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EnableH2 has identified thirteen research and technology strands for the development of 
liquid hydrogen aircraft for potential initial entry into service between 2035 and 2050:

• Ensuring safety with hydrogen-fuelled aviation

• Materials development and qualification for hydrogen aircraft systems

• Regulation and certification of hydrogen aircraft, fuel and operations

• Hydrogen aircraft environmental impact and life cycle assessment

• Decarbonisation of energy sources for aviation

• Hydrogen production, liquefaction and distribution 

• Airport LH2 infrastructure and aircraft fuelling

• Design of aircraft fuel systems and fuel storage for liquid hydrogen

• Propulsion systems design for liquid hydrogen

• Hydrogen combustor design and emissions reduction 

• New transport aircraft designs for liquid hydrogen

• Liquid hydrogen aircraft operation and maintenance 

• Economics of liquid hydrogen vs. alternative fuels

3

Executive Summary
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• Introduction

• History of Hydrogen Aviation

• Background

• Overall Roadmap Results

• Description of the Research Strands

• Third-Party Roadmaps

• Case Studies

• Additional Information

• Glossary
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Today larger aircraft are almost exclusively provided with energy via kerosene refined from crude oil (Jet A or Jet A-1), but the 

environmental and climate impact of burning fossil fuels has driven the aviation industry to consider alternative energy sources. 

‘Drop-in’ replacement fuels are certified to be mixed into kerosene at up to 50%,  but today less than 0.1% of aviation fuel is 

sustainable aviation fuel (SAF). Moreover, its feedstocks are scarce and have alternative uses. 

Electrified propulsion also has large hurdles to overcome, even just to power a small proportion of short-range flights, and battery 

powered aviation is unlikely ever to have a significant impact on the environment and global warming.

Hydrogen has been studied as a fuel throughout the history of aviation because of its very high energy density, potential production 

from renewable resources, and not generating long-lived greenhouse gases upon combustion. Its use in air transportation still poses 

significant engineering challenges, but paths to their solution are described in this report. 

The ENABLEH2 project was created because of these perceived advantages of cryogenic liquid hydrogen (LH2) as an aircraft fuel.  The 

project has researched critical engineering challenges, including safe use of LH2 in jet airliners, its combustion with minimum 

nitrogen oxide formation and fuel systems to deliver and preheat the hydrogen to maximize engine efficiency. 

Acknowledging the breadth of the challenge, the project team is supplementing the specific research actions with this roadmap. It 

illustrates the wide scope of technologies being developed and describes how knowledge gaps can be researched in a structured

framework: progressing from basic understanding to testing and demonstration. We believe this academic approach will provide 

useful input for the planning and execution of upcoming European and global efforts to mature hydrogen aircraft technology. 

6
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Hydrogen was used in the 18th century to fill balloons, providing more lift than heated air. A century later, as airships were 

introduced, hydrogen was the most common source of lift. By the 20th century some German zeppelin engines were fueled with 

“Blaugas”. This mixture of hydrocarbons and a small percentage of hydrogen has a density close to air, and consequently its 

consumption did not affect the buoyancy of the craft.

The jet engine, developed in the beginning of the 20th century, can achieve very high specific power. To exploit this potential, a liquid 

fuel must evaporate and burn in the brief time it remains in a relatively small combustion chamber.  The German engineer Von Ohain, 

realized the evaporation phase could be avoided by hydrogen fuel, which was consequently used for in tests in 1937.  His engine 

became the first to power a flying jet aircraft in 1939. 

In the mid-40s liquid hydrogen (LH2) fuel was evaluated by the US for jet engines and rocket applications, but dismissed primarily 

because of its low density, production and handling difficulties. Nevertheless, the US military and Ohio State University researched 

LH2 production and its use as a fuel, including hydrogen-air combustion for aircraft propulsion,  up to the early 1950s. Studies of using 

LH2 for other purposes continued, leading to progress on LH2 turbo pumps and on the large-scale liquefaction and catalytic 

conversion of ortho- to para-hydrogen to reduce evaporation losses.

Hydrogen research shifted to the NACA, initially concentrating on rocket launchers for satellites, but towards the mid 1950s military 

interest in flight above 20 km altitude increased. Lightweight foam insulated tanks, made rigid by internal overpressure, were 

studied. The goal was a tank weight of only 10-15% of the fuel it carried. Investigations considered fuel systems for aircraft and 

engines as well as combustor design for jet engines.

8

Hydrogen in Aviation: 1800s to 1950s
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In 1957 the practical operation of a hydrogen jet aircraft was tested.  A B-57B Canberra was equipped with a wing-tip tank containing 

1.7 m3 of LH2 and a ram-air hydrogen heater on the wing. Hydrogen gas was injected into one of the aircraft’s jet engines which 

retained also its conventional kerosene fuel system. A metering valve for the gaseous hydrogen was used to govern engine speed, 

operated by the modified control system. Flights of up to 30 minutes operation on hydrogen were made with the stainless-steel 

foam-insulated tank pressurized by helium. Later flights used a piston pump inside the tank to pressurize and feed fuel to the engine.

Subsequently, Pratt & Whitney designed a jet engine to run on hydrogen and tested it on the ground. Although it was never flight

tested, a working engine was developed with an exhaust-heated hydrogen vaporizer and a combustor for gaseous hydrogen. 

The studies of LH2 as an aircraft fuel reignited interest in it for rocket launchers, with an engine contract awarded to Pratt & Whitney 

in 1958. The Atlas Centaur rocket was first flown in 1962 using liquid oxygen and a 53 m3 tank for LH2. The use of hydrogen in rockets 

has since become a common practice, especially for upper stages. The space shuttle external tank had a volume of about 1500 m3.

Interest in hydrogen propulsion of aircraft resurfaced several times subsequently. During the oil crises in the 1970s there was a spike 

of interest in finding a fuel that did not rely on petroleum. Lockheed and other contractors conceptually designed an aircraft, engines 

and fuel systems. Supersonic and subsonic transport aircraft were considered. 

In the 1980s, in the Soviet Union, Tupolev also began investigating using hydrogen as a fuel. In 1988 a Tu-155 flew with one engine 

fed from a 17 m3 LH2 tank. The tank and other equipment were housed within the cabin, reducing potential passenger capacity. Also 

in 1988, a piston powered single engine Grumman American AA-5 became the first manned aircraft to take off and fly solely on LH2. 

Subsequently,  in 1992, Deutsche Aerospace Airbus reported some initial studies on LH2 for aviation.

9

Hydrogen in Aviation: 1950s to 2000
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Hydrogen in Aviation: 2000 to 2016

24.11.2022 ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation

In 2000, the EU funded CRYOPLANE project, led by Airbus, studied LH2 as a fuel for subsonic transport aircraft. Conceptual designs of 

aircraft ranging in size from a business jet to a large long-range airliner were created. Analysis indicated that an aircraft using LH2 

would not be less safe than one using kerosene. The climate impact from the remaining emissions of nitrogen oxide and water and 

the elimination of carbon dioxide was simulated. It was concluded that use of hydrogen would offer significant environmental and

climate change benefits, despite the increased water vapour emissions. 

In 2008 Boeing flew a Diamond DA20 converted to fuel cell propulsion for 20 minutes at 100 km/h. From 2009, researchers at NASA 

have presented studies on a N3-X 300 seat aircraft concept powered by two gas turbines running on hydrogen stored as LH2. Key 

takeaways include 70% reduced energy use compared to a Boeing 777-200LR and NOx emissions 80% below upcoming regulation.

The EU sponsored ENFICA project team set a world record of 135 km/h over a 3 km course with a fuel cell aircraft in 2010, with 150-

160 km/h cruise for up to one hour claimed to be feasible.  Between 2012 and 2014 Boeing tested the Phantom Eye unmanned 

aircraft at up to 54,000 feet altitude and 9 hours duration. The aircraft stored LH2 in two spherical aluminium alloy tanks having about 

5 inches of sprayed-on foam insulation (SOFI). 

In 2013 the US Office Naval Research Laboratory demonstrated a 48-hour fuel cell powered flight using LH2 in a drone weighing 16 kg.  

At the time of writing, fuel cells for small unmanned drones are commercially available.

The impact of air traffic on the climate was analyzed by the UN in the 1990s, and more focus on mitigation has followed, especially 

after the Paris Agreement in 2015.  While this did not set a specific target for international aviation, it is implicitly covered as a part of 

national obligations to avoid exceed 2°C global warming. 
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The ENABLEH2 initiative began in 2016 and was funded by the EU from 2018. 

European countries have started to set goals and target years for the reduction of aviation emissions and climate impact. In the

process, several countries have been promoting hydrogen as a potential or preferred path for emissions reduction. The pace of

announcements regarding hydrogen-powered aircraft has therefore increased markedly from 2020 onwards. 

The EU funded Joint Undertakings Clean Sky 2 and Fuel Cell and Hydrogen 2, commissioned a study of hydrogen as an aviation fuel.

The outcome, presented in May 2020, stated that hydrogen was a suitable fuel for short/medium range commercial aircraft with 

introduction targeted before 2035.  The study considered both fuel cell and gas turbine propulsion. The projected cost impact was 

estimated as less than 20 USD/passenger for short range flights, with an associated climate impact reduction of 50-90%.

In July 2020, the UK Aerospace Technology Institute launched the FlyZero project to study concepts and market opportunities for 

zero carbon emission aircraft.  In 2021, FlyZero presented a concept aircraft with a range of 10,000 km using LH2 storage. 

In September 2020, Airbus announced its ambition to develop a zero emission commercial aircraft by 2035. Three concept aircraft 

were described, using turbofans, fuel cell powered propellers, and hybrid electric turbine propulsion, respectively. 

In 2020, the EU funded MAHEPA consortium, flew the 4-seat HY4 on fuel cells and ZeroAvia flew a converted Piper M350, partly on 

fuel cell power. A cruising flight using power solely from fuel cells followed in 2021. 

In October 2022, the Hydrogen Aviation Lab, a project designed to prepare for handling and maintenance of hydrogen-powered 

aircraft, was announced. The project partners, including DLR and Lufthansa Technik, will use a decommissioned A320 as a test bed.

11

Hydrogen in Aviation: 2016 to 2022
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• The ENABLEH2 project has included roadmapping for the introduction of liquid hydrogen (LH2)
as a commercial aviation fuel. Roadmaps help serve the EU’s industrial strategy ambition.

• This slide shows how the roadmaps developed – subsequent slides focus on the particular
R&D activities needed, proposing timelines for enabling technologies to be raised to TRL 6.

• Preliminary roadmaps generated for MS3 were described at the EASN conference in 2020.

• FlyZero was then launched by the UK’s ATI, with ENABLEH2 industry advisory board (IAB)
members and Cranfield University providing inputs. Results were published in March 2022.

• The final ENABLEH2 roadmaps reflect FlyZero results and include longer-term perspectives.

Roadmap for the ENABLEH2 roadmapping:

13

Roadmapping in ENABLEH2

24.11.2022

1 Apr 2020                        1 Oct 2020                        1 Apr 2021                         1 Oct 2021            1 Apr 2022                        1 Oct 2022

Initial feedback from 

partners and IAB

Input 

collector in 

circulation

Project review 5 May

Initial roadmap 

development

EASN presentation 3 Sept

MS3: First iteration of the 

overall roadmap for LH2

Issue of ENABLEH2 deliverable D5.2: 

Roadmap for the Introduction and 

Transition to LH2 for Civil Aviation

FlyZero 

project 

launch

Roadmaps 

updated

Roadmaps 

reviewed

FlyZero 

results 

published
FlyZero roadmaps are available at: 

https://www.ati.org.uk/flyzero/

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation

https://www.ati.org.uk/flyzero/
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Clean Hydrogen: 
the New Industrial Strategy for Europe

24.11.2022

The EU Commission on March 10, 2020, presented its New industrial strategy for Europe

• ‘Europe needs an industry that becomes greener and more digital while remaining competitive on the global stage’

Main points:

• An energy efficiency first principle and a secure and sufficient supply of low-carbon energy

• Planning and investment in low-carbon power technologies, capacity and infrastructure

• A strategic approach to renewable energy (RE) industries, offshore energy and their supply chain

• All carriers of energy, including electricity, gas and liquid fuels will need to be used more effectively by linking different sectors: 

a new strategy for smart sector integration, which will also set out the Commission’s vision on clean hydrogen 

• Trans-European energy networks to support the transition to ‘climate neutrality’

• Special focus on sustainable and smart mobility industries to support Europe’s industrial competitiveness and improve connectivity

(twin transitions: notably automotive, aerospace, rail and ship building industries, as well as for alternative fuels and smart and

connected mobility

• New industrial ecosystems: approach of industrial alliances using knowledge of SMEs, big companies, researchers and regions to

remove barriers and improve policy coherence

• The EU takes Clean Hydrogen as a prime example and will shortly propose launching the new European Clean Hydrogen Alliance

bringing investors together with governmental, institutional and industrial partners. The Alliance will build on existing work to identify

technology needs, investment opportunities, regulatory barriers and enablers

These principles have been included within two further EU support packages: ‘Fit for 55’ and ‘RERowerEU’

• They have at their heart the scaling-up of renewable energy supply associated with hydrogen production and its application

• Hydrogen use in heavy duty and hard to abate mobility, including aviation, is a key focus area

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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• While the EU may take a lead with its New Industrial Strategy, this lead will need to be
followed around the whole world if global warming is to be arrested

• Significant growth is anticipated in the use of hydrogen as a fuel for a range of applications
from electricity generation and heating to automotive, maritime and rail transportation

• Development of this parallel ‘hydrogen economy’ will help create infrastructure for production,
storage and distribution of hydrogen, thus reducing its cost and facilitating its use in aviation

• Use of hydrogen together with biomass or CO2 to synthesise drop-in hydrocarbon fuels for
existing aircraft designs may be seen as a stop-gap position for aviation, but it should also
help to facilitate the development of the wider, larger scale, hydrogen supply system

• This supply system may then be used to provide hydrogen fuel directly, when the technology
and economic environments are ready for the direct use of LH2 in commercial aircraft

• The wider uses for hydrogen are largely beyond the scope of our ENABLEH2 roadmapping
exercise, but other roadmaps have been, and are being, developed for such applications

15

Development of a Global Hydrogen 
Economy and Infrastructure
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Developments since the start of ENABLEH2

24.11.2022

This chart was included in the ENABLEH2 proposal in 2018 to indicate the state of the art for the 
development of LH2-fuelled aviation and the introduction of alternative low-carbon energy sources
• All-electric battery-powered aircraft are 

expected to fly very short-range routes

• H2 fuel cell and hybrid-electric regional
aircraft are now under development

• Gas turbine powered medium-range LH2

fuelled aircraft are seen to be attractive 
environmentally and also economically 
given reducing renewable energy costs

• Long-range LH2-fuelled aircraft are now
considered feasible in the medium term

• Projected costs for green LH2 are lower 
than for drop-in bio-fuels or synthetic 
fuels that use direct air capture of CO2

• LNG has been shown to offer only a 
small net CO2 reduction, so it may now 
be replaced by LH2 in this chart

References: ENABLEH2 WP1 deliverables and FlyZero:
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-ALL-REP-0004-FlyZero-Our-Vision-for-Zero-Carbon-Emission-Air-Travel.pdf

H2 for ground vehicles

GH2 low-power fuel cell

LH2 high-power APU/fuel cell

LH2/LNG for cryo-cooling/APU

Multi-fuel aircraft studies

LNG aircraft

LH2 aircraft
ENABLEH2

HYCARUS   GH2 flight demonstration

ULTIMATE 
study

1940 1960 1980 2000 2020 2040 2060 2080 2100

B-57 (NACA) 
flight tests

Fuels used in civil aviation…

Demonstrator?

Relatively small amounts of cryo-fuel are 
used to facilitate superconducting TeDP

Possible kerosene/bio-fuel/cryofuel 
or dual cryofuels combinations

Long-term cost-benefit 
and lowest emissions

Possible medium-term CH4 cost-
benefit with reduced emissions

LH2 fuel cells provide ‘zero-
emissions’ secondary power

meeting increasing aviation energy demands

Gasoline Kerosene
‘Drop-in’

bio-fuel LNG LH2

GH2 fuel cell vehicle fleet expands
BMW ‘Hydrogen7’ LH2 cars

AHEAD

CRYOPLANE

Batteries

Tu-155 flight tests

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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• Various technologies need to be developed before liquid hydrogen (LH2) can be considered a
credible economic option as a sustainable carbon-free fuel for commercial aviation.

• LH2 does not provide a ‘quick fix’ for reducing the global warming effects from aviation, since it
is first necessary to decarbonise hydrogen production and reduce its cost, but in the longer
term LH2 can provide a major solution for sustainable growth in air transportation.

• LH2 has higher energy density than alternative fuels, but its low physical density means the fuel
generally cannot all be fitted inside the wings of conventional ‘tube and wing’ aircraft.

• ‘Tube and wing’ aircraft will need larger fuselages to accommodate LH2 fuel tanks, but should
still be feasible and scalable to most market segments. However, novel architectures, such as
blended wing body (BWB) designs for long-range aircraft, may offer higher energy efficiencies.

• Larger fuel tanks mean LH2 aircraft tend to have more drag and higher empty weight, reducing
energy efficiency, but lower fuel mass can reduce maximum take-off weight if the LH2 tanks
have high gravimetric efficiency (ratio of useable fuel mass to mass of fuel plus tanks).

• LH2 is needed because compressed hydrogen gas (GH2) tanks are much too heavy except for
very short ranges where GH2 use can be competitive on weight with battery-powered aircraft.

• Fuel cell technology is not yet sufficiently advanced to displace gas turbines from commercial
aircraft cruising at over 0.75 Mach, but may soon be developed to power slower-flying aircraft.

17

Technological basis for the introduction 
of liquid hydrogen as a civil aviation fuel
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Thirteen research and technology strands have been identified as necessary to enable the 
development of LH2 aircraft for potential initial entry into service between 2035 and 2050:

• Ensuring safety with hydrogen-fuelled aviation

• Materials development and qualification for hydrogen aircraft systems

• Regulation and certification of hydrogen aircraft, fuel and operations

• Hydrogen aircraft environmental impact and life cycle assessment

• Decarbonisation of energy sources for aviation

• Hydrogen production, liquefaction and distribution 

• Airport LH2 infrastructure and aircraft fuelling

• Design of aircraft fuel systems and fuel storage for LH2

• Propulsion systems design for LH2

• Hydrogen combustor design and emissions reduction 

• New transport aircraft designs for LH2

• LH2  aircraft operation and maintenance 

• Economics of LH2 vs. alternative fuels

19

Enabling Research Strands for LH2
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• Summary of major initiatives and timescales for introducing LH2 fuelled aircraft

20

Integration of timeframe and funding for 
the introduction of LH2-fuelled aircraft 

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

ENABLEH2

Decarbonising and scaling-up the 

production of hydrogen and LH2
Project to design a LH2 airport facility and associated ground support equipment (GSE)

LH2 fuel system demonstration (including component design and development and ground testing)

Full-annular combustor demonstration 

Flight tests with a hydrogen combustor (to compare contrail formation with a kerosene fuelled combustor)

(for confirmation of low NOx emissions)

New LH2 demonstrator aircraft design, build and flight test 

Optimised new LH2 aircraft design, build and certification

(the economic environment may not be ready for 2035 EIS)

Ramp-up in production of LH2-fuelled aircraft

Development of airworthiness regulations for LH2

(Possibly earlier if A320 replacement is designed for LH2) 

(Possibly earlier if LH2 targeted for A320 replacement) 

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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• Safe integration of LH2/GH2 systems into airframe 
• Key (but not the only) challenge: managing explosion risk from leaks into confined volumes (potentially 

serious consequences even from minor leaks)

• Evaluate risk:  assess leak sizes/frequency and determine potential consequences

• Evaluate/develop appropriate strategies/systems to reduce risks to acceptable levels – early detection of 
leaks/cracks, ventilation, inerting, ignition likelihood, explosion withstand, etc.

• Develop design rules and operating protocols for LH2 aircraft.

• Assess risks from large scale LH2 releases (dispersion, pool fire/fireball, blast wave) and 
examine implications for aircraft/airport design and operation.

• Crash landing / release at airport LH2 storage facility / aircraft refuelling spillage

• Develop fire-fighting requirements and procedures for LH2 enabled airports
• Procedures for Jet A and LH2 incompatible

22

Ensuring safety with hydrogen-fuelled 
aviation

24.11.2022

2070

2000 2010 2020 2030 2040 2050 2060

ENABLEH2 WP4

Development of airworthiness regulations for LH2

Analysis and experiments

Possible new LH2 aircraft design, build and certification (Possibly earlier if A320 replacement is designed for LH2)

Possible scale-up of production of LH2-fuelled aircraft

New LH2 demonstrator aircraft design, build and flight test (Possibly earlier if LH2 targeted for A320 replacement) 

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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• Materials and manufacturing processes will need to be qualified for aviation applications.

• Hydrogen-compatible materials are used today for cryogenic and spacecraft systems, but
most aircraft components are expected to remain in service for decades and to withstand
many more stress and thermal fatigue cycles.

• Combustor and turbine materials and coatings are to be reassessed for their hot corrosion
resistance in the more humid exhaust gasses produced by hydrogen combustion.

• Metal matrix and polymer composite materials to be developed for lightweight tanks.

• Accelerated environmental testing is needed to demonstrate the long-term durability of
polymer foams and/or aerogels, and their adhesives for lightweight insulation systems.

23

Materials development and qualification 
for hydrogen aircraft systems

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

Testing metal matrix composite structures (for potential weight savings in LH2 tanks)

Testing polymer composite structures

Review of stainless steel and aluminium alloys (for cryogenic components, including sensitivity to humidity and hydrogen embrittlement)

Accelerated environmental testing for durability of insulation systems

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation

(for potential weight savings in LH2 tanks)

Testing polymer foams and aerogels etc.

Review of combustor and turbine materials (for sensitivity to higher humidity and hydrogen embrittlement)
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Regulation and Certification – 1

24.11.2022

• The regulation of hydrogen aviation will require international agreements, extensions to the
certification rules in FAR/JAR 21, 25 and 33/CS-E regulations. New regulations will be
developed based on demonstration activities and on theoretical research and analysis.

• Safety regulation must be developed to ensure a positive view of hydrogen in the industry,
by travellers, and in general public opinion. This is essential for a sizeable market for
hydrogen aircraft. Non-aviation applications of hydrogen may also affect public acceptance.

• Further regulation is needed to cover flight and ground operations including ATM, airport
operations and emergency response, fuel production, liquefaction and transportation. Such
regulation may be general to all activities using hydrogen fuel and/or specific to aviation.

• Environmental regulation will be needed to govern green hydrogen and other low carbon
fuels for aviation. Regulations may provide for calculation of life-cycle carbon emissions
and requirements for emissions certificates and taxes. The impact on non-CO2 emissions
in the Landing and Takeoff (LTO) cycle, cruise NOx emissions, contrails and Aviation
Induced Cloudiness (AIC) may require additional regulations.

• Relative aviation fuel costs including emissions charges and taxes will be important drivers
for the introduction of various low carbon fuels including hydrogen.

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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Regulation and Certification – 2

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

Environmental regulation for carbon emissions

Environmental regulation for non-carbon climate impact

Airworthiness regulation development for hydrogen-fuelled aircraft

Operational and fuel handling rules

Emission certificates and fuel taxes

International agreement on the desirability of hydrogen-fuelled aircraft

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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• The case for hydrogen-fuelled aircraft rests on them eliminating the majority of
aviation’s climate impacts and other environmental effects.

• Global warming effects of fossil-fuelled aircraft at high altitude have been extensively
studied, but large uncertainty remains.

• The climate impact of high-altitude hydrogen-fuelled aircraft is even more uncertain,
but flight tests with hydrogen combustors should narrow the gap in understanding.

• Relative assessment of hydrogen and other fuels, and hydrogen combustion vs. fuel
cells for both long and short range flights, necessitates advanced atmospheric
modelling.

• The impacts of fuel production and aircraft production on climate change and the
wider environment need to be evaluated.

• A reasonable consensus on the environmental impact of hydrogen-fuelled aviation is a
necessary pre-requisite for applying environmental regulation and/or taxation on
competing fuels that would seem to be necessary to incentivise its introduction.

26

Hydrogen aircraft environmental impact 
and life cycle assessment – 1
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• A detailed and integrated cradle-to-grave assessment is needed on the environmental
impact of global aviation when using hydrogen and alternative fuels. The Horizon
Europe MINIMAL project will build on ENABLEH2 to make progress in this area.

• The effects of different fuels and fuel production routes on global warming, the ozone
layer and local air quality should also be quantified.

• Further scientific research into the total effects of aviation emissions on the atmosphere
and the resulting impacts on climate is also needed to fully validate the modelling.

27

Hydrogen aircraft environmental impact 
and life cycle assessment – 2

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

MINIMAL WP1 ‘Climate Impact’ Overall climate impact reported

Flight tests with a hydrogen combustor (to compare contrail formation with kerosene and SAF fuelled combustors)

Final assessment of the life-cycle benefits of LH2 (to justify major investments to develop LH2 as the future aviation fuel of choice)

Trade studies (e.g. to assess trade-off between design cruise speed, altitude and environmental impact)

Environmental regulation for carbon and non-carbon climate impacts

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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• Cradle-to-grave decarbonisation of global electricity supplies is a prerequisite for LH2 to be
able to reduce the net radiative forcing from aviation.

• This may be achieved with biofuels, nuclear or renewable energy production, or by carbon
sequestration from fossil fuels, though all of these technologies have environmental costs
including CO2 emissions associated with the construction of their production facilities.

• Stabilising and even reducing levels of CO2 in the atmosphere will still require offsetting to
compensate for the residual life-cycle CO2 generated by ‘low-carbon’ technologies.

• Offsetting may include reforestation, iron fertilization and DAC (direct air capture of CO2) [1]

• Successful decarbonisation of alternative fuels, e.g. biofuels and electrofuels, and their cost
and availability, will be important for their competitiveness vs. hydrogen-fuelled aviation.

28

Decarbonisation of energy sources 
for aviation

24.11.2022

1. https://en.wikipedia.org/wiki/Iron_fertilization https://en.wikipedia.org/wiki/Direct_air_capture

2000 2010 2020 2030 2040 2050 2060 2070

Phase-out of new hydrocarbon-fuelled car sales (by 2035 in UK)

Target dates for zero net GHG emissions (2035 in Finland, 2050 in UK)

Phase-out of natural gas for new domestic heating (from 2025 in UK)

Closure of remaining UK coal-fired power stations

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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• By 2050, global H2 production is forecast to increase 
tenfold to meet the demands of new applications [1]. 

• It will be radically transformed, and generated CO2-free 
from renewables, or from natural gas with sequestration.

• GW-scale electrolysis and CCUS projects are under way.

• Future global energy transfer will use alternative vectors.

• Some LH2 might be generated locally using SMR nuclear 
reactors, but disconnection of production from use seems 
likely as some populous regions may be ‘hydrogen poor’ 
and a global market in hydrogen is expected develop.

• The IEA predicts H2 production will grow for other energy 
applications [2] (before aviation demand scales-up).

29

Hydrogen production, liquefaction 
and distribution – 1

24.11.2022

[1] Hydrogen Council  [2] https://www.iea.org/fuels-and-technologies/hydrogen
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2000 2010 2020 2030 2040 2050 2060 2070

Development of more efficient and lower cost electrolysers for green hydrogen

Scale-up of CCS to 1500 M tonnes p.a.by 2040 For ‘blue’ hydrogen (Sustainable Development Scenario)

Scale-up of global hydrogen production

Development of improved PEM electrolysers in ‘H2FUTURE’ for green hydrogen project

https://www.iea.org/reports/the-future-of-hydrogen (2019) 

Mostly ‘green’ H2

https://www.iea.org/fuels-and-technologies/hydrogen
https://www.iea.org/reports/the-future-of-hydrogen
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• Hydrogen is stored and transported as a compressed gas, and not liquefied, for most applications in Europe.

• Hydrogen gas (GH2) pipeline networks will expand as new applications for hydrogen proliferate.

• Inter-regional energy-transfer pilot projects are underway supplying national import terminals and user sites
using various hydrogen carriers: GH2, LH2, ammonia, methanol, and some liquid organic hydrogen carriers
(LOHC) such as methylcyclohexane.

• LH2 production will scale-up to meet future demand. It adds about 30% to the energy needed for electrolysis.

• To ensure continuity of fuel supply, and to minimise on-site storage, airports will want multiple sources of LH2

or GH2 with liquefaction, and more electric power, maybe delivered by long-distance HVDC interconnectors.

• On-site production and liquefaction of hydrogen at a large airport like Heathrow would need about 10 GW of
electric power, even if LH2 would only be used by half of the aircraft.

• Where LH2 production is remote, rail or barge distribution will be more energy-efficient than road tanker
transportation. Long-distance LH2 pipelines are not considered commercially viable at this time.

30

Hydrogen production, liquefaction 
and distribution – 2

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

Scaling-up and cost-reducing hydrogen liquefaction plants

Development of hydrogen infrastructure
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Hydrogen liquefaction and distribution: 
some recent initiatives 

24.11.2022

https://op.europa.eu/en/publication-detail/-/publication/7e4afa7d-d077-11ea-adf7-01aa75ed71a1/language-en
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• An inclusive stakeholder approach will be required to deliver infrastructure change.

• Co-ordinated, industry wide, internationally planned steps will allow infrastructure roll-out.

• Agreeing aircraft type, size, routes and airports will enable a phased introduction.

• Airside H2 infrastructure will need to be developed, as it is unlikely to mirror other applications.

• Technical development is required for airport fuel distribution systems and aircraft refuelling
infrastructure capable of meeting turnaround times whilst minimising H2 losses.

• In parallel, legacy aircraft may switch to synthetic liquid fuels, which may continue in use for
ultra-long-haul aircraft to avoid the weight and volume penalties of large LH2 tanks.

• At some airports having multiple fuels may raise space and safety concerns to be addressed.

• In an initial roll-out phase, interim technical solutions are likely to be piloted.

• Piping LH2 to each gate may a be long-term solution, but it would require major investment.

32

Airport LH2 infrastructure and 
aircraft fuelling

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

ENABLEH2 WP1 studies

Project to design a LH2 airport facility and associated ground support equipment (GSE)
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• Safe fuel system components with airframe life need to be developed and integrated to provide the
required flow, pressure and temperature of fuel to the combustor.

• Baseline configuration has non-structural aluminium alloy LH2 tanks with conventional closed-cell foam
insulation, all enclosed within the airframe. A competing technology is vacuum insulation (Dewar flask)
which reduces heat influx but may increase weight. Fuel lines are likely to use conventional insulation.

• LH2 will be stored at its boiling point and in equilibrium with the GH2 ullage at the top of the tanks.

• NASA studies reported by Brewer [1] proposed low-pressure backing pumps to supply LH2 to engines,
but pumps supplying supercritical cold GH2 (i.e. in excess of 13 bar) may be preferable.

• Preheating of the fuel can be integrated with a gas turbine, with options to increase cycle efficiency.

• Optionally LH2 might cool superconducting aircraft electrical components via closed-circuit supercritical
hydrogen or helium systems, and/or cool the airframe locally to maintain laminar flow to reduce drag.

33

Design of aircraft fuel systems and fuel 
storage for LH2

24.11.2022

1. D. G. Brewer, Hydrogen Aircraft Technology, CRC Press, 1991

2000 2010 2020 2030 2040 2050 2060 2070

ENABLEH2 WP2 studies

LH2 motion, level sensing and composite tank concept development studies

Concept design of aircraft fuel systems

LH2 fuel system demonstration Including component design and development and ground testing
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• A wide range of propulsion systems is possible, including conventional turbofans mounted
under-wing, counter-rotating open rotors adjacent to the rear fuselage, and boundary layer
ingesting turbo-electric distributed propulsion (TeDP) systems.

• Hydrogen fuel cells may be incorporated for secondary power and environmental control, or
to provide motive power in a distributed propulsion system. Hybrid arrangements of fuel
cells in combination with gas turbines should also be considered for propulsion.

• Cold hydrogen arriving at a main engine may be used to cool electrical equipment and
engine oil, and also used for intercooling and/or for cooling the turbine cooling air.

• Gas turbine combustors need fuel to be delivered at high pressure, which probably requires
engine-powered HP pumps to raise the pressure supplied by the aircraft fuel systems.

• The fuel might also be preheated by the turbine exhaust gas to raise its effective heating
value, provided that this would not be in conflict with achieving lean low-NOx combustion

34

Propulsion systems design for LH2

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

ENABLEH2 WP1 and WP2

MINIMAL WP4: minimum climate 

impact engine designs

Concept design of advanced engines and fuel systems

Including hydrogen-fuelled engine cycles and operation to minimise the warming effects 

of NOx, water vapour and contrails

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation



C
O

N
F

ID
E

N
T

IA
L

GA no. 769241

• ENABLEH2 has researched ‘micromix’ combustor designs to give low NOx emissions and a
further reduction in emissions may be achieved by water/steam injection.

• Lean direct injection, rapid mixing, high flame speed, and wide combustion limits for hydrogen,
should enable shorter combustors with reduced residence times, limiting the formation of
thermal NOx without compromising the engine’s altitude relight envelope.

• The higher water vapour content of the exhaust with hydrogen, relative to a hydrocarbon fuel,
will provide some greenhouse gas warming, partially offsetting the benefit from reducing CO2

• Cleaner exhaust may reduce the optical density and warming effects of contrails [1] but this
conjecture needs testing by measurements on actual contrails and induced cirrus cloudiness.

35

Hydrogen combustor design and 
emissions reduction

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

ENABLEH2 WP3 Combustion

Follow-on full-annular combustor testing

Micromix combustor design concepts, CFD modelling and rig testing

Flight tests with a hydrogen combustor to compare its contrail formation with a kerosene fuelled combustor   

(a GH2 fuel system would be acceptable for short-duration testing)

https://doi.org/10.1016/j.atmosenv.2006.06.036

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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• Commercial, business and other transport aircraft designed for LH2 will need increased internal
volume to accommodate the fuel tanks and will have higher empty weight than equivalent kerosene-
fuelled aircraft, but their maximum take-off weight might be lower, reducing take-off thrust
requirements. Mission requirements, e.g. range and speed, might want to be reduced.

• LH2 offers potential synergies with TeDP (by providing a heat sink for superconducting electrical
components) and with BWB airframes (having increased internal volume).

• Aircraft design studies in ENABLEH2 have covered a range of potential aircraft architectures.

• Market segments to be addressed by liquid hydrogen gas turbine powered aircraft will depend on
competition from electrofuels, fuel-cell and battery-powered aircraft.

• Notwithstanding flight experience obtained with the Tu-155, one or more new demonstrator aircraft
will be required to prove the practicality and operability of LH2 commercial aircraft.

36

New transport aircraft designs for LH2

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

ENABLEH2 WP1

New LH2 demonstrator aircraft design, build and flight test 

Aircraft design studies

Earliest optimised new LH2 aircraft design, build and certification

Ramp-up in production of LH2-fuelled aircraft

(Possibly earlier if LH2 targeted for A320 replacement) 

(Possibly earlier if A320 replacement is designed for LH2)
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• As heat seeps into tanks the pressure will rise, but as LH2 is extracted the pressure falls, so
with adequate pressure margins, it should be unnecessary to vent gas during a typical flight, or
to meet overnight ‘dormancy’ requirement for a normal duration ground stopover.

• For more extended stopovers, the boil-off gas might be collected and re-liquefied, or could be
used to generate electricity for export to a grid, or otherwise the aircraft may need defueling.

• Vacuum insulated tanks can reduce the heat leakage and the need for venting or defueling, but
at the cost of reduced gravimetric efficiency relative to single-wall foam-insulated tanks, so,
particularly for long-range aircraft, the reserve fuel might be retained in better insulated tanks
to minimise boil-off during stopovers, while the fuel normally used in flight could stored in
lighter tanks having higher gravimetric efficiency.

• Robotic systems handling heavier fuel hoses can enable more rapid refuelling of large aircraft.

• More assessments of LH2 aircraft maintenance and operating costs are needed, for example,
re. the benefits of tankering fuel, and how aircraft may be refuelled following diversions.

37

LH2  aircraft operation and maintenance 

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

ENABLEH2 WP1 Aircraft design studies and modelling of pressure changes in tanks in typical operation

LH2 demonstrator aircraft build and flight test (both gas turbine and fuel cell powered aircraft) 
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• Predictions of aircraft economics vs. timeframes with LH2 and alternative fuels are needed:

• Drop-in replacement biofuels and synthetic fuels and electrofuels from various feedstocks
commonly referred to as Sustainable Aviation Fuels (SAF)

• Liquid methane (biomethane), ethane/propane/butane (from H2 and DAC) or alcohols

• For the next decade or two, environment-friendly alternative jet fuels may be in limited
supply and more expensive than kerosene (Jet A or Jet A-1).

• The Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) will enable
aviation targets to be met in the near term, but offsetting may be untenable in the longer term.

• A long-term international agreement on a carbon tax (or equivalent) will likely be necessary
before the industry will move away from kerosene.

• Improvements in aircraft efficiency could offset increased fuel costs to maintain affordability.

38

Economics of LH2 vs. alternative fuels

24.11.2022

2000 2010 2020 2030 2040 2050 2060 2070

ENABLEH2 Task 1.4 Economic analysis and scenarios

Follow-on more detailed fuel cost studies

Hydrogen-powered aviation A fact-based study of hydrogen technology, economics, and climate impact by 2050

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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Third Party Roadmaps

24.11.2022 ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation

• Interest in hydrogen-fuelled aviation has grown rapidly since ENABLEH2 was launched in
2018, and roadmaps for its development have been proposed by several organisations
including Clean Sky 2, Hydrogen Europe, and the UK ATI (from its FlyZero project).

• The most relevant roadmap charts from these projects follow.

• The main technologies to be developed include onboard hydrogen storage (LH2 and GH2),
fuel systems, and propulsion systems (using fuel cells and/or combustion engines).

• The Clean Sky 2 and Fuel Cells and Hydrogen Joint Undertaking identified four top-level
research areas: components, aircraft system, infrastructure and regulatory framework.

• Roadmaps from the ‘Hydrogen Europe Strategic Research and Innovation Agenda’ cover
a broader range of stationary and transportation hydrogen-fuelled applications, including a
‘detailed deployment roadmap’ for aviation.

• FlyZero issued multiple reports in March 2022 including FZO-IST-MAP-0012 ‘Technology
Roadmaps – Technology Pathways to Enable Zero-Carbon Emission Flight’. Individual
roadmap charts published separately cover aerodynamic structures, thermal management,
gas turbine systems, cryogenic fuel systems, electrical propulsion systems and fuel cells:
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
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Roadmap from Clean Sky 2 and Fuel Cells 
and Hydrogen Joint Undertaking

24.11.2022

Clean Sky 2, and Fuel 

Cells and Hydrogen 

Joint Undertaking:

Hydrogen-powered 

Aviation, 2020.

For more details refer 

to:

https://cleansky.paddlecms.

net/sites/default/files/2021-

10/20200507_Hydrogen-

Powered-Aviation-report.pdf

ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation
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Roadmap from Hydrogen Europe – 1

For more details 

refer to Hydrogen 

Europe:

Strategic 

Research and 

Innovation 

Agenda, 2020.

The final draft 

report is available 

at:

https://hydrogeneurope.eu/

reports/

https://hydrogeneurope.eu/reports/
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Roadmap from Hydrogen Europe – 2

For more details 

refer to Hydrogen 

Europe:

Strategic 

Research and 

Innovation 

Agenda, 2020.

The final draft 

report is available 

at:

https://hydrogeneurope.eu/

reports/

https://hydrogeneurope.eu/reports/
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Roadmap from Hydrogen Europe – 3
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For more details 

refer to Hydrogen 

Europe:

Strategic 

Research and 

Innovation 

Agenda, 2020.

The final draft 

report is available 

at:

https://hydrogeneurope.eu/

reports/

https://hydrogeneurope.eu/reports/
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FlyZero Thermal Management Roadmap – 1  

24.11.2022 ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation

• FZO-PPN-MAP-0018 and FZO-PPN-COM-0019 ‘Thermal Management Roadmap 
Report’ cover heat exchanger technologies and heat exchanger enablers. For more 
details see: 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
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FlyZero Thermal Management Roadmap – 2  

24.11.2022 ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation

• FZO-PPN-MAP-0018 and FZO-PPN-COM-0019 ‘Thermal Management Roadmap 
Report’ cover heat exchanger technologies and heat exchanger enablers. For more 
details see: 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
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FlyZero Hydrogen Gas Turbines and Thrust 
Generation Roadmap – 1  

24.11.2022 ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation

• FZO-PPN-MAP-0022 and FZO-PPN-COM-0023 ‘Hydrogen Gas Turbines and Thrust Generation 
Roadmap Report’ cover aero engines and hydrogen combustion. For more details see:
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
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FlyZero Hydrogen Gas Turbines and Thrust 
Generation Roadmap – 2  
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• FZO-PPN-MAP-0022 and FZO-PPN-COM-023 ‘Hydrogen Gas Turbines and Thrust Generation 
Roadmap Report’ cover aero engines and hydrogen combustion. For more details see:
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
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FlyZero Hydrogen Gas Turbines and Thrust 
Generation Roadmap – 3  

24.11.2022 ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation

• FZO-PPN-MAP-0022 and FZO-PPN-COM-0023 ‘Hydrogen Gas Turbines and Thrust Generation 
Roadmap Report’ cover aero engines and hydrogen combustion. For more details see:
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


C
O

N
F

ID
E

N
T

IA
L

GA no. 769241 50

FlyZero Hydrogen Gas Turbines and Thrust 
Generation Roadmap – 4  
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• FZO-IST-MAP-0022 and FZO-PPN-COM-0023 ‘Hydrogen Gas Turbines and Thrust Generation 
Roadmap Report’ cover aero engines and hydrogen combustion. For more details see:
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
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FlyZero Cryogenic Hydrogen Fuel System 
and Storage Roadmap – 1  

24.11.2022 ENABLEH2 Public Deliverable D5.2: Roadmap for the Introduction and Transition to LH2 for Civil Aviation

• FZO-PPN-MAP-0026 and FZO-PPN-COM-0027 ‘Cryogenic Hydrogen Fuel System and Storage 
Roadmap Report’ cover aircraft fuel systems and tanks. For more details see:   
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
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FlyZero Cryogenic Hydrogen Fuel System 
and Storage Roadmap – 2  
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• FZO-PPN-MAP-0026 and FZO-PPN-COM-0027 ‘Cryogenic Hydrogen Fuel System and Storage 
Roadmap Report’ cover aircraft fuel systems and tanks. For more details see:   
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
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FlyZero Cryogenic Hydrogen Fuel System 
and Storage Roadmap – 3  
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• FZO-PPN-MAP-0026 and FZO-PPN-COM-0027 ‘Cryogenic Hydrogen Fuel System and Storage 
Roadmap Report’ cover aircraft fuel systems and tanks. For more details see:   
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
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• FZO-PPN-MAP-0026 and FZO-PPN-COM-0027 ‘Cryogenic Hydrogen Fuel System and Storage 
Roadmap Report’ cover aircraft fuel systems and tanks. For more details see:   
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
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• FZO-PPN-MAP-0029 and FZO-PPN-COM-0030 ‘Electrical Propulsion Systems Roadmap 
Report’ cover electric motors, power electronics and cooling. For more details see:
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0030-Electrical-Propulsion-Systems-Roadmap-Report.pdf

• This roadmap is relevant for the electrical machines to be used together with hydrogen 
fuel cells and for hybrid electric propulsion systems to improve fuel economy. 

https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0030-Electrical-Propulsion-Systems-Roadmap-Report.pdf
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• FZO-PPN-MAP-0029 and FZO-PPN-COM-0030 ‘Electrical Propulsion Systems Roadmap 
Report’ cover electric motors, power electronics and cooling. For more details see:
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0030-Electrical-Propulsion-Systems-Roadmap-Report.pdf

• This roadmap is relevant for the power electronic systems to be used together with 
hydrogen fuel cells and hybrid electric propulsion systems to improve fuel economy. 

https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0030-Electrical-Propulsion-Systems-Roadmap-Report.pdf
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• FZO-PPN-MAP-0029 and FZO-PPN-COM-0030 ‘Electrical Propulsion Systems Roadmap 
Report’ cover electric motors, power electronics and cooling. For more details see:
https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0030-Electrical-Propulsion-Systems-Roadmap-Report.pdf

• This roadmap is relevant for advanced cooling systems to be used together with electrical 
machines and power electronics to improve hydrogen-fuelled aircraft performance. 

https://www.ati.org.uk/wp-content/uploads/2022/03/FZO-PPN-COM-0030-Electrical-Propulsion-Systems-Roadmap-Report.pdf
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• FZO-PPN-MAP-0032 and FZO-PPN-COM-0033 ‘Fuel Cells Roadmap Report’ cover 
fuel cell stack components and systems. For more details see: 
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
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• FZO-PPN-MAP-0032 and FZO-PPN-COM-0033 ‘Fuel Cells Roadmap Report’ cover fuel cell 
stack components and systems. For more details see: 
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
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Journal Papers:

• Rompokos, P., Rolt, A., Nalianda, D., Isikveren, A. T., Senné, C., Grönstedt, T., and Abedi, H. (March 31, 2021). "Synergistic 

Technology Combinations for Future Commercial Aircraft Using Liquid Hydrogen." ASME. J. Eng. Gas Turbines Power. July 

2021; 143(7): 071017. https://doi.org/10.1115/1.4049694

• Abedi H, Xisto C, Jonsson I, Grönstedt T, Rolt A. “Preliminary Analysis of Compression System Integrated Heat Management 

Concepts Using LH2-Based Parametric Gas Turbine Model.” Aerospace. 2022; 9(4):216. 

https://doi.org/10.3390/aerospace9040216

• P G Holborn, PG, Ingram, JM, Benson C. “Modelling studies of the hazards posed by liquid hydrogen use in civil aviation,” 

2022, IOP Conf. Ser.: Mater. Sci. Eng. 1226 012059. https://doi.org/10.1088/1757-899X/1226/1/012059

Magazine Article:

• Sethi, V, et al., "Enabling Cryogenic Hydrogen-Based CO2-Free Air Transport: Meeting the demands of zero carbon aviation," 

in IEEE Electrification Magazine, vol. 10, no. 2, pp. 69-81, June 2022, doi: 10.1109/MELE.2022.3165955. 

https://doi.org/10.1109/MELE.2022.3165955
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Conference Papers – 1:

• Ben Abdallah, R, Sethi, V, Gauthier, PQ, Rolt, AM, & Abbott, D. "A Detailed Analytical Study of Hydrogen Reaction in a Novel Micromix Combustion System." 
Proceedings of the ASME Turbo Expo 2018: Turbomachinery Technical Conference and Exposition. Volume 4B: Combustion, Fuels, and Emissions. Oslo, Norway. June 
11–15, 2018. V04BT04A028. ASME. https://doi.org/10.1115/GT2018-76586

• Benson, CM, Ingram, JM, Battersby, PN, Mba, D, Sethi, V, & Rolt, AM. "An Analysis of Civil Aviation Industry Safety Needs for the Introduction of Liquid Hydrogen 
Propulsion Technology." Proceedings of the ASME Turbo Expo 2019: Turbomachinery Technical Conference and Exposition. Volume 3: Coal, Biomass, Hydrogen, and 
Alternative Fuels; Cycle Innovations; Electric Power; Industrial and Cogeneration; Organic Rankine Cycle Power Systems. Phoenix, Arizona, USA. June 17–21, 2019. 
V003T03A006. ASME. https://doi.org/10.1115/GT2019-90453

• Babazzi, G, Gauthier, PQ, Agarwal, P, McClure, J, & Sethi, V. "NOx Emissions Predictions for a Hydrogen Micromix Combustion System." Proceedings of the ASME 
Turbo Expo 2019: Turbomachinery Technical Conference and Exposition. Volume 3: Coal, Biomass, Hydrogen, and Alternative Fuels; Cycle Innovations; Electric Power; 
Industrial and Cogeneration; Organic Rankine Cycle Power Systems. Phoenix, Arizona, USA. June 17–21, 2019. V003T03A008. ASME. 
https://doi.org/10.1115/GT2019-90532

• McClure, J, Abbott, D, Agarwal, P, Sun, X, Babazzi, G, Sethi, V, & Gauthier, P. "Comparison of Hydrogen Micromix Flame Transfer Functions Determined Using RANS 
and LES." Proceedings of the ASME Turbo Expo 2019: Turbomachinery Technical Conference and Exposition. Volume 3: Coal, Biomass, Hydrogen, and Alternative 
Fuels; Cycle Innovations; Electric Power; Industrial and Cogeneration; Organic Rankine Cycle Power Systems. Phoenix, Arizona, USA. June 17–21, 2019. V003T03A009. 
ASME. https://doi.org/10.1115/GT2019-90538

• Agarwal, P, Sun, X, Gauthier, PQ, & Sethi, V. "Injector Design Space Exploration for an Ultra-Low NOx Hydrogen Micromix Combustion System." Proceedings of the 
ASME Turbo Expo 2019: Turbomachinery Technical Conference and Exposition. Volume 3: Coal, Biomass, Hydrogen, and Alternative Fuels; Cycle Innovations; Electric 
Power; Industrial and Cogeneration; Organic Rankine Cycle Power Systems. Phoenix, Arizona, USA. June 17–21, 2019. V003T03A013. ASME. 
https://doi.org/10.1115/GT2019-90833
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Conference Papers – 2:

• López-Juárez, M, Sun, X, Sethi, B, Gauthier, P, & Abbott, D. "Characterising Hydrogen Micromix Flames: Combustion Model Calibration and Evaluation." Proceedings 
of the ASME Turbo Expo 2020: Turbomachinery Technical Conference and Exposition. Volume 3: Ceramics; Coal, Biomass, Hydrogen, and Alternative Fuels. Virtual, 
Online. September 21–25, 2020. V003T03A008. ASME. https://doi.org/10.1115/GT2020-14893

• Zghal, M, Sun, X, Gauthier, PQ, & Sethi, V. "Comparison of Tabulated and Complex Chemistry Turbulent-Chemistry Interaction Models With High Fidelity Large Eddy 
Simulations on Hydrogen Flames." Proceedings of the ASME Turbo Expo 2020: Turbomachinery Technical Conference and Exposition. Volume 3: Ceramics; Coal, 
Biomass, Hydrogen, and Alternative Fuels. Virtual, Online. September 21–25, 2020. V003T03A014. ASME. https://doi.org/10.1115/GT2020-16070

• Benson, CM, Holborn, PG, Rolt, AM, Ingram, JM, & Alexander, E. "Combined Hazard Analyses to Explore the Impact of Liquid Hydrogen Fuel on the Civil Aviation 
Industry." Proceedings of the ASME Turbo Expo 2020: Turbomachinery Technical Conference and Exposition. Volume 3: Ceramics; Coal, Biomass, Hydrogen, and 
Alternative Fuels. Virtual, Online. September 21–25, 2020. V003T03A009. ASME. https://doi.org/10.1115/GT2020-14977

• Jonsson, I, Xisto, C, Abedi, H, Grönstedt, T, & Lejon, M. "Feasibility Study of a Radical Vane-Integrated Heat Exchanger for Turbofan Engine Applications." Proceedings 
of the ASME Turbo Expo 2020: Turbomachinery Technical Conference and Exposition. Volume 7C: Heat Transfer. Virtual, Online. September 21–25, 2020. 
V07CT13A019. ASME. https://doi.org/10.1115/GT2020-15243

• Rompokos, P, Rolt, A, Nalianda, D, Isikveren, AT, Senné, C, Grönstedt, T, & Abedi, H. "Synergistic Technology Combinations for Future Commercial Aircraft Using Liquid 
Hydrogen." Proceedings of the ASME Turbo Expo 2020: Turbomachinery Technical Conference and Exposition. Volume 3: Ceramics; Coal, Biomass, Hydrogen, and 
Alternative Fuels. Virtual, Online. September 21–25, 2020. V003T03A013. ASME. https://doi.org/10.1115/GT2020-15694

• Sun, X, Agarwal, P, Carbonara, F, Abbott, D, Gauthier, P, & Sethi, B. "Numerical Investigation Into the Impact of Injector Geometrical Design Parameters on Hydrogen 
Micromix Combustion Characteristics." Proceedings of the ASME Turbo Expo 2020: Turbomachinery Technical Conference and Exposition. Volume 3: Ceramics; Coal, 
Biomass, Hydrogen, and Alternative Fuels. Virtual, Online. September 21–25, 2020. V003T03A015. ASME. https://doi.org/10.1115/GT2020-16084

• Giannouloudis, A, Sun, X, Corsar, MR, Booden, SJ, Singh, G, Abbott, D, Nalianda, D, & Sethi, B, "On the Development of an Experimental Rig for Hydrogen Micromix 
Combustion Testing." The 10th European Combustion Meeting 2021. https://dspace.lib.cranfield.ac.uk/handle/1826/18653
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Conference Papers – 3:

• Rompokos, P, Rolt, A, Nalianda, D, Sibilli, T, & Benson, C. "Cryogenic Fuel Storage Modelling and Optimisation for Aircraft Applications." Proceedings of the ASME 
Turbo Expo 2021: Turbomachinery Technical Conference and Exposition. Volume 6: Ceramics and Ceramic Composites; Coal, Biomass, Hydrogen, and Alternative 
Fuels; Microturbines, Turbochargers, and Small Turbomachines. Virtual, Online. June 7–11, 2021. V006T03A001. ASME. https://doi.org/10.1115/GT2021-58595

• Jonsson, I, Xisto, C, Lejon, M, Dahl, A, & Grönstedt, T. "Design and Pre-Test Evaluation of a Low-Pressure Compressor Test Facility for Cryogenic Hydrogen Fuel 
Integration." Proceedings of the ASME Turbo Expo 2021: Turbomachinery Technical Conference and Exposition. Volume 2A: Turbomachinery — Axial Flow Fan and 
Compressor Aerodynamics. Virtual, Online. June 7–11, 2021. V02AT31A022. ASME. https://doi.org/10.1115/GT2021-58946

• Sun, X, Abbott, D, Vir Singh, A, Gauthier, P, & Sethi, B. "Numerical Investigation of Potential Cause of Instabilities in a Hydrogen Micromix Injector Array." Proceedings 
of the ASME Turbo Expo 2021: Turbomachinery Technical Conference and Exposition. Volume 6: Ceramics and Ceramic Composites; Coal, Biomass, Hydrogen, and 
Alternative Fuels; Microturbines, Turbochargers, and Small Turbomachines. Virtual, Online. June 7–11, 2021. V006T03A012. ASME. 
https://doi.org/10.1115/GT2021-59842

• Abbot, D, Giannotta, A, Sun, X, Gauthier, P, & Sethi, V. "Thermoacoustic Behaviour of a Hydrogen Micromix Aviation Gas Turbine Combustor Under Typical Flight 
Conditions." Proceedings of the ASME Turbo Expo 2021: Turbomachinery Technical Conference and Exposition. Volume 6: Ceramics and Ceramic Composites; Coal, 
Biomass, Hydrogen, and Alternative Fuels; Microturbines, Turbochargers, and Small Turbomachines. Virtual, Online. June 7–11, 2021. V006T03A013. ASME. 
https://doi.org/10.1115/GT2021-59844

• Jonsson, I, Debarshee, G, Xisto, C, & Grönstedt, T. “Design of Chalmers New Low-Pressure Compressor Test Facility for Low-Speed Testing of Cryo-Engine 
Applications,” 14th Eur. Conf. Turbomach. Fluid Dyn. Thermodyn. ETC 2021, 2021. https://doi.org/10.29008/ETC2021-554

• Sun, X, Martin, H, Gauthier, P, & Sethi, B. "Sensitivity Study on Species Diffusion Models in Turbulent Combustion of Hydrogen/air Jet in Crossflow Structure." 
Proceedings of the ASME Turbo Expo 2022: Turbomachinery Technical Conference and Exposition. Volume 2: Coal, Biomass, Hydrogen, and Alternative Fuels; Controls, 
Diagnostics, and Instrumentation; Steam Turbine. Rotterdam, Netherlands. June 13–17, 2022. V002T03A018. ASME. https://doi.org/10.1115/GT2022-83097
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Conference Papers from ICAS 2022:

• Jonsson, I, Ranman, R, Capitao, A, Xisto, C, “Effect of heat exchanger integration in aerodynamic optimisation of an aggressive S-duct”. 
https://research.chalmers.se/publication/532878

• Patrao, AC, Lozano, BG, Jonsson, I, Xisto, C, “Numerical modeling of laminar-turbulent transition in an interconnecting compressor duct”. 
https://research.chalmers.se/publication/532882

• Xisto, C, Lundbladh, A, “Design and performance of liquid hydrogen fuelled aircraft for year 2050 EIS”. https://research.chalmers.se/publication/532872
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Newspaper Articles in The Guardian, The Times, Airport World Magazine and Forbes (2018-2021):

• https://www.theguardian.com/environment/2021/aug/14/they-said-we-were-eccentrics-the-uk-team-developing-clean-aviation-fuel

• https://www.thetimes.co.uk/article/hydrogen-powered-planes-to-clean-up-skies-3b6kxfnxg

• https://airport-world.com/liquid-hydrogen-powered-aircraft-the-shape-of-things-to-come/

• https://www.forbes.com/sites/forbesbusinesscouncil/2020/05/26/aviation-is-the-driving-force-of-hydrogen/

ICAO Environmental Report, CO2 Stocktaking Seminar, and Global Youth Engagement Forum (2019-2021):

• https://www.icao.int/environmental-protection/Documents/ICAO-ENV-Report2019-F1-WEB%20(1).pdf

• https://www.youtube.com/watch?v=mE0JC7y7INA

• https://www.icao.tv/videos/global-youth-engagement-on-sustainable-aviation-facilitation-session

Additional ENABLEH2 Dissemination Sources (2020-2021):

• https://www.clean-aviation.eu/hydrogen-powered-aviation : The EU CS2 and FC JU McKinsey report (May 2020) 

• https://www.aerosociety.com/media/14408/aerospace-magazine-september-2020.pdf : “Creative Destruction 2.0” (Sept. 2020)

• https://aviationweek.com/sites/default/files/2020-10/AWST_201012_0.pdf : “Hydrogen In Aviation” (Oct. 2020)

• https://ec.europa.eu/inea/sites/default/files/towardsclimate-neutralaviation-2020_metadata.pdf : European Commission publication (2020)

• https://www.adsgroup.org.uk/blog/highlights-from-ads-pre-cop26-event/ : A joint pre-COP26 event stand by CU, easyJet and UK-ARC (Oct. 2021) 

• https://www.linkedin.com/posts/bobby-sethi-bb2561205_cop26-aerospace-aviation-activity-6861231921448521728--7lR/ : BBC Look East (2021) 

• https://www.ati.org.uk/wp-content/uploads/2021/08/aci-ati-hydrogen-report.pdf : “Integration of H2 Aircraft into the Air Transport System” (2021) 
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AIC Aviation Induced Cloudiness LNG Liquid Natural Gas

BWB Blended Wing Body LOHC Liquid Organic Hydrogen Carriers

CO2 Carbon Dioxide LTO Landing and Take-Off

CORSIA Carbon Offsetting and Reduction Scheme MW Megawatt

CCUS Carbon Capture Utilisation and Storage NH3 Ammonia

DAC Direct Air Capture NOx Nitrogen Oxides

EU European Union RE Renewable Energy

GH2 Gaseous Hydrogen RES Renewable Energy System

GHG Greenhouse Gas R&D Research and Development

GW Gigawatt SAF Sustainable Aviation Fuel

H2 Hydrogen SME Small/Medium Enterprise

HVDC High-Voltage Direct Current TeDO Turbo-electric Distribution Propulsion

IAB Industry Advisory Board TRL Technology Readiness Level

km Kilometre UK United Kingdom

kg Kilogram US United States

LH2 Liquid Hydrogen USD United States Dollar
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