow meters for hydrogen use a range of different
methods that are at different stages of maturity. Challenges

of increased flow rates and potential for leakage drive a need Development of accurate flow measurement methods
to develop reliable and low-cost hydrogen flow meters.
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Hydrogen purity analysis

Current state: In-service hydrogen purity and composition
analysis technology is immature with many applications
relying on lab-based activity for detailed analysis.
Distributed real time purity analysis is required.
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Materials

Materials validated for
use with hydrogen wiill
be critical to realise a
new hydrogen economy

A report written by the Henry Royce Institute
titled Materials for End-to-End Hydrogen

[4] offers a comprehensive summary of the
materials technology areas that have the
potential to contribute to realising hydrogen
deployment at scale. Further work involving an
extensive network of industry and academic
researcher produced a series of blueprints
identifying the key materials challenges
facing the UK starting with electrolysis and
test. These are reflected where appropriate
as innovation opportunities in these
roadmaps for hydrogen technologies.

35 MHydrogen Innovation Initiative
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The UK needs further co-ordinated

cross sector initiatives to overcome

material challenges in order to accelerate
development times of hydrogen technology.

The priorities identified in the Materials
for End-to-End Hydrogen report were
further distilled into a set of five key
areas which have formed the basis for
the Royce Hydrogen Accelerator:

O Production
Materials-led solutions to radically
improve performance, reduce cost,
and extend operational lifetimes
of green electrolysis routes.

O Storage
Robust structural materials to enable
large-scale hydrogen storage for
fixed and mobile applications.

O Distribution
Materials capable of sustaining
the thermal and mechanical strains
associated with transporting hydrogen
and purifying at point of use.

O End-use
Materials to withstand the full temperature
range required for hydrogen use —
from cryogenic liquid hydrogen to
transport and fuel switching applications
that operate at over 1000° C.

O Operational monitoring
Smart materials for real-time monitoring
of critical infrastructure with the
ability to report, mitigate or resolve
problems before or as they arise.

The Royce report also identified key,
cross-cutting research and technology
enablers, that will increase the impact
and accelerate materials research

and have particular importance to
support materials for hydrogen use:

O Creating consistent lifecycle analysis
approaches and data sets -
developing consistent definitions and
approaches alongside transparent
and accessible databases to support
lifecycle analysis of materials.

O Improving end-of-life treatment of
materials - designing products for end
of life to enable materials recovery and
reuse, and minimise waste creation.

O Developing UK capability to test, set
standards, and accredit new materials -
developing standardised testing
methodologies to allow comparison of
experimental results, and understanding
materials degradation mechanisms, to
develop testing and inspection protocols.

O Computational design of materials - using
artificial intelligence to lead the design of
materials with specified properties and
accelerate the discovery of candidates.

Hydrogen technology roadmaps 36



Digital

The hydrogen economy has
a unique opportunity to be
data-driven from day one

-
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A white paper written by Digital Catapult
titled Digital Solutions for the Energy

Sector [5] provides a summary of the

growth in investment in energy specific
digital technologies and the role they are
playing in empowering the sector in its green
digital transition. These are reflected where
appropriate as innovation opportunities in
these roadmaps for hydrogen technologies.
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The hydrogen economy has a
unique opportunity to be data
driven from day one.

The opportunities identified in the Digital
Solutions for the Energy Sector white

paper have been broadley broken into two
specific areas. The paper identifies several
challenges and opportunities that are

shared by many different energy vectors,
electricity, natural gas, hydrogen, and a whole
host of different renewables. These are:

O Alfor flexibility
To make the most of these resources
and ensure balance requires shifting
demand to match generation, and
storing energy for future use. Advanced
analytics play a key role in determining
when to utilise hydrogen and when
to make best use of energy vector.

O Digitalising New Energy Infrastructure
Developing net zero infrastructure, across
generation, distribution, storage and end
use provides opportunities to utilise digital
tools to manage the build and operation
of new facilities, making delivery at the
required scale and pace feasible.

O Data Interoperability Across the Sector
Ensuring that data is interoperable
across the hydrogen economy as
well as the wider energy sector to
enable greater collaboration and data
exploitation across the sector.

Ensuring that data is interoperable across
the hydrogen economy as well as the wider
energy sector to enable greater collaboration
and data exploitation across the sector.

In addition to challenges shared by multiple
different energy types, there are also
challenges and opportunities that are
unique to a new hydrogen economy:

O New Supply Chains
The growth in the hydrogen economy
offers huge opportunities for greenfield
supply chains, allowing existing players
and new emergents to make use of a
wide range of digital tools, without the
need to retrofit with legacy systems.

O Transparency and Certification
Tracking the provenance and purity of
hydrogen from generation through to
end use with digital ledgers provides
confidence in purchasing low carbon
hydrogen as well as guaranteeing that
the fuel comes from a verifiable source.

O Digital Skills for a Hydrogen Workforce
Utilising digital skills with energy domain
expertise opens up a wide range of
opportunities in design, operation and
management of the energy system.

Hydrogen technology roadmaps 38



References

[1  Markets and Markets, “Market
opportunity for hydrogen technologies,”
2024. Commissioned by the Hydrogen
Innovation Initiative. Unpublished.

[2] National Physical Laboratory,
“Energy transition: measurement
needs within the hydrogen industry,”
2017. [Accessed 17 April 2024].

[3] National Physical Laboratory, “Hydrogen
Sector Measurement Needs,” pre-published.

[4] Henry Royce Institute, “Materials for
end-to-end hydrogen study,” 2021.
[Accessed 20 October 2023].

[5] Digital Catapult, “Digital Solutions for
the Energy Sector” pre-published.

Bibliography

Advanced Propulsion Centre UK, “Power
Electronics Industry Challenges 2020-2035+"
2021. [Accessed 19 December 2023].

Advanced Propulsion Centre UK, “Bus and Coach
Roadmap 2020,” 2021. [Accessed 19 October 2023].

Advanced Propulsion Centre UK, “Fuel Cell Roadmap

2020,” 2021. [Accessed 06 November 2023].

Advanced Propulsion Centre UK, “"Heavy
Goods >3.5t and Off-highway Vehicle Roadmap
2020,” 2021. [Accessed 06 November 2023].

Advanced Propulsion Centre UK, “Light Duty Vehicle
Roadmap 2020,” 2021. [Accessed 20 October 2023].

Advanced Propulsion Centre UK, “Power Electronics
Roadmap 2020,” 2021. [Accessed 19 October 2023].

Aerospace Technology Institute, “Cryogenic
Hydrogen Fuel System and Storage Roadmap,”
2022. [Accessed 06 November 2023].

Aerospace Technology Institute, “Cryogenic
Hydrogen Fuel System and Storage - Roadmap
Report,” 2022. [Accessed 19 October 2023].

Aerospace Technology Institute, “Fly
Zero - Technology Roadmaps,” 2022.
[Accessed 18 October 2023].

Aerospace Technology Institute, “FlyZero
- Fuel Cells - Roadmap Report,” 2022.
[Accessed 19 October 2023].

Aerospace Technology Institute, “FlyZero -
Hydrogen Gas Turbines and Thrust Generation
Roadmap,” 2022. [Accessed 19 October 2023].

Aerospace Technology Institute, “Fuel Cells
Roadmap,” 2022. [Accessed 06 November 2023].

Aerospace Technology Institute, “Hydrogen
Infrastructure and Operations Airports,
Airlines and Airspace - FlyZero Roadmap
report,” 2022. [Accessed 18 October 2023].

Aerospace Technology Institute, “Hydrogen
Infrastructure and Operations - Flyzero,”
2022. [Accessed 17 April 2024].

Aerospace Technology Institute, “Market Forecasts &

Exploitation Strategy,” 2022. [Accessed 17 April 2024].

Aerospace Technology Institute,
“Thermal Management Roadmap report,”
2022. [Accessed 17 April 2024].

Aerospace Technology Institute, “UK Capability
in Zero-Carbon Emission Aircraft Technologies,”
2022. [Accessed 18 October 2023].

Aerospace Technology Roadmap, “Hydrogen
Gas Turbines and Thrust Generation Roadmap,”
2022. [Accessed 06 November 2023].

Ahmed I. Osman, Neha Mehta, Ahmed M.
Elgarahy, Mahmoud Hefny, Amer Al-Hinai,

Ala’a H. Al-Muhtaseb & David W. Rooney,
“Hydrogen production, storage, utilisation and
environmental impacts: a review,” Environmental
Chemistry Letters, vol. 20, pp. 153-188, 2022.

Ammonia Energy Association, “Solid
oxide electrolysis: building capacity,”
2023. [Accessed 02 November 2023].

Baker Hughes, “Gas turbine experience with
hydrogen for enerqy transition - case study,”
2020. [Accessed 06 November 2023].

A.Bauen, N. Bitossi, L. German, A. Harris and K.
Leow, “Sustainable Aviation Fuels, Status, challenges
and prospects of drop-in liquid fuels, hydrogen

and electrification in aviation,” Johnson Mattey
technology review, vol. 64, no. 3, pp. 263-278, 2020.

Boston Consulting Group, “The Green
Tech Opportunity in Hydrogen,” 2021.
[Accessed 20 October 2023].

Boston Consulting Group, “Turning the European
Green Hydrogen Dream into Reality: A Call to
Action,” 2023. [Accessed 20 October 2023].

C. Skidmore, “Mission zero: independent review
of net zero,” 2022. [Accessed 27 October 2023].

Carbon Trust, “Innovation Needs Assessment
(INA), Clean Hydrogen Innovation Program,”
2023. [Accessed 17 October 2023].

39 MHydrogen Innovation Initiative

Center for Hydrogen Safety Hydrogen
Tools, “Hydrogen Compared with Other
Fuels,” 2024. [Accessed 22 April 2024].

Climate Change Committee, “Sixth Carbon
Budget,” 2020. [Accessed 15 December 2023].

Cryostar Group, “Hydrogen,” 2024.
[Accessed 22 April 2024].

Cummins Inc., Jim Nebergall, General
Manager of the Hydrogen Engine Business,
“Cummins Newsroom: Hydrogen Internal
Combustion Engines and Hydrogen Fuel
Cells,” 2022. [Accessed 06 November 2023].

D. Clematis, D. Bellotti, M. Rivarolo, L. Magistri
and A. Barbucci, “Hydrogen Carriers: Scientific
Limits and Challenges for the Supply Chain, and
Key Factors for Techno-Economic Analysis,”
Energies, vol. 16, no. 16, 17 August 2023.

D. Smith, “CO, Storage in Saline Aquifers,” UK
Groundwater Forum, 2010. [Accessed 22 April 2024]

Decarbonisation technology, “Feedstocks
and utilities for green hydrogen and
e-fuels,” 2023. [Accessed 17 April 2024].

Decarbonisation Technology, “The need for
custody transfer in the hydrogen industry,”
2021. [Accessed 19 December 2023].

Deloitte, “Green hydrogen: Energizing the path
to net zero,” 2023. [Accessed 20 October 2023].

Demaco, “Hydrogen transportation: three
well-known energy carriers compared,”
2024. [Accessed 22 April 2024].

Department for Business, Energy & Industrial
Strategy and The Rt Hon Kwasi Kwarteng MP,
“Plans unveiled to decarbonise UK power system
by 2035,” 2021. [Accessed 14 December 2023].

Department for Business, Energy & Industrial
Strategy, “Impact Assessment for the sixth carbon
budget,” 2021. [Accessed 20 October 2023].

Department for Business, Energy & Industrial
Strategy, “UK public sector support for
hydrogen research and innovation,” 2022.
[Accessed 02 November 2023].

Department for Business, Energy & Industrial
Strategy, Prime Minister’s Office, 10 Downing Street,
The Rt Hon Kwasi Kwarteng MP, The Rt Hon Sir Alok
Sharma KCMG MP, and The Rt Hon Boris Johnson,
“UK enshrines new target in law to slash emissions

by 78% by 2035,” 2021. [Accessed 14 December 2023].

Department for Energy Security and Net Zero,
“Bay Hydrogen Hub - Hydrogen-4-Hanson,”
2023. [Accessed 02 November 2023].

Department for Energy Security and Net

Zero and Department for Business, Energy &
Industrial Strategy, “Hydrogen BECCS Innovation
Programme Phase 1: completed projects,”

2023. [Accessed 02 November 2023].

Department for Energy Security and Net

Zero and Department for Business, Energy &
Industrial Strategy, “Hydrogen BECCS Innovation
Programme Phase 2: projects awarded funding,”
2023. [Accessed 02 November 2023].

Department for Energy Security and Net

Zero and Department for Business, Energy &
Industrial Strategy, “Industrial decarbonisation
strategy,” 2021 [Accessed 17 October 2023].

Department for Energy Security and Net
Zero, “British energy security strateqy,”
2022. [Accessed 19 October 2023].

Department for Energy Security and Net Zero,
“Enerqgy Trends UK, October to December 2022
and 2022,” 2023. [Accessed 20 October 2023].

Department for Energy Security and Net Zero,
“Hydrogen Strateqy Delivery Update - Hydrogen
Strateqy Update to the Market: December
2023,” 2023. [Accessed 15 December 2023].

Department for Energy Security and Net
Zero, "Hydrogen Strategy Update to the
Market,” 2023. [Accessed 19 October 2023].

Department for Energy Security and Net
Zero, “Net Zero Strateqy: Build Back Greener,”
2021. [Accessed 20 October 2023].

Department for Energy Security and Net
Zero, "UK Hydrogen Strategy,” 2023.
[Accessed 15 December 2023].

Department for Energy Security and Net Zero, “UK
Low Carbon Hydrogen Standard: Guidance on

the greenhouse gas emissions and sustainability
criteria,” 2023. [Accessed 02 November 2023].

Department for Transport, “Jet Zero Strategy:
Delivering net zero aviation by 2050,”
2022. [Accessed 18 October 2023].

Department for Transport, “Pathway to net zero
aviation: Developing the UK sustainable aviation
fuel mandate,” 2023. [Accessed 19 December 2023].

Department of Energy Security and
Net Zero, “Biomass Strategy 2023/
2023. [Accessed 17 October 2023].

Hydrogen technology roadmaps 40


https://www.npl.co.uk/energy-transition/hydrogen-industry
https://www.npl.co.uk/energy-transition/hydrogen-industry
https://www.royce.ac.uk/content/uploads/2021/06/Materials-for-End-to-End-Hydrogen_Roadmap.pdf
https://www.royce.ac.uk/content/uploads/2021/06/Materials-for-End-to-End-Hydrogen_Roadmap.pdf
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_05_https___www.apcuk_.co_.uk_app_uploads_2021_05_Industry-Challenge-Report-Power-Electronics.pdf.
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_05_https___www.apcuk_.co_.uk_app_uploads_2021_05_Industry-Challenge-Report-Power-Electronics.pdf.
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_02_Exec-summary-Product-Roadmap-Bus-and-Coach-final.pdf.
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_02_Exec-summary-Product-Roadmap-Bus-and-Coach-final.pdf.
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2020_11_Technology-Roadmap-Fuel-Cell.pdf
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2020_11_Technology-Roadmap-Fuel-Cell.pdf
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_02_Exec-summary-Product-Roadmap-HGV-and-Off-highway-final.pdf.
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_02_Exec-summary-Product-Roadmap-HGV-and-Off-highway-final.pdf.
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_02_Exec-summary-Product-Roadmap-HGV-and-Off-highway-final.pdf.
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_02_Exec-summary-Product-Roadmap-LDV-final.pdf. 
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_02_Exec-summary-Product-Roadmap-LDV-final.pdf. 
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_02_Exec-summary-Technology-Roadmap-Power-Electronics-final.pdf. 
https://www.apcuk.co.uk/wp-content/uploads/2021/09/https___www.apcuk_.co_.uk_app_uploads_2021_02_Exec-summary-Technology-Roadmap-Power-Electronics-final.pdf. 
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-MAP-0026-Cryogenic-Hydrogen-Fuel-System-and-Storage-Roadmap.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-MAP-0026-Cryogenic-Hydrogen-Fuel-System-and-Storage-Roadmap.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0027-Cryogenic-Hydrogen-Fuel-System-and-Storage-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0027-Cryogenic-Hydrogen-Fuel-System-and-Storage-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0027-Cryogenic-Hydrogen-Fuel-System-and-Storage-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-IST-MAP-0012-FlyZero-Technology-Roadmaps.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-IST-MAP-0012-FlyZero-Technology-Roadmaps.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0033-Fuel-Cells-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0033-Fuel-Cells-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0023-Hydrogen-Gas-Turbines-and-Thrust-Generation-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0023-Hydrogen-Gas-Turbines-and-Thrust-Generation-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0023-Hydrogen-Gas-Turbines-and-Thrust-Generation-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-MAP-0032-Fuel-Cells-Roadmap.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-MAP-0032-Fuel-Cells-Roadmap.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0019-Thermal-Management-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0019-Thermal-Management-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0019-Thermal-Management-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0019-Thermal-Management-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-CST-POS-0035-Airports-Airlines-Airspace-Operations-and-Hydrogen-Infrastructure.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-CST-POS-0035-Airports-Airlines-Airspace-Operations-and-Hydrogen-Infrastructure.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-CST-REP-0043-Market-Forecasts-and-Strategy.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-CST-REP-0043-Market-Forecasts-and-Strategy.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0019-Thermal-Management-Roadmap-Report.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-IST-REP-0047-UK-Capability-and-Opportunities_v2.02.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-IST-REP-0047-UK-Capability-and-Opportunities_v2.02.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-MAP-0022-Hydrogen-Gas-Turbines-and-Thrust-Generation-Roadmap.pdf
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-MAP-0022-Hydrogen-Gas-Turbines-and-Thrust-Generation-Roadmap.pdf
https://www.ammoniaenergy.org/articles/solid-oxide-electrolysis-building-capacity
https://www.ammoniaenergy.org/articles/solid-oxide-electrolysis-building-capacity
https://www.bakerhughes.com/sites/bakerhughes/files/2020-05/H2%20Gas%20turbine%20capabilities%20and%20case%20study%20%281%29.pdf
https://www.bakerhughes.com/sites/bakerhughes/files/2020-05/H2%20Gas%20turbine%20capabilities%20and%20case%20study%20%281%29.pdf
https://www.bcg.com/publications/2021/capturing-value-in-the-low-carbon-hydrogen-market
https://www.bcg.com/publications/2021/capturing-value-in-the-low-carbon-hydrogen-market
https://media-publications.bcg.com/Turning-the-European-Green-H2-Dream-into-Reality.pdf
https://media-publications.bcg.com/Turning-the-European-Green-H2-Dream-into-Reality.pdf
https://media-publications.bcg.com/Turning-the-European-Green-H2-Dream-into-Reality.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1128689/mission-zero-independent-review.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1128689/mission-zero-independent-review.pdf
https://assets.foleon.com/eu-central-1/de-uploads-7e3kk3/48218/chip_ina_report_2023.1914aa958a31.pdf
https://assets.foleon.com/eu-central-1/de-uploads-7e3kk3/48218/chip_ina_report_2023.1914aa958a31.pdf
https://h2tools.org/bestpractices/hydrogen-compared-other-fuels
https://h2tools.org/bestpractices/hydrogen-compared-other-fuels
https://www.theccc.org.uk/publication/sixth-carbon-budget/
https://www.theccc.org.uk/publication/sixth-carbon-budget/
https://cryostar.com/hydrogen/
https://www.cummins.com/news/2022/01/27/hydrogen-internal-combustion-engines-and-hydrogen-fuel-cells
https://www.cummins.com/news/2022/01/27/hydrogen-internal-combustion-engines-and-hydrogen-fuel-cells
https://www.cummins.com/news/2022/01/27/hydrogen-internal-combustion-engines-and-hydrogen-fuel-cells
http://www.groundwateruk.org/downloads/7_Smith_CCS.pdf
https://decarbonisationtechnology.com/article/163/feedstocks-and-utilities-for-green-hydrogen-and-e-fuels
https://decarbonisationtechnology.com/article/163/feedstocks-and-utilities-for-green-hydrogen-and-e-fuels
https://decarbonisationtechnology.com/article/163/feedstocks-and-utilities-for-green-hydrogen-and-e-fuels
https://decarbonisationtechnology.com/article/3/the-need-for-custody-transfer-in-the-hydrogen-industry
https://decarbonisationtechnology.com/article/3/the-need-for-custody-transfer-in-the-hydrogen-industry
https://www2.deloitte.com/content/dam/Deloitte/at/Documents/presse/at-deloitte-wasserstoffstudie-2023.pdf
https://www2.deloitte.com/content/dam/Deloitte/at/Documents/presse/at-deloitte-wasserstoffstudie-2023.pdf
https://demaco-cryogenics.com/blog/hydrogen-transportation-three-energy-carriers/
https://demaco-cryogenics.com/blog/hydrogen-transportation-three-energy-carriers/
https://www.gov.uk/government/news/plans-unveiled-to-decarbonise-uk-power-system-by-2035.
https://www.gov.uk/government/news/plans-unveiled-to-decarbonise-uk-power-system-by-2035.
https://www.legislation.gov.uk/ukdsi/2021/9780348222616/impacts
https://www.legislation.gov.uk/ukdsi/2021/9780348222616/impacts
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1092352/hydrogen-research-investment-brochure.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1092352/hydrogen-research-investment-brochure.pdf
https://www.gov.uk/government/news/uk-enshrines-new-target-in-law-to-slash-emissions-by-78-by-2035
https://www.gov.uk/government/news/uk-enshrines-new-target-in-law-to-slash-emissions-by-78-by-2035
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1161490/iha-22-edf-final-feasibility-report.pdf
https://www.gov.uk/government/publications/hydrogen-beccs-innovation-programme-successful-projects/hydrogen-beccs-innovation-programme-phase-1-successful-projects
https://www.gov.uk/government/publications/hydrogen-beccs-innovation-programme-successful-projects/hydrogen-beccs-innovation-programme-phase-1-successful-projects
https://www.gov.uk/government/publications/hydrogen-beccs-innovation-programme-successful-projects/hydrogen-beccs-innovation-programme-phase-2-projects-awarded-funding
https://www.gov.uk/government/publications/hydrogen-beccs-innovation-programme-successful-projects/hydrogen-beccs-innovation-programme-phase-2-projects-awarded-funding
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/970229/Industrial_Decarbonisation_Strategy_March_2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/970229/Industrial_Decarbonisation_Strategy_March_2021.pdf
https://assets.publishing.service.gov.uk/media/626112c0e90e07168e3fdba3/british-energy-security-strategy-web-accessible.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1147239/Energy_Trends_March_2023.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1147239/Energy_Trends_March_2023.pdf
https://assets.publishing.service.gov.uk/media/657b19bb254aaa000d050dbf/hydrogen-strategy-update-to-market-december-2023.pdf
https://assets.publishing.service.gov.uk/media/657b19bb254aaa000d050dbf/hydrogen-strategy-update-to-market-december-2023.pdf
https://assets.publishing.service.gov.uk/media/657b19bb254aaa000d050dbf/hydrogen-strategy-update-to-market-december-2023.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1179651/hydrogen-strategy-update-to-the-market-august-2023.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1179651/hydrogen-strategy-update-to-the-market-august-2023.pdf
https://assets.publishing.service.gov.uk/media/6194dfa4d3bf7f0555071b1b/net-zero-strategy-beis.pdf
https://www.gov.uk/government/publications/uk-hydrogen-strategy
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1151288/uk-low-carbon-hydrogen-standard-v2-guidance.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1151288/uk-low-carbon-hydrogen-standard-v2-guidance.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1151288/uk-low-carbon-hydrogen-standard-v2-guidance.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1151288/uk-low-carbon-hydrogen-standard-v2-guidance.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1095952/jet-zero-strategy.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1095952/jet-zero-strategy.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1147350/pathway-to-net-zero-aviation-developing-the-uk-sustainable-aviation-fuel-mandate.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1147350/pathway-to-net-zero-aviation-developing-the-uk-sustainable-aviation-fuel-mandate.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1147350/pathway-to-net-zero-aviation-developing-the-uk-sustainable-aviation-fuel-mandate.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1178897/biomass-strategy-2023.pdf

Department For Energy Security and Net Zero
and Department for Business, Energy & Industrial
Strategy, “UK carbon capture, usage and
storage,” 2023. [Accessed 20 December 2023].

DNV, “Hydrogen Forecast to 2050,”
2022. [Accessed 17 October 2023].

e-Fuel Alliance, “5 Key Demands for a
Global Scale-Up of E-Fuels Production,”
2023. [Accessed 17 April 2024].

Energy and Climate Change Directorate, “Hydrogen

GKN Hydrogen GmbH, “Hydrogen Storage All-In-
One-Solutions,” 2024. [Accessed 17 April 2024].

H2FC SUPERGEN, “Opportunities for hydrogen and
fuel cell technologies to contribute to clean growth
in the UK,” 2020. [Accessed 03 November 2023].

Henry Royce Institute, “Materials for end-to-end
hydrogen study,” 2021. [Accessed 20 October 2023].

Holman Fenwick Willan LLP, “"NH3 News: Is
Ammonia The Future of Long-Distance Hydrogen
Transport?,” 2024. [Accessed 17 April 2024].

action plan,” 2022. [Accessed 20 October 2023].

Energy Systems Catapult, “Innovating to Net
Zero,” 2020. [Accessed 03 November 2023].

Environment Agency, “Emerging techniques
for hydrogen production with carbon capture,”
2023. [Accessed 19 December 2023].

EURAMET, "EMPIR project publishes
quide for characterising hydrogen flow
meters,” 2023. [Accessed 17 April 2024].

EURAMET, “Metrology for the hydrogen supply
chain,” 2021. [Accessed 17 April 2024].

European Clean Hydrogen Alliance,
“Roadmap on Hydrogen Standardisation,”
2023. [Accessed 19 December 2023].

European Commission, “Strategic Research and
Innovation Agenda 2021 -2027, Clean Hydrogen
Joint Undertaking - SRIA Key Performance Indicators

(KPIs),” 2022. [Accessed 17 October 2023].

European Industrial Gases Association
AISBL, “Hydrogen Pipeline Systems,”
2014. [Accessed 17 April 2024].

Z.Fan, H. Sheerazi and A. Bhardwaj, “Hydrogen
Leakage: A Potential Risk for the Hydrogen
Economy,” Center on Global Energy Policy, Columbia
School of International And Public Affairs, 2022.

G. R. Grim, D. Ravikumar, E. C. Tan, Z. Huang,

J.R. Ferrell lll, M. Resch, Z. Li, C. Mevawala,

S. D. Philipps, L. Showden-Swan, L. Tao and

J. A. Schaidle, “Electrifying the production of
sustainable aviation fuel: the risks, economics,
and environmental benefits of emerging pathways
including CO2,” Energy Environmental Science, vol.
15, pp. 4798-4812, 2022. [Accessed 17 April 2024].

General Atomics, “Sulfur lodine Process Summary
for the Hydrogen Technology Down-Selection,”
2009. [Accessed 02 November 2023].

GKN Aerospace, “Hydrogen Electric
Propulsion,” 2024. [Accessed 17 April 2024].

Horizon Europe, European Commission,
“Hydrogen for heat production for hard-to-abate
industries (e.g. retrofitted burners, furnaces),
HORIZON-JTI-CLEANH2-2023-04-04,"

2023. [Accessed 19 December 2023].

Hydrogen Alliance, “Hydrogen certification
101,” 2023. [Accessed 17 April 2024].

Hydrogen UK, “International Hydrogen Progress
Index,” 2023. [Accessed 10 November 2023].

N. Klopcic¢ et al., “A review on metal hydride materials
for hydrogen storage,” Journal of Energy Storage,
vol. 72, no. Part B, p. 108456, 20 November 2023.

G. Kakoulaki et al., “Green hydrogen in
Europe - A regional assessment: Substituting
existing production with electrolysis powered
by renewables,” Energy Conversion and
Management, vol. 228, p. 113649, 2021.

International Energy Agency Bioenergy,
“Hydrogen from biomass gasification,”
2018. [Accessed 02 November 2023].

International Energy Agency, “Global Hydrogen
Review 2022, 2022. [Accessed 17 October 2023].

International Energy Agency, “Global Hydrogen
Review,” 2023. [Accessed 11 October 2023].

International Energy Agency, “Net Zero by
2050 - A Roadmap for the Global Energy
Sector,” 2021. [Accessed 10 May 2023].

International Energy Agency, “Net Zero Roadmap
- A Global Pathway to Keep the 1.5°C Goal in
Reach,” 2023. [Accessed 10 October 2023].

International Renewable Energy Agency,
“Green hydrogen cost reduction: Scaling up
electrolysers to meet the 1.5C climate goal,”
2020. [Accessed 02 November 2023].

ITM Power, “Leading PEM Electrolyser stack
technology,” 2024. [Accessed 17 April 2024].

41 MHydrogen Innovation Initiative

J. G. Hemrrick, “Refractory issues related to the use
of hydrogen as an alternative fuel,” American Ceramic
Society Bulletin, vol. 101, no. 2, pp. 26-31, March 2022.

Japan Ship Technology Research Association,
MLIT and Nippon Foundation, “Roadmap to
Zero Emission from International Shipping,”
2020. [Accessed 20 October 2023].

Johnson Matthey, “Membrane electrode assembly

Nikkiso, “Cryogenic Pumps,” 2024.
[Accessed 22 April 2024].

0. Serpell, Z. Hsain, A. Chu and W. Johnsen,
“Ammonia’s Role In A Net-Zero Hydrogen
Economy,” March 2023. [Accessed 22 April 2024]

Oxford Institute for Energy Studies, “Cost-
competitive green hydrogen: how to lower the cost of
electrolysers?” 2022. [Accessed 02 November 2023].

(MEA),” 2024. [Accessed 17 April 2024].

Johnson Matthey, “Powering the future of fuel
cells,” 2021. [Accessed 11 October 2023].

Viviana Cigolotti et al., “Comprehensive Review on
Fuel Cell Technology for Stationary Applications as
Sustainable and Efficient Poly-Generation Energy
Systems,” Energies, vol. 14, no. 16, p. 4963, 2021.

M. Martinelli, . M. K. Gnanamani, S. Leviness,

G. Jacobs and W. D. Shafer, “An overview of
Fischer-Tropsch Synthesis: XtL processes,
catalysts and reactors,” Applied Catalysis A:
General, vol. 608, no. 117740, 25 November 2020.

M. S. Ali, S. K. Kamarudin, M. S. Masdar and A.
Mohamed, “An Overview of Power Electronics
Applications in Fuel Cell Systems: DC and AC

Converters,” The Scientific World Journal, 2014.

M. Tao, J. A. Azzolini, E. B. Stechel, K. E. Ayers and

T. . Valdez, “Review—Engineering Challenges in
Green Hydrogen Production Systems,” Journal of The
Electrochemical Society, vol. 169, no. 054503, 2022.

M. Zoback and D. Smit, “Meeting the challenges
of large-scale carbon storage and hydrogen
production,” Proceedings of the National Academy
of Sciences, vol. 120, no. 11, 14 March 2023.

McKinsey & Company, “The net-zero transition:
What it would cost, what it could bring,”
2022. [Accessed 15 December 2023].

Nasiru Salahu Muhammed et al., “A review on
underground hydrogen storage: Insight into
geological sites, influencing factors and future
outlook,” Energy Reports, vol. 8, pp. 461-469, 2022.

Julien Mouli-Castillo et al., “Mapping
geological hydrogen storage capacity and
regional heating demands: An applied UK case
study,” Applied Energy, vol. 116348, 2021.

National Research Council and National
Academy of Engineering, “Appendix H: Useful
Conversions and Thermodynamic Properties,”
in The Hydrogen Economy: Opportunities, Costs,
Barriers, and R&D Needs, Washington, DC, The
National Academies Press, 2004, p. 240.

P. Budden and F. Murray, “An MIT Approach to
Innovation,” 2019. [Accessed 16 October 2023].

Parliamentary Office of Science and
Technology, “Enerqy security,” 2022.
[Accessed 10 November 2023].

S. Mekhilef et al., “Comparative study of different
fuel cell technologies,” Renewable and Sustainable
Energy Reviews, vol. 16, no. 1, pp. 981-989, 2012.

Rashidi S., Karimi N., Sunden B., KimK. C.,, Olabi A. G.,
Mahian O., “Progress and challenges on the thermal
management of electrochemical energy conversion
and storage technologies: Fuel cells, electrolysers,
and supercapacitors,” Progress in Energy and
Combustion Science, vol. 88, no. 100966, 2022.

Rijksdienst voor Ondernemend Nederland, “DEI+:
Waterstof en groene chemie (GroenvermogenNL),”
2022. [Accessed 15 December 2023].

Rosen Group, “Crack Management Of Hydrogen
Pipelines,” 2021. [Accessed 22 April 2024].

S. M. Haile, “Fuel cell materials and components,”
Acta Materialia, vol. 51, no. 19, pp. 5981-6000, 2003.

Siemens Energy, “Zero Emission Hydrogen Turbine
Center,” 2023. [Accessed 06 November 2023].

Sustainable pipeline Systems, “Helical Optical
Fibre Integrity monitoring, Doc No SPS-0033-
REP-0002,” 2022. [Accessed 22 April 2024]

The Department for Business, Energy &
Industrial Strategy (BEIS), “Supply Chains to
Support a Hydrogen Economy,” Optimat Limited,
Wood, 2022. [Accessed 17 October 2023].

The Royal Society, “Net zero aviation fuels:
resource requirements and environmental
impacts,” 2023. [Accessed 22 April 2024].

The UK National Nuclear Laboratory, “HyTN
Development of Thermochemical Hydrogen
Production from Nuclear Final Feasibility
Report,” 2022. [Accessed 17 April 2024].

TUV SUD National Engineering Laboratory, “Tackling
flow measurement challenges for hydrogen
fuels,” 2021. [Accessed 19 December 2023].

Hydrogen technology roadmaps 42


https://www.gov.uk/guidance/uk-carbon-capture-and-storage-government-funding-and-support
https://www.gov.uk/guidance/uk-carbon-capture-and-storage-government-funding-and-support
https://www.dnv.com/focus-areas/hydrogen/forecast-to-2050.html
https://www.efuel-alliance.eu/fileadmin/Downloads/Joint_Letter/230901_Industry_joint_statement_for_the_international_eFuel_conference__1__37_.pdf
https://www.efuel-alliance.eu/fileadmin/Downloads/Joint_Letter/230901_Industry_joint_statement_for_the_international_eFuel_conference__1__37_.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/strategy-plan/2022/12/hydrogen-action-plan/documents/hydrogen-action-plan/hydrogen-action-plan/govscot%3Adocument/hydrogen-action-plan.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/strategy-plan/2022/12/hydrogen-action-plan/documents/hydrogen-action-plan/hydrogen-action-plan/govscot%3Adocument/hydrogen-action-plan.pdf
https://es.catapult.org.uk/report/innovating-to-net-zero/
https://es.catapult.org.uk/report/innovating-to-net-zero/
https://www.gov.uk/guidance/hydrogen-production-with-carbon-capture-emerging-techniques
https://www.gov.uk/guidance/hydrogen-production-with-carbon-capture-emerging-techniques
https://www.euramet.org/publications-media-centre/news/news/empir-project-publishes-guide-for-characterising-hydrogen-flow-meters
https://www.euramet.org/publications-media-centre/news/news/empir-project-publishes-guide-for-characterising-hydrogen-flow-meters
https://www.euramet.org/publications-media-centre/news/news/empir-project-publishes-guide-for-characterising-hydrogen-flow-meters
https://msu.euramet.org/current_calls/greendeal_2021/documents/SRT-v09v1.1.pdf
https://msu.euramet.org/current_calls/greendeal_2021/documents/SRT-v09v1.1.pdf
https://www.cencenelec.eu/media/CEN-CENELEC/News/Press%20Releases/2023/20230301_ech2a_roadmaphydrogenstandardisation.pdf
https://www.clean-hydrogen.europa.eu/system/files/2022-02/Clean%20Hydrogen%20JU%20SRIA%20-%20approved%20by%20GB%20-%20clean%20for%20publication%20%28ID%2013246486%29.pdf
https://www.clean-hydrogen.europa.eu/system/files/2022-02/Clean%20Hydrogen%20JU%20SRIA%20-%20approved%20by%20GB%20-%20clean%20for%20publication%20%28ID%2013246486%29.pdf
https://www.clean-hydrogen.europa.eu/system/files/2022-02/Clean%20Hydrogen%20JU%20SRIA%20-%20approved%20by%20GB%20-%20clean%20for%20publication%20%28ID%2013246486%29.pdf
https://www.clean-hydrogen.europa.eu/system/files/2022-02/Clean%20Hydrogen%20JU%20SRIA%20-%20approved%20by%20GB%20-%20clean%20for%20publication%20%28ID%2013246486%29.pdf
https://www.eiga.eu/uploads/documents/DOC121.pdf
https://www.energypolicy.columbia.edu/wp-content/uploads/2022/07/HydrogenLeakageRegulations_CGEP_Commentary_063022.pdf
https://www.energypolicy.columbia.edu/wp-content/uploads/2022/07/HydrogenLeakageRegulations_CGEP_Commentary_063022.pdf
https://www.energypolicy.columbia.edu/wp-content/uploads/2022/07/HydrogenLeakageRegulations_CGEP_Commentary_063022.pdf
https://art.inl.gov/NGNP/Subcontractors%20Documents/General%20Atomics/Sulfur%20Iodine%20Process%20Summary%20for%20the%20Hydrogen%20Technology%20Down-Selection.pdf
https://art.inl.gov/NGNP/Subcontractors%20Documents/General%20Atomics/Sulfur%20Iodine%20Process%20Summary%20for%20the%20Hydrogen%20Technology%20Down-Selection.pdf
https://www.gknaerospace.com/en/our-technology/future-technology/hydrogen-technologies/
https://www.gknaerospace.com/en/our-technology/future-technology/hydrogen-technologies/
https://www.gknhydrogen.com/hydrogen-offgrid/
https://www.gknhydrogen.com/hydrogen-offgrid/
https://discovery.ucl.ac.uk/id/eprint/10096675/1/2020_04_H2FC_Supergen_Hydrogen_Fuel_Cells_P_Dodds_DIGITAL_W_COVER_v05.pdf
https://discovery.ucl.ac.uk/id/eprint/10096675/1/2020_04_H2FC_Supergen_Hydrogen_Fuel_Cells_P_Dodds_DIGITAL_W_COVER_v05.pdf
https://discovery.ucl.ac.uk/id/eprint/10096675/1/2020_04_H2FC_Supergen_Hydrogen_Fuel_Cells_P_Dodds_DIGITAL_W_COVER_v05.pdf
https://www.royce.ac.uk/content/uploads/2021/06/Materials-for-End-to-End-Hydrogen_Roadmap.pdf
https://www.royce.ac.uk/content/uploads/2021/06/Materials-for-End-to-End-Hydrogen_Roadmap.pdf
https://www.hfw.com/NH3-News-Is-ammonia-the-future-of-long-distance-hydrogen-transport
https://www.hfw.com/NH3-News-Is-ammonia-the-future-of-long-distance-hydrogen-transport
https://www.hfw.com/NH3-News-Is-ammonia-the-future-of-long-distance-hydrogen-transport
https://www.horizon-europe.gouv.fr/hydrogen-heat-production-hard-abate-industries-eg-retrofitted-burners-furnaces-34804
https://www.horizon-europe.gouv.fr/hydrogen-heat-production-hard-abate-industries-eg-retrofitted-burners-furnaces-34804
https://www.horizon-europe.gouv.fr/hydrogen-heat-production-hard-abate-industries-eg-retrofitted-burners-furnaces-34804
https://hydrogencouncil.com/wp-content/uploads/2023/08/Hydrogen-Certification-101.pdf
https://hydrogencouncil.com/wp-content/uploads/2023/08/Hydrogen-Certification-101.pdf
https://hydrogen-uk.org/wp-content/uploads/2023/09/HUK-ENA-Methodology.pdf
https://hydrogen-uk.org/wp-content/uploads/2023/09/HUK-ENA-Methodology.pdf
https://www.ieabioenergy.com/wp-content/uploads/2019/01/Wasserstoffstudie_IEA-final.pdf
https://www.iea.org/reports/global-hydrogen-review-2022
https://www.iea.org/reports/global-hydrogen-review-2022
https://iea.blob.core.windows.net/assets/cb9d5903-0df2-4c6c-afa1-4012f9ed45d2/GlobalHydrogenReview2023.pdf
https://iea.blob.core.windows.net/assets/cb9d5903-0df2-4c6c-afa1-4012f9ed45d2/GlobalHydrogenReview2023.pdf
https://iea.blob.core.windows.net/assets/4719e321-6d3d-41a2-bd6b-461ad2f850a8/NetZeroby2050-ARoadmapfortheGlobalEnergySector.pdf
https://iea.blob.core.windows.net/assets/4719e321-6d3d-41a2-bd6b-461ad2f850a8/NetZeroby2050-ARoadmapfortheGlobalEnergySector.pdf
https://iea.blob.core.windows.net/assets/4719e321-6d3d-41a2-bd6b-461ad2f850a8/NetZeroby2050-ARoadmapfortheGlobalEnergySector.pdf
https://iea.blob.core.windows.net/assets/13dab083-08c3-4dfd-a887-42a3ebe533bc/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-2023Update.pdf
https://iea.blob.core.windows.net/assets/13dab083-08c3-4dfd-a887-42a3ebe533bc/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-2023Update.pdf
https://iea.blob.core.windows.net/assets/13dab083-08c3-4dfd-a887-42a3ebe533bc/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-2023Update.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
https://itm-power.com
https://itm-power.com
https://www.mlit.go.jp/common/001354314.pdf
https://www.mlit.go.jp/common/001354314.pdf
https://matthey.com/products-and-markets/transport/fuel-cells/fuel-cells-technology/membrane-electrode-assembly-mea
https://matthey.com/products-and-markets/transport/fuel-cells/fuel-cells-technology/membrane-electrode-assembly-mea
https://matthey.com/documents/161599/404083/JM+Fuel+Cells+brochure.pdf/2f7c87ed-276b-eea6-b39a-3cdee792282c?t=1694010318947 
https://matthey.com/documents/161599/404083/JM+Fuel+Cells+brochure.pdf/2f7c87ed-276b-eea6-b39a-3cdee792282c?t=1694010318947 
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/the%20net%20zero%20transition%20what%20it%20would%20cost%20what%20it%20could%20bring/the-net-zero-transition-executive-summary.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/the%20net%20zero%20transition%20what%20it%20would%20cost%20what%20it%20could%20bring/the-net-zero-transition-executive-summary.pdf
https://www.nikkisoceig.com/product-categories/cryogenic-pumps/
https://kleinmanenergy.upenn.edu/wp-content/uploads/2023/03/KCEP-Digest53-Ammonias-Role-Net-Zero-Hydrogen-Economy.pdf
https://kleinmanenergy.upenn.edu/wp-content/uploads/2023/03/KCEP-Digest53-Ammonias-Role-Net-Zero-Hydrogen-Economy.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Cost-competitive-green-hydrogen-how-to-lower-the-cost-of-electrolysers-EL47.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Cost-competitive-green-hydrogen-how-to-lower-the-cost-of-electrolysers-EL47.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Cost-competitive-green-hydrogen-how-to-lower-the-cost-of-electrolysers-EL47.pdf
https://innovation.mit.edu/assets/BuddenMurray_An-MIT-Approach-to-Innovation2.pdf
https://innovation.mit.edu/assets/BuddenMurray_An-MIT-Approach-to-Innovation2.pdf
https://researchbriefings.files.parliament.uk/documents/POST-PN-0676/POST-PN-0676.pdf
https://www.rvo.nl/subsidies-financiering/dei/waterstof-en-groene-chemie
https://www.rvo.nl/subsidies-financiering/dei/waterstof-en-groene-chemie
https://hysafe.info/uploads/papers/2021/133.pdf
https://hysafe.info/uploads/papers/2021/133.pdf
https://www.siemens-energy.com/global/en/home/products-services/solutions-usecase/hydrogen/zehtc.html
https://www.siemens-energy.com/global/en/home/products-services/solutions-usecase/hydrogen/zehtc.html
https://assets.publishing.service.gov.uk/media/649ae33db4d6ef0012038f88/Sustainable_Pipeline_Systems_-_Helical_Optical_Fibre_Integrity_monitoring_for_Hydrogen_Pipelines_-_IFS_Feasibility_Report.pdf
https://assets.publishing.service.gov.uk/media/649ae33db4d6ef0012038f88/Sustainable_Pipeline_Systems_-_Helical_Optical_Fibre_Integrity_monitoring_for_Hydrogen_Pipelines_-_IFS_Feasibility_Report.pdf
https://assets.publishing.service.gov.uk/media/649ae33db4d6ef0012038f88/Sustainable_Pipeline_Systems_-_Helical_Optical_Fibre_Integrity_monitoring_for_Hydrogen_Pipelines_-_IFS_Feasibility_Report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1092371/supply-chains-to-support-uk-hydrogen-economy-wood-template.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1092371/supply-chains-to-support-uk-hydrogen-economy-wood-template.pdf
https://royalsociety.org/-/media/policy/projects/net-zero-aviation/net-zero-aviation-fuels-policy-briefing.pdf
https://royalsociety.org/-/media/policy/projects/net-zero-aviation/net-zero-aviation-fuels-policy-briefing.pdf
https://royalsociety.org/-/media/policy/projects/net-zero-aviation/net-zero-aviation-fuels-policy-briefing.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1158081/HYS2115_NNL_Final_Feasibility_Report__Public_.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1158081/HYS2115_NNL_Final_Feasibility_Report__Public_.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1158081/HYS2115_NNL_Final_Feasibility_Report__Public_.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1158081/HYS2115_NNL_Final_Feasibility_Report__Public_.pdf
https://gulfenergyinfo.com/h2tech/articles/2021/01/tackling-flow-measurement-challenges-for-hydrogen-fuels
https://gulfenergyinfo.com/h2tech/articles/2021/01/tackling-flow-measurement-challenges-for-hydrogen-fuels
https://gulfenergyinfo.com/h2tech/articles/2021/01/tackling-flow-measurement-challenges-for-hydrogen-fuels

U.S. Department of Energy, “An Introduction

to SAE Hydrogen Fuelling Standardization”
2014. [Accessed 22 April 2024].

U.S. Department of Energy, “U.S. National

Clean Hydrogen Strateqy and Roadmap,”
2023. [Accessed 17 October 2023].

U.S. Department of Energy, Hydrogen and
Fuel Cell Technologies Office, “H2-PACE:

Power and Control Electronics for Hydrogen
Technologies,” 2021. [Accessed 17 April 2024].

U.S. Department of Energy, U.S. Department
of Transportation, and U.S. Department

of Agriculture, “SAF Grand Challenge
Roadmap,” 2022. [Accessed 17 April 2024].

United Nations Framework Convention on

Climate Change, "The Paris Agreement,”
2023. [Accessed 14 December 2023].

S. Shiva Kumar et al., “Hydrogen production by PEM
water electrolysis — A review,” Materials Science for
Energy Technologies, vol. 2, no. 3, pp. 442-454, 2019.

V. Kohli, “Four ways to improve the power

density of power electronic devices,”
2023. [Accessed 17 April 2024].

XE, “US Dollar to British Pound Exchange Rate
Chart,” 2023. [Accessed 04 October 2023].

Yodwong, B.; Guilbert, D.; Phattanasak,
M.; Kaewmanee, W.; Hinaje, M.; Vitale,

G, "“AC-DC Converters for Electrolyzer
Applications: State of the Art and Future
Challenges,” Electronics, vol. 9, no. 6, 2020.

43 MHydrogen Innovation Initiative

Hydrogen technology roadmaps 44


https://www.energy.gov/sites/prod/files/2014/09/f18/fcto_webinarslides_intro_sae_h2_fueling_standardization_091114.pdf
https://www.energy.gov/sites/prod/files/2014/09/f18/fcto_webinarslides_intro_sae_h2_fueling_standardization_091114.pdf
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/us-national-clean-hydrogen-strategy-roadmap.pdf
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/us-national-clean-hydrogen-strategy-roadmap.pdf
https://www.energy.gov/sites/default/files/2022-07/h2-pace-report.pdf
https://www.energy.gov/sites/default/files/2022-07/h2-pace-report.pdf
https://www.energy.gov/sites/default/files/2022-07/h2-pace-report.pdf
https://www.energy.gov/sites/default/files/2022-09/beto-saf-gc-roadmap-report-sept-2022.pdf
https://www.energy.gov/sites/default/files/2022-09/beto-saf-gc-roadmap-report-sept-2022.pdf
https://unfccc.int/process-and-meetings/the-paris-agreement
https://www.power-and-beyond.com/four-ways-to-improve-the-power-density-of-power-electronic-devices-a-272c76d097c8a6e5b10124643afd18b0/#:~:text=The%20power%20density%20of%20a%20power%20electronic%20device%20should%20be,cost%20of%20the%20power%20system
https://www.power-and-beyond.com/four-ways-to-improve-the-power-density-of-power-electronic-devices-a-272c76d097c8a6e5b10124643afd18b0/#:~:text=The%20power%20density%20of%20a%20power%20electronic%20device%20should%20be,cost%20of%20the%20power%20system
https://www.xe.com/currencycharts/?from=USD&to=GBP&view=1M
https://www.xe.com/currencycharts/?from=USD&to=GBP&view=1M

ﬂi Innovate
H I I pal"tners: Supported by: d S

_catAPULT cATA!?Ul.T caTAPULT cATAl?ngs!:I

nnected Places

C g Ui
hydrogeninnovation.co.uk caTAPULT  catAPULT  caraPULT (G Class. NPLE

Offshore Renewable Energy Satellite Applications National Physical Laboratory Technology Driving Transition



https://hydrogeninnovation.co.uk/

