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Executive Summary 

Steer was appointed by Transport & Environment and the European Climate Foundation to 

undertake a study to provide a quantification of the costs associated with the development, 

deployment and operation of hydrogen-powered aircraft and supporting infrastructure within 

Europe, based on current aircraft and supporting infrastructure rollout ambitions. Steer was 

supported by the Institute of Environmental Technology and Energy Economics at Hamburg 

University of Technology (TUHH) and airport cost consultants Doig + Smith. 

Hydrogen aircraft 

Aircraft development 

Airbus has an ambition ǘƻ ŘŜǾŜƭƻǇ ǘƘŜ ǿƻǊƭŘΩǎ ŦƛǊǎǘ ŎƻƳƳŜǊŎƛŀƭ clean-sheet-designed hydrogen 

aircraft by 2035, which is in line with wider industry projections and ambitions and with the 

date we have assumed for the introduction of commercial hydrogen aircraft within our 

assessment. !ƛǊōǳǎΩ ŦƛǊǎǘ-generation hydrogen aircraft include a regional aircraft type design, 

capable of operating routes of up to 1,000 nautical miles (1,850km), and a short-medium 

range (SMR) aircraft type design, capable of operating routes of up to 2,000 nautical miles 

(3,700km). Although this is ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǎƘƻǊǘŜǊ ǘƘŀƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ǘƘŜ !ƛǊōǳǎΩ ŎǳǊǊŜƴǘ 

conventional SMR aircraft, first generation SMR hydrogen aircraft will be able to operate the 

vast majority of intra-European routes. 

Traffic projections 

As part of our assessment, we have used two traffic scenarios as upper and lower bounds for 

the level of projected traffic to 2050: 

¶ a baseline traffic scenario, which assumes traffic growth in line with the EU Reference 

Scenario1 projections over the period between 2019 and 2050; and 

¶ ŀ ΨŎŀǇǇŜŘΩ ǘǊŀŦŦƛŎ ǎŎŜƴŀǊƛƻΣ ǿƘƛŎƘ ŀǎǎǳƳŜǎΣ ǘƘǊƻǳƎƘ ǘƘŜ ǳǎŜ ƻŦ ƳŀǊƪŜǘ-based demand 

management measures, traffic does not recover to above pre-COVID (2019) levels 

throughout the period. 

Within our assessment the volume of revenue passenger kilometres (RPKs) operated by 

hydrogen aircraft is driven primarily by the availability of hydrogen infrastructure at airports, 

which is rolled out progressively across the largest 100 European airports throughout the 

assessment period.  

Hydrogen aircraft are projected to account for 65% of intra-European traffic by 2050; 

assuming the current level of ATMs operated per aircraft remains constant, a European 

hydrogen aircraft fleet of around 100 aircraft would be required to operate the projected 

traffic in 2035, growing to over 3,500 aircraft by 2050. 

Hydrogen fuel supply chain 

Hydrogen production 

The level of hydrogen fuel demand, and therefore the required level of production across the 

two traffic scenarios, is shown in Figure 1 below. 

 

1 EU Reference Scenario 2020 

https://energy.ec.europa.eu/data-and-analysis/energy-modelling/eu-reference-scenario-2020_en
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Figure 1: Projected intra-European hydrogen aviation fuel demand range (2035-2050) 

 

Source: EU Reference Scenario, T&E, Steer Analysis 

While there are several industrial methods of hydrogen production, many of these produce 

greenhouse gas emissions as part of the production process. Our assessment assumes all 

hydrogen produced for aviation fuel is άgreenέ hydrogen, that is, using water electrolysis 

powered by renewable energy. For green hydrogen to be as price competitive as possible, it 

needs to be produced in locations with the most favourable renewable energy producing 

conditions. Within Europe, the most favourable locations are around the North Sea coast 

(using mostly wind power) and in Southern Europe (using mostly solar photovoltaic (PV) 

power). 

Hydrogen distribution 

The electrolysis process produces hydrogen in gaseous form, which, in order to be used as 

aviation fuel for regional and SMR aircraft, must be converted into liquid hydrogen, which 

must then be stored at cryogenic temperatures (below -253̄ C). The location of the 

liquefaction process determines the method of transportation, with two feasible options: 

¶ In gaseous (CGH2) form via pipeline, which means liquefaction takes places at or close to 

the airport after transportation; or 

¶ In liquid (LH2) form via trucks and ships, which means liquefaction takes place at or close 

to the production site prior to transportation. 

While transport of hydrogen in liquid form via truck is feasible for low volumes of fuel, once 

fuel demand reaches a certain threshold level, a pipeline is likely to be necessary for inland 

airports. Therefore, we have assumed that most airports are initially supplied using a 

combination of cryogenic trucks and (where necessary) ships with liquefaction taking place 

prior to transportation at the production facility. Once fuel demand reaches a certain 

threshold, supply switches to gaseous pipeline supply with liquefaction taking place close to or 

at the airport. 
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Airport infrastructure 

The use of hydrogen aircraft will require major changes to airport infrastructure. As hydrogen 

cannot be combined with existing aviation fuel it will require separate transportation and 

storage infrastructure facilities. All airports will require cryogenic storage, distribution and 

fuelling facilities. In addition, where hydrogen is delivered in gaseous form on-site liquefaction 

facilities will be required. 

We have assumed that at airports with a relatively low levels of hydrogen flights in the initial 

years, liquid hydrogen fuel is distributed to aircraft by bowsers. For larger airports where fuel 

demand is above a certain threshold, on-airport distribution switches to pipeline and hydrant 

supply of liquid hydrogen. Pipeline and hydrant capacity is added incrementally at the airport 

in order to meet the fuel demand. 

Cost quantification 

Total costs 

The cost projections include operating expenditure (opex), which is incurred every year once 

the relevant asset or infrastructure is operational, and capital expenditure (capex), which is 

incurred as upfront investment costs while the relevant asset or infrastructure is being 

constructed. The cost projections below include upfront capex required to meet demand to 

2050 only. 

Only ƛƴŎǊŜƳŜƴǘŀƭ Ŏƻǎǘǎ ǘƘŀǘ ǿƻǳƭŘ ƴƻǘ ōŜ ƛƴŎǳǊǊŜŘ ƛƴ ŀ ΨōŀǎŜƭƛƴŜΩ ƻǊ ΨŘƻ ƴƻǘƘƛƴƎΩ ǎŎŜƴŀǊƛƻ (i.e. 

without hydrogen aircraft) are included. In addition to the costs for the hydrogen production, 

distribution and airport infrastructure requirements described above, aircraft development 

costs are included (assǳƳŜŘ ǘƻ ōŜ ϵмр ōƛƭƭƛƻƴ ƻǾŜǊ ŀ 10-year period).  

Tƻǘŀƭ ǇǊƻƧŜŎǘŜŘ Ŏƻǎǘǎ ƻǾŜǊ ǘƘŜ ǇŜǊƛƻŘ ŀǊŜ ϵ299 ōƛƭƭƛƻƴΣ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ϵм26 billion in 2020 

present value terms.  

Figure 2: Total costs (2025-2050, EU Reference Scenario) 

 
Source: TUHH, Doig + Smith, Steer analysis.  
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Unit costs 

¦ƴƛǘ ƘȅŘǊƻƎŜƴ Ŏƻǎǘǎ όϵκƪƎύ ƘŀǾŜ ōŜŜƴ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƻǘŀƭ ƘȅŘǊƻƎŜƴ ŘŜƳŀƴŘΣ ƻǇŜȄ ŀƴŘ ŀƴ 

equivalent annual cost (EAC) value for capex. Unit hydrogen fuel costs, comprising production, 

distribution and liquefaction costs (i.e., the costs that would be charged to airlines as fuel 

costs) are shown in the figure belowΦ /ƻǎǘǎ Ŧŀƭƭ ŦǊƻƳ ϵоΦ90 per kg ƛƴ нлор ǘƻ ϵоΦ45 per kg in 

2050, driven by a combination of falling production costs and greater utilisation of gaseous 

(versus liquefied) distribution and liquefaction infrastructure. The unit costs are based on 

¢¦IIΩǎ ōŀǎŜƭƛƴŜ Ŏƻǎǘ ǎŎŜƴŀǊƛƻ (which uses central estimates for the economic, financial and 

technical model inputs), with the progressive and conservative scenarios (which account for 

the range of model input estimates) shown as a range above and below the baseline costs.  

Figure 3: Unit costs (2035-2050, EU Reference Scenario) 

 

Source: TUHH, Doig + Smith, Steer analysis. 

Policy support 

Hydrogen fuel supply 

Many of the challenges associated with the hydrogen fuel supply chain stem from the fact 

that, based on current trajectories, projected renewable energy and hydrogen production 

capacity will not be sufficient to produce the quantity of hydrogen required to meet net zero 

targets by 2050. It is also difficult to envisage that the aviation sector alone will be able to fund 

or finance the cost of the fuel supply infrastructure required to accommodate hydrogen 

aircraft. Instead, it seems likely that the wider hydrogen ecosystem will need to develop for 

the aviation industry to be able to utilise the necessary infrastructure, for example by being 

supplied with green hydrogen from general (as opposed dedicated) production facilities or by 

utilising already established distribution networks used by other transport modes and 

industries.  

Therefore, in order to increase green hydrogen production and distribution capacity, potential 

policies that could be enacted at a national or EU level to increase supply capacity include: 

¶ direct financial support, in form of grants or cheap loans to finance technology research 

and the construction of fuel production infrastructure; 
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¶ indirect financial support, such as tax breaks or subsidies, which would incentivise 

investment in infrastructure; and/or 

¶ supply-side measures, such as usage mandates or floor prices, which would provide more 

certainty to suppliers to invest in capacity. 

While there is some uncertainty around the level of investment required, the magnitude of the 

costs mean that, within Europe, significant support may be required from the EU, which has 

the means and resources to lend to fund large-scale infrastructure projects through the 

European Investment Bank (EIB) and to issue collective debt. The EU can also enact Europe-

wide legislation to incentivise investment in infrastructure, which would be less effective at a 

national level. 

Hydrogen aircraft and infrastructure 

As with fuel supply infrastructure, many of the challenges associated with airport 

infrastructure are driven by the magnitude of the costs and uncertainty for airports and 

airlines whether the other party will also invest in hydrogen equipment or infrastructure. 

Therefore, in order to address this, potential policies that could be enacted at a national or EU 

level to increase supply capacity include: 

¶ direct financial support, in form of grants or cheap loans to finance technology research 

(e.g., decentralised liquefaction facilities) and the construction of airport infrastructure; 

¶ indirect financial support, such as tax breaks or subsidies, which would incentivise 

investment in infrastructure; and/or 

¶ supply-side measures, such as airline fuel usage or airport fuel supply mandates (as has 

been proposed by the ReFuelEU initiative for sustainable aviation fuels (SAFs)), which 

would provide more certainty for other investors. 

The other major area where policy support could be provided is on the demand side with 

respect to the price competitiveness of hydrogen aircraft versus those powered by other fuels 

(including conventional fossil kerosene and SAFs) using carbon pricing or taxes on kerosene. 
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Background 

1.1 Steer was appointed by Transport & Environment and the European Climate Foundation to 

undertake a study to provide a quantification of the costs associated with the development, 

deployment and operation of hydrogen-powered aircraft and supporting infrastructure within 

Europe, based on current aircraft and supporting infrastructure rollout ambitions.  

1.2 The study has been undertaken in the context of an increasing need for the aviation industry 

to decarbonise. One potential option for decarbonisation is hydrogen-powered aircraft; there 

have been a number of recent studies on the feasibility and timeframe for introducing 

hydrogen-powered aircraft, and a number of hydrogen aircraft and infrastructure projects are 

underway within the industry. 

1.3 The work has been undertaken by Steer, supported by our partners the Institute of 

Environmental Technology and Energy Economics at Hamburg University of Technology 

(TUHH) and airport cost consultants Doig + Smith. 

1.4 This document is the Final Report for the study.  

Our Approach 

1.5 While there is general agreement on the technical feasibility of developing hydrogen aircraft 

technology, there are uncertainties around the practical and commercial feasibility of adopting 

hydrogen technology within the aviation industry at a large scale, and the timeframe in which 

this can be achieved. 

1.6 The focus of this study is not the feasibility of using hydrogen aircraft technology, but rather a 

quantification of the costs of the aviation industry adopting the technology within a timeframe 

consistent with industry projections and ambitions. These costs have been quantified within 

an assessment period up to 2050, consistent with the European Green Deal and the Paris 

AgreementΩǎ net-zero target. 

1.7 To undertake this assessment, we have drawn upon hydrogen production and distribution 

understanding provided by TUHH (experts in the costs of alternative fuels), airport 

infrastructure understanding from Doig + Smith (airport costing experts), undertaken a review 

of the available literature and interviews and consulted industry stakeholders. Steer has full 

responsibility for the outputs ς further information on our approach and data sources is 

provided in Appendix A. 

This Report 

1.8 The remainder of this report is structured as follows: 

¶ Chapter 2 gives an overview of hydrogen aircraft technology and sets out our aircraft 

rollout projections; 

1 Introduction 
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¶ Chapter 3 provides a description of the hydrogen fuel supply chain and some of the 

assumptions used within our study; 

¶ Chapter 4 provides a quantification of the costs of developing and rolling out hydrogen 

aircraft and supporting technology; and 

¶ Chapter 5 sets out potential policy support options that could be adopted to facilitate the 

uptake of hydrogen aircraft technology. 
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2.1 This chapter sets out: 

¶ a description of first-generation hydrogen aircraft, the expected date of their entry into 

commercial service and the markets in which they will operate; and 

¶ a projection of the uptake rate of hydrogen aircraft and the level of traffic operated by 

these aircraft within our assessment period. 

Aircraft technology development 

Development timeframe 

2.2 Airbus, ƻƴŜ ƻŦ ǿƻǊƭŘΩǎ ǘǿƻ ƳŀƧƻǊ ŀƛǊŎǊŀŦǘ ƳŀƴǳŦŀŎǘǳǊŜrs and the only major manufacturer 

based on Europe, has an ambition ǘƻ ŘŜǾŜƭƻǇ ǘƘŜ ǿƻǊƭŘΩǎ ŦƛǊǎǘ ŎƻƳƳŜǊŎƛŀƭ clean-sheet-

designed hydrogen aircraft by 2035 through its ZEROe2 concept aircraft. Figure 2.1 below 

summarises wider industry projections and ambitions for the roll out and uptake of hydrogen 

aircraft, which are contained within a number of recent industry reports and studies. 

2.3 The 9¦Ωǎ /ƭŜŀƴ {ƪȅ 2 initiative report, produced by McKinsey, envisages small hydrogen 

aircraft entering service in 2028 at the earliest, with prototype small and medium range 

aircraft also being produced from this date; commercial small and medium range aircraft are 

expected to enter service from 2030 and 2035 respectively. ¢ƘŜ 9¦Ωǎ {ǘǊŀǘŜƎƛŎ ǊŜǎŜŀǊŎƘ ŀƴŘ 

innovation agenda (SRIA) initiative also envisages that next-generation propulsion 

technologies will be available from 2030, including hydrogen propulsion on smaller aircraft. 

2.4 ¢ƘŜ !ƛǊ ¢ǊŀƴǎǇƻǊǘ !Ŏǘƛƻƴ DǊƻǳǇΩǎ ό!¢!Dύ ²ŀȅǇƻƛƴǘ нлрл ŜƴǾƛǎŀƎŜǎ a slightly later entry into 

service (EIS) of 2035 for hydrogen aircraft, ǿƛǘƘ ǘƘŜ 9¦Ωǎ {wL! ƛƴƛǘƛŀǘƛǾŜ ŀƭǎƻ ŜȄǇŜŎǘƛƴƎ ƴŜȄǘ-

generation propulsion technologies, including hydrogen, to be available for regional and short-

medium range (SMR) aircraft by 2035. !ƛǊōǳǎΩǎ ŀƳōƛǘƛƻƴ ŘŀǘŜ ƻŦ нлор ǘƘŜǊŜŦƻǊŜ appears in line 

with projections and ambitions of the wider industry.

 

2 ZEROe, Airbus 

2 Hydrogen aircraft  

https://www.airbus.com/en/innovation/zero-emission/hydrogen/zeroe
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Figure 2.1: Aviation specific hydrogen demand timeline with key milestones 

 

Sources: McKinsey & Clean Sky 2 (2020), Hydrogen-powered aviation, A fact-based study of hydrogen technology, economics, and climate impact by 2050. SRIA (2020), The proposed 
partnership for European Aviation. ACI (2021), Integration of hydrogen aircraft in the air transport system. Hydrogen Europe. ATAG (2021), Waypoint 2050. Destination 2050 (2021). ICCT 
(2022), Performance analysis of evolutionary hydrogen aircraft 



Analysing the costs of hydrogen aircraft | Final Report 

 April 2023 | 5 

Aircraft range 

2.5 When consulted as part of this study, Airbus stated that first generation hydrogen aircraft will 

have airframes similar to current aircraft, though the propulsion systems will need to be 

redesigned for hydrogen combustion. The use of hydrogen fuel, as opposed to kerosene, will 

mean hydrogen aircraft will be required to carry a larger volume of fuel for an equivalent flight 

because, while hydrogen has a high energy gravimetric density (megajoule per kilogram 

(MJ/kg), it has a low volumetric density (megajoule per litre (MJ/L)), which means four times 

the volume of hydrogen compared to kerosene is required to produce the same amount of 

energy3.  

2.6 The requirement to carry four times the volume of fuel for first generation hydrogen aircraft 

will mean that their range is more limited compared to equivalent kerosene-powered aircraft. 

!ƛǊōǳǎΩ first-generation hydrogen aircraft include a regional aircraft type design, capable of 

operating routes of up to 1,000 nautical miles (1,850km), and a SMR aircraft type design, 

capable of operating routes of up to 2,000 nautical miles (3,700km), but currently no long-

range aircraft type design. Figure 2.2 shows the maximum range of first-generation SMR 

hydrogen aircraft operating from Frankfurt (FRA) and Tenerife South (TFS) airports, assuming 

hydrogen refuelling is available at both the origin and destination airports. 

Figure 2.2: Maximum range of first-generation hydrogen aircraft (3,700km) 

 

Source: www.gcmap.com 

 

3 The gravimetric energy density of hydrogen is 120 MJ/kg (vs 43 MJ/kg for Aviation Jet A-1 kerosene), 
so the mass/weight of hydrogen burned to generate the same energy is approximately one third of that 
of kerosene (=43/120). However, liquid hydrogen has a volumetric density of only 71 kg/m3 (vs 804 
kg/m3 for Jet A-1), so the energy stored on a volumetric basis is 8.5 MJ/L (= 120 x 0.071) for liquid 
hydrogen vs 34.7 MJ/L for Jet A-1 (=43 x 0.804), i.e. the energy density per litre of liquid hydrogen is 
only 24.5% (=8.5/34.7) of that of kerosene, so approximately 4x the storage volume is required for 
liquid hydrogen to produce the same energy output. 

http://www.gcmap.com/
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2.7 The maximum range of first-generation SMR hydrogen aircraft of 3,700km is significantly 

ǎƘƻǊǘŜǊ ǘƘŀƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ǘƘŜ !ƛǊōǳǎΩ ŎǳǊǊŜƴǘ SMR aircraft, the A320neo, which has a range of 

around 6,000km. This means first-generation SMR hydrogen aircraft will be able to operate all 

intra-European routes from central Europe, while intra-European routes from airports in 

9ǳǊƻǇŜΩǎ periphery are slightly more limited. In spite of this, first generation SMR hydrogen 

aircraft will be able to operate the vast majority of intra-European routes currently operated 

by conventional SMR aircraft. 

2.8 While relative fuel energy density can be used to calculate how much hydrogen fuel is 

required to generate the same amount of energy as kerosene, the exact energy requirement 

ƻŦ ƘȅŘǊƻƎŜƴ ŀƛǊŎǊŀŦǘΣ ǊŜƭŀǘƛǾŜ ǘƻ ŎƻƴǾŜƴǘƛƻƴŀƭ ŀƛǊŎǊŀŦǘΣ ƛǎ ƭŜǎǎ ŎŜǊǘŀƛƴΦ !ƴ ŀƛǊŎǊŀŦǘΩǎ ŜƴŜǊƎȅ 

requirement is determined by its design (through its mass and aerodynamics); some elements 

of hydrogen aircraft design will likely reduce the energy requirements (lighter fuel) and others 

will increase it (larger and heavier fuel systems). Given first generation SMR hydrogen aircraft 

are in the very early stages of development, it is unclear what the exact energy requirement 

will be relative to conventional aircraft. 

2.9 tǊƻƧŜŎǘƛƻƴǎ ƻŦ ƘȅŘǊƻƎŜƴ ŀƛǊŎǊŀŦǘΩǎ ŜƴŜǊƎȅ ǊŜǉǳƛǊŜƳŜƴǘs are also mixed, with some studies 

projecting a slightly increased energy requirement relative to conventional aircraft and others 

projecting a slightly lower requirement. For example, the ICCT4 projects a +5% increase in 

MJ/RPK energy requirement for narrow-body aircraft, whereas McKinsey/Clean Sky 25 projects 

a -4% reduction for aircraft with a range of up to 2,000km and a +22% increase for aircraft 

with a range of up to 7,000km. Given these uncertainties, within our assessment, we have 

assumed that first generation hydrogen aircraft with a range of 3,700km have the same 

energy requirements as the equivalent conventional aircraft when they enter service in 2035, 

which we consider to be a reasonable approximation. 

Aircraft uptake 

2.10 The uptake of hydrogen aircraft will be driven by a number of factors, though significant 

determinants will be: 

¶ the level of projected traffic growth, which will drive overall demand for aircraft; 

¶ fleet turnover projections, which will drive the rate at which hydrogen aircraft replace 

older technology; and 

¶ the availability of hydrogen infrastructure at airports, which is necessary for aircraft to 

operate. 

2.11 Traffic and fleet turnover projections are discussed below; airport infrastructure rollout 

projections are set out in the following chapter. 

Traffic projections 

2.12 The scope of the traffic projections and our analysis is limited to routes under 3,700km (the 

maximum range of the first generation SMR hydrogen aircraft) between the 100 largest 

airports in Europe6, which represents 74% of intra-European traffic and 99% of the traffic 

 

4 ICCT (2022) 

5 McKinsey & Clean Sky 2 (2020) 

6 Europe here defined as EU27, EEA (Iceland, Liechtenstein and Norway), Switzerland and the UK 
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between the 100 airports. This is the scope of all references to Ψintra-EuropeanΩ traffic, 

hydrogen fuel demand and airport infrastructure in the remainder of this report. 

Figure 2.3: Airports in scope of assessment 

 
Source: www.gcmap.com 

2.13 The traffic scenarios used within our assessment are shown in Figure 2.4; we have used two 

traffic scenarios as upper and lower bounds for the level of projected traffic to 2050: 

¶ a baseline traffic scenario, which assumes traffic growth in line with the EU Reference 

Scenario7 projections over the period between 2019 and 2050; and 

¶ a ΨŎŀǇǇŜŘΩ traffic scenario, which assumes, through the use of market-based demand 

management measures, traffic does not recover to above pre-COVID (2019) levels 

throughout the period. 

Figure 2.4: Projected intra-European traffic range (2019-2050) 

 

Source: EU Reference Scenario, T&E 

 
7 EU Reference Scenario 2020 

http://www.gcmap.com/
https://energy.ec.europa.eu/data-and-analysis/energy-modelling/eu-reference-scenario-2020_en
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2.14 Within our assessment the volume of revenue passenger kilometres (RPKs) operated by 

hydrogen aircraft is driven primarily by the availability of hydrogen infrastructure at airports, 

which is rolled out progressively across the largest 100 European airports throughout the 

assessment period. As hydrogen infrastructure becomes available at different-sized airports 

each year, the increase in overall hydrogen-powered RPKs varies from year to year. More 

detailed airport infrastructure rollout projections are set out in the following chapter. 

2.15 The volume of RPKs projected to be operated by hydrogen aircraft under the EU Reference 

Scenario, and share of total RPKs this represents, is shown in Figure 2.5. 

Figure 2.5: Intra- European hydrogen aircraft RPKs (EU Reference Scenario, 2035-2050) 

 

Source: EU Reference Scenario, Steer analysis 

2.16 Hydrogen aircraft are projected to account for 65% of intra-European RPK traffic by 2050, 

which is broadly in line with wider industry projections; the maximum decarbonisation within 

the McKinsey/Clean Sky 2 study8 envisages close to 60% of aircraft being hydrogen-powered 

by 2050.  

Fleet projection 

2.17 An estimate of the number of hydrogen aircraft required to operate this level of traffic 

throughout the assessment period is shown in Figure 2.6. This has been calculated by 

assuming the aircraft operate 4 ATMs per day in 2035, based on a lower bound figure9 for 

intra-European narrow body aircraft, and that aircraft deliveries increase at a constant rate 

throughout the assessment period. A European hydrogen aircraft fleet of around 100 aircraft 

would be required to operate the projected RPKs in 2035, growing to over 3,500 aircraft by 

2050. 

2.18 Assuming 65% of aircraft replacements are met by hydrogen aircraft from 2035 (and a market 

growth projection of 1.2% CAGR), an average aircraft retirement age of 18 years would be 

required to reach 65% market penetration by 2050. This would represent a reduction from the 

 

8 McKinsey & Clean Sky 2 (2020) 

9 Eurocontrol 

https://www.eurocontrol.int/publication/eurocontrol-data-snapshot-30-daily-utilisation-aircraft-type
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current average of between 20 to 25 years10 and would need to be incentivised through 

market-based measures. While there may be some variability in the rate at which aircraft are 

delivered from year to year, the number of aircraft required in 2035 and 2050 imply an 

accelerating rate of aircraft deliveries (increasing by around 12 aircraft each year), rising from 

127 deliveries in 2035 to around 313 in 2050. 

Figure 2.6: Hydrogen aircraft in operation on intra-European routes (EU Reference Scenario, 2035-2050)  

 

Source: Oliver Wyman11, Steer analysis 

 

10 Destination 2050 (2021) 

11 Oliver Wyman Global Fleet & MRO Market Forecast 2022-2032 (Western Europe SMR aircraft) 
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3.1 This chapter sets out: 

¶ a description of the hydrogen production process and the projected level of fuel 

production required; 

¶ an overview of the different means of transporting and distributing hydrogen fuel; and 

¶ a description of the airport infrastructure required to accommodate hydrogen aircraft and 

fuel supply, and the projected roll out of this infrastructure across European airports. 

Fuel production 

Production volume 

3.2 The level of traffic (described in Chapter 2) and distance flown by hydrogen aircraft have been 

used to estimate the total energy consumption and fuel demand requirement across the 

assessment period, based on the energy requirement, fuel density and volume assumptions 

set out from paragraph 2.5. The level of hydrogen fuel demand, and therefore the required 

level of production across the two traffic scenarios, is shown in Figure 3.1. 

Figure 3.1: Projected intra-European hydrogen fuel demand range (2035-2050) 

 

Source: EU Reference Scenario, T&E, Steer Analysis 

Production locations 

3.3 There are currently several industrial methods of hydrogen production, although many of 

these produce emissions as part of the production process. These methods include using coal 

3 Hydrogen fuel supply chain 
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(black or brown hydrogen), using natural gas (grey hydrogen), using natural gas with some 

form of carbon capture (blue and turquoise hydrogen) and using water electrolysis powered 

by renewable energy (green hydrogen). 

3.4 In addition to the hydrogen produced, the only by-product from green hydrogen is oxygen, 

which means, unlike other production processes, it produces no carbon dioxide or any other 

greenhouse gas emissions. Given the only feedstocks are water and electricity, green 

hydrogen is therefore the only fully renewable way of producing hydrogen aviation fuel, 

provided a sufficient quantity of renewable energy is available. Our assessment therefore 

assumes all hydrogen produced for aviation fuel is green hydrogen. 

3.5 While the cost of renewable energy has come down over time ς and is expected to continue to 

do so ς for green hydrogen to be as price competitive as possible, it needs to be produced in 

locations with the most favourable renewable energy producing conditions. Figure 3.2 shows 

the projected hydrogen production (including on-site supply) unit costs in euros per kg at 2020 

prices όϵ2020/kg) from 2035 to 2050 across the wider European region. Within Europe, the most 

favourable locations are around the North Sea coast (using mostly wind power) and in 

Southern Europe (using mostly solar photovoltaic (PV) power). 

Figure 3.2: IȅŘǊƻƎŜƴ ǇǊƻŘǳŎǘƛƻƴ Ŏƻǎǘ όϵ2020/kg) 2035-2050 

 
Source: TUHH 
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3.6 As part of our cost assessment, we have therefore assumed that hydrogen is produced at four 

coastal production sites: 

¶ Using predominantly solar power: 

ς South-eastern Spain ς Mediterranean coast 

ς Sicily (Italy) ς Mediterranean coast 

¶ Using predominantly wind power: 

ς Denmark ς North Sea coast 

ς UKς North Sea coast 

3.7 While several locations in North Africa have lower production costs than Southern Europe, 

given the ongoing issue of European energy security and the perceived need for Europe to 

produce more of its own energy, we have assumed all locations are located within Europe. The 

locations of the four production sites are shown in Figure 3.3 ς all sites are located on the 

coast to enable access to water for the production process. 

3.8 As shown in Figure 3.2, the exact locations on the Mediterranean coast within southern 

Europe (for solar) and the North Sea coast (for wind) do not make a significant difference to 

the costs; unit costs are within an approximately ±10% range across both the North Sea and 

European Mediterranean coastal regions. The production locations can therefore be taken as 

representative of the costs that would be incurred even if the precise locations used were 

different from those selected for the study. 

Figure 3.3: Locations of airports and hydrogen production sites 

 

Source: www.gcmap.com, TUHH 

  

http://www.gcmap.com/
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Fuel distribution 

3.9 The electrolysis process produces hydrogen in gaseous form, which, in order to be used as 

aviation fuel, must be converted to liquid through a liquefaction process. Where and when the 

liquefaction process takes place dictates how the hydrogen is transported. Hydrogen can be 

transported in a number of ways, though the two methods used within our assessment are: 

¶ In gaseous (CGH2) form via pipeline, which means liquefaction takes places at or close to 

the airport after transportation; or 

¶ In liquid (LH2) form via trucks and ships, which means liquefaction takes place at or close 

to the production site prior to transportation. 

3.10 Other methods for transporting hydrogen include in liquid (LH2) form via pipeline, as liquid 

ammonia or in liquid organic hydrogen carriers (LOHC); however, none of these methods are 

considered viable for mass distribution of hydrogen. Given the low boiling point of hydrogen (-

253°C), transportation of hydrogen in liquid form will require cryogenic cooling facilities, which 

for an extensive pipeline network is not considered as economically viable12. Transportation 

using LOHC or ammonia (which is also highly toxic) requires transportation of hydrogen with 

additional chemicals and therefore additional chemical processes to produce sufficiently pure 

hydrogen fuel. 

3.11 While transport of hydrogen in liquid form via truck and/or ship is feasible for low volumes of 

fuel, once fuel demand reaches a certain level, trucks are unlikely to be able to transport the 

required volumes given the number of vehicles required and the congestion that this would 

cause, particularly in the vicinity of airports. 

3.12 As part of our assessment, we have assumed that each airport is supplied by the most suitable 

of the four hydrogen production sites considered, based on transportation practicality and 

distribution costs. Most airports13 are initially supplied using a combination of cryogenic trucks 

and (where necessary) ships with liquefaction taking place prior to transportation at the 

production facility and dedicated cryogenic fuel transfer facilities within the supply chain, 

including at ports and airports.  

3.13 Once fuel demand reaches a threshold of 36 tonnes per day, equivalent to approximately 20 

hydrogen-powered flights a day, it has been assumed that supply switches to gaseous pipeline 

supply with liquefaction taking place close to or at the airport. Within our assessment, 

transportation of gaseous hydrogen is assumed to take place within a network based on 

repurposing and extending the existing natural gas pipeline network. The European Hydrogen 

Backbone14 initiative has set out a roadmap for the development of a European hydrogen 

pipeline network based on retrofitting existing natural gas pipelines (as use of natural gas is 

scaled down) combined with additional new hydrogen pipeline infrastructure.  

3.14 The hydrogen pipeline network envisaged with the report is shown in Figure 3.4. 

 

12 Integration of Hydrogen Aircraft into the Air Transport System (2021), Airport Council International 
(ACI) and Aerospace Technology Institute (ATI) 

13 Larger airports use pipeline distribution from the first year of hydrogen flights as the number of flights 
is too high to justify use of liquefied distribution.  

14 European Hydrogen Backbone (2020), How a dedicated hydrogen infrastructure can be created. 
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Figure 3.4: European hydrogen backbone (2040), envisaged within the European Hydrogen Background initiative. 

 

Source: European Hydrogen Backbone Initiative (reproduced with permission) 

3.15 Given the need to keep liquid hydrogen at extremely low temperatures, some evaporation or 

Ψōƻƛƭ ƻŦŦΩ ƭƻǎǎŜǎ ŀǊŜ ŀƴǘƛŎƛǇŀǘŜŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ǇǊƻŎŜǎǎΣ ǿƛǘƘ ƎǊŜŀǘŜǊ ƭƻǎǎŜǎ 

anticipated where hydrogen spends more of the distribution process in liquid form. These boil 

off losses have been factored into the overall production requirement and cost. 

3.16 Figure 3.5 provides an illustration of each of the steps within the liquefied (LH2) and gaseous 

(CGH2) distribution processes at Nantes airport, which has its first hydrogen-power flight in 

2038 and is supplied with hydrogen fuel produced in the UK. 
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Figure 3.5: Liquefied and gaseous distribution example ς Nantes airport 

 

Airport infrastructure 

3.17 The use of hydrogen aircraft will require major changes to airport infrastructure. As hydrogen 

cannot be combined with existing aviation fuel it will require separate transportation and 

storage infrastructure facilities. Where hydrogen is delivered in liquid form (process 2 in Figure 

3.6), airports will require cryogenic storage, distribution and fuelling facilities, and where 

hydrogen is delivered in gaseous form (process 1 in Figure 3.6), on-site liquefaction facilities. 

Figure 3.6: Hydrogen airport distribution methods 

 

Source: Steer 
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Liquefaction and storage 

3.18 For airport storage and liquefaction facilities the following points need to be considered: 

¶ While hydrogen has a high energy gravimetric density (MJ/kg) it has a low volumetric 

density (MJ/L), such that four times the volume of liquid hydrogen compared to kerosene 

is required to produce the same amount of energy (see footnote 3 above).  

¶ The relative energy density of hydrogen means airport storage and distribution systems 

need to be able to handle four times the equivalent amount of kerosene fuel, and 

sufficient space will be required at the airport for these facilities. 

¶ For cryogenic storage, as well as liquefaction, airports will need access to a large quantity 

of renewable energy. 

3.19 As part of our assessment, we have assumed airport storage facilities are added incrementally 

in order to accommodate the required level of fuel demand. 

Distribution  

3.20 Within airports, fuel is currently supplied to aircraft stands from the fuel storage area via 

bowser (fuel tanker vehicle) or via a system of pipelines under the airfield which feed fuel 

hydrants at each aircraft stand (fuel hydrant system). Pipelines are used at the vast majority of 

large European airports, as using bowsers, with resultant airfield congestion, is usually not 

practical for large volumes of fuel. Whichever method is used, a connector pipe into the 

aircraft from the hydrant or bowser will be required for refuelling. 

3.21 As with liquefaction and storage facilities, airport distribution infrastructure will be required to 

handle four times the volume of fuel relative to kerosene and will require access to renewable 

energy to be kept at cryogenic temperatures. In addition, due to its flammability, the 

temperatures required to keep hydrogen in its liquid form, and the potential for boil-off losses, 

the aircraft fuelling process is likely to require highly specialised equipment and may require 

more time than the current refuelling process. 

3.22 As part of our assessment, we have assumed that at airports with a relatively low number of 

hydrogen flights in the initial years, hydrogen fuel is distributed by bowsers. For larger airports 

where fuel demand is above 36 tonnes per day (equivalent to approximately 20 hydrogen-

powered flights a day) in the first year, or once demand reaches this level at smaller airports 

after a number of years, airport distribution switches to pipeline and hydrant supply (assuming 

one hydrant per aircraft stand). Pipeline and hydrant capacity is added incrementally at the 

airport in order to meet the fuel demand. 

Rollout 

3.23 The point at which airports decide to introduce hydrogen aircraft infrastructure will be largely 

determined by when they believe there will be sufficient demand from airlines to justify their 

investment. There is likely to be a dialogue between airlines planning on ordering hydrogen-

powered aircraft and airports considering investing in the necessary infrastructure, as both 

parties will want to be assured that their respective investments are worthwhile. 

3.24 The long development, testing and production time required to deliver hydrogen aircraft, 

means there should be sufficient time for airports to make these adjustments, in cooperation 

with the airlines and other stakeholders, on the assumption that they are willing (incentivised) 

and able (with access to hydrogen supply and suitable infrastructure) to do so. Factors 

ƛƴŦƭǳŜƴŎƛƴƎ ŀƛǊǇƻǊǘǎΩ ŘŜŎƛǎƛƻƴ ǘƻ ƛƴǾŜǎǘ ƛƴ ǘƘŜ ǊŜǉǳƛǊŜŘ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ǿƛƭƭ ƛƴŎƭǳŘŜΥ 
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¶ access to sufficient quantities of green hydrogen through established production facilities 

and established distribution networks; 

¶ an innovation-friendly business climate at the airport, with cooperation between airport 

operators, airlines and other stakeholders; 

¶ absence of spatial or other constraints limiting the build-up of hydrogen-related facilities 

(storage, liquefaction, distribution on the apron); and 

¶ the presence of based aircraft by an early adopter of hydrogen aircraft in order to have a 

viable business case for building up the infrastructure. 

3.25 As part of our assessment, we have assumed there are no constraints on airportsΩ ŀōƛƭƛǘȅ to 

construct hydrogen infrastructure and that they have access to sufficient quantities of fuel. 

Rather than projecting the precise year hydrogen infrastructure will be available at each 

airport, the timing of when airports invest in infrastructure is based on a systematic approach 

and is driven by the level of demand from airlines. The first airports to invest in hydrogen 

infrastructure are those with the highest proportion of traffic on routes that can be operated 

by first-generation hydrogen aircraft (i.e., intra-European routes under 3,700km) in 2035. 

3.26 Based on this approach, we have therefore assumed that hydrogen infrastructure will be 

available at 20 airports in 2035 (shown in Figure 3.7), with the remainder of the airports 

adding infrastructure incrementally throughout the assessment period based on the level of 

traffic that can be operated by hydrogen aircraft at each airport. 20% of in-scope flights at 

each airport with hydrogen infrastructure are assumed to be operated by hydrogen aircraft in 

the first year of operations, rising to 65% and above after 10 years. 

3.27 As part of our assessment, we have assumed that airport hydrogen infrastructure is not a 

constraint on initial green aircraft rollout and uptake (or a disincentive for airlines to purchase 

hydrogen aircraft). We have also assumed that airport infrastructure is required at both origin 

and destination airports for hydrogen-powered flights to be able to operate. 

Figure 3.7: Rollout of hydrogen airport infrastructure (2035-2050) 

 
Source: www.gcmap.com 

     By 2035 

     By 2040 

     By 2045 

     By 2050 

http://www.gcmap.com/
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4.1 This chapter sets out: 

¶ the high-level approach used to quantify costs; 

¶ a quantification of the costs associated with aircraft development and each stage in the 

hydrogen fuel supply chain; 

¶ pǊƻƧŜŎǘŜŘ ǳƴƛǘ όϵκƪƎύ ƘȅŘǊƻƎŜƴ ŦǳŜƭ Ŏƻǎǘǎ ŎƻƳǇŀǊŜŘ ǘƻ ǇǊƻƧŜŎǘŜŘ ƪŜǊƻǎŜƴŜ ŎƻǎǘǎΤ ŀƴŘ 

¶ the impact of the costs on airline operating costs and passenger airfares. 

Approach 

Presentation of costs 

4.2 The cost projections below include operating expenditure (opex), which is incurred every year 

once the relevant asset or infrastructure is operational, and capital expenditure (capex), which 

is incurred as upfront investment costs while the relevant asset or infrastructure is being 

constructed. All total cost projections below include upfront capex. 

4.3 While some costs are incurred prior to 2035, when the first hydrogen-powered flights are 

assumed to take place, all costs presented below are those required to meet demand between 

2035 and 2050. All costs are presented in 2020 prices and present value figures have been 

ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴΩǎ ǎƻŎƛŀƭ ŘƛǎŎƻǳƴǘ ǊŀǘŜ ƻŦ п҈Φ 

Costs in scope 

4.4 In order to quantify the costs associated with the development, deployment and operation of 

hydrogen aircraft, it is important to include only incremental costs that would not be incurred 

in a ΨōŀǎŜƭƛƴŜΩ ƻǊ ΨŘƻ ƴƻǘƘƛƴƎΩ ǎŎŜƴŀǊƛƻ where hydrogen aircraft are not developed. 

4.5 The scope of our cost projection therefore covers: 

¶ The construction and operation of the production and distribution infrastructure required 

to meet the demand for hydrogen aviation fuel, quantified using the baseline cost 

scenario with a cost-minimising optimisation model developed by TUHH ς more details 

ŀǊŜ ǇǊƻǾƛŘŜŘ ǿƛǘƘƛƴ ¢¦IIΩǎ ǊŜŎŜƴǘƭȅ ǇǳōƭƛǎƘŜŘ ǇŀǇŜǊs1516. 

¶ The construction and operation of any additional airport infrastructure required to 

accommodate hydrogen aircraft, quantified using inputs provided by Doing + Smith 

ŎƻƳōƛƴŜŘ ǿƛǘƘ ƛƴǇǳǘǎ ŦǊƻƳ ¢¦IIΩǎ ƻǇǘƛƳƛǎŀǘƛƻƴ ƳƻŘŜƭΦ 

 

15 Sens, Piguel, Neuling, Timmerberg, Wilbrand and Kaltschmitt (2022), Cost minimized hydrogen from 
solar and wind ς Production and supply in the European catchment area 

16 Sens, Neuling, Wilbrand, Kaltschmitt (2022), Conditioned hydrogen for a green hydrogen supply for 
heavy duty-vehicles in 2030 and 2050 ς A techno-economic well-to-tank assessment of various supply 
chains 

4 Cost quantification 

https://reader.elsevier.com/reader/sd/pii/S0196890422005386?token=39B8F2436B158EE95C91E65133B99831D460C45D2130D6DC75ECE7DADCA90C934D00322162CE6DA1ABB118D813032826&originRegion=eu-west-1&originCreation=20220527161821
https://reader.elsevier.com/reader/sd/pii/S0196890422005386?token=39B8F2436B158EE95C91E65133B99831D460C45D2130D6DC75ECE7DADCA90C934D00322162CE6DA1ABB118D813032826&originRegion=eu-west-1&originCreation=20220527161821
https://www.sciencedirect.com/science/article/abs/pii/S0360319922031275?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0360319922031275?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0360319922031275?via%3Dihub
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¶ The development of a short to medium range (SMR) hydrogen aircraft model and any 

incremental operating costs for airlines, quantified based on a review of the literature and 

stakeholder interviews. 

4.6 Each of these costs are described in more detail in the remainder of this chapter, with more 

detailed assumptions provided in Appendix A. It should be noted that the production and 

distribution costs have been projected based only on the fuel demand from the aviation 

sector, i.e., not accounting for the impact of the infrastructure being used to provide hydrogen 

fuel to other sectors and industries. 

4.7 The scope of our cost projections includes only those costs incurred to meet hydrogen aircraft 

and fuel demand within our assessment period, i.e., up to 2050. While capex costs will 

continue to be incurred to meet post-2050 demand prior to 2050, these are not included in 

our cost projections below. Therefore, as depicted in Figure 4.1, only costs required to meet 

fuel demand up to 2050 are included in our projections. 

Figure 4.1: Depiction of in-scope costs (EU Reference Scenario, 2025-2050) 

 

Source: TUHH, D+S, Steer analysis.  

Fuel production 

4.8 Fuel production costs include: 

¶ electrolysis of water to produce hydrogen; 

¶ on-site storage of hydrogen prior to distribution; 

¶ renewable energy required to power the electrolysis process; and 

¶ additional production required to account for boil-off losses throughout the supply chain. 

4.9 The unit production costs at each of the four production sites selected for our assessment 

across the assessment period are shown in Figure 4.2. At all four production locations, unit 

costs are projected to reduce over time, driven by productivity improvements as the volume 

of production increases and the technologies become more established. 




































