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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 hydroggmwered aircraft and guporting 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 airpadtaconsultants Doig + Smith.

Hydrogen aircraft
Aircraft development

Airbus has aambitioni 2 RS @St 2LJ (KS ¢ 2idhahsReRtdesignkd\fidioged 2 Y Y S NX
aircraft by 2035which isin line with wider industry projections and ambitioasdwith the

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

assessment A NI dzgeQerafioh NyErdgen aircraft include a regional aircraft type design,

capable of operating routes of up to 1,000 nautical miles (1,850km), ahdr&medium

range SMR aircraft type design, capable of operating routes of up to 2,000 nautical miles
(3,700km)Although hisiss A Ay A FA Ol yif e aK2NISNI KIFy GKS NIy
conventionalSMR aircraftfirst generation SMRydrogen aircraft will be able to operate the

vast majority of intraEuropean 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:

i a baseline traffiscenario, which assumes traffic growth in line with the EU Reference
Scenaridprojections over the period between 2019 and 2050; and

T I WOFLIISRQ GNIFFFAO A0Syl NR 23 -baskdidénkand: & & dzY' S a =
management measures, traffic does metover to above pr&c€COVID (2019) levels
throughout the period.

Within our assessment the volume i@venue passenger kilometréRPKpgoperated by
hydrogen aircraft is driven primarily by the availability of hydrogen infrastructure at airports,
which isrolled out progressively across the largest 100 European airports throughout the
assessment period.

Hydrogen aircraft are projected to account &% of intraEuropeartraffic by 2050
assuming the current level &TMs operated per aircraftemains con@nt, aEuropean
hydrogenaircraftfleet of around 100 aircraft would be requirgéd operate the projected
traffic in 2035, growing to over 300 aircraft by 2050

Hydrogen fuel supply chain
Hydrogen production

The level of hydrogefuel demand, and theredre the required level of production across the
two traffic scenarios, is shown Figurel below.

1EU Reference Scenario 2020
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Figurel: Projectedintra-Europeanhydrogenaviation fuel demand range (2032050)
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Source: EU Reference Scenario, T&E, Steer Analysis

While there are several industrial methods of hydrogen production, many of these produce
greenhouse gasmissions as part of the productigmocess. Our assessment assumes all
hydrogen produced for aviation fueldgreere hydrogen that is,using water electrolysis
powered by renewable energifor green hydrogen to be as price competitive as possible, it
needs to be produced in locations wittie 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

Theelectrolysis process produces hydrogen in gaseous form, which, in order to be used as
aviation fuelfor regional and SMR aircrafnust beconverted intoliquid hydrogen, which

must then be stored at cryogenic temperatures (bek@&3 C).The location othe

liquefaction processletermines the method of transportation, with two feasible options:

i In gaseous (CGHZ2) form via pipelindich means liquefaction takes places at or close to
the airport after transportation; or

1 Inliquid (LH2) form via trucks astips 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 certatinresholdlevel a pipeline is likely to be necessary for inland
airports. Therefore we have assumed thahost airports are initiallguppliedusing a
combination of cryogenic trucks and (where necessary) ships with liquefaction taking place
prior to transportation at the production facilityDnce fuel demand reache<artain

threshold, supply switches to games 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 réguseparate transportation and

storage infrastructure facilitieAll arports will require cryogenic storage, distribution and
fuelling facilities In addition, vihere hydrogen is delivered in gaseous formsite liquefaction
facilitieswill be required.

We have assumed that at airports with a relatively low levels of hydrogen flights in the initial
years liquid hydrogen fuel is distributetb aircraftby bowsers. For larger airports where fuel
demand is above certainthreshold on-airport distributionswitches to pipeline and hydrant
supplyof liquid hydrogenPipeline 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 (opexjctvis 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 beloimclude upfront capex required to meet demand to
2050 only.

OnyA y ONBYSy il t O2ada GKIFG ¢2dd R y20 0 $%eiyOdzNNB
without hydrogen aircraft) are included. In addition to the costs fortilgdrogen production,

distribution and airport infrastructure requirements describadove,aircraft development

costs aréncluded (asdzY SR (2 0S5 € tQpyeadpriod. A 2y 2 GSNJ |

A = 4 oA o~

TROGIFt LINRP2SO0GSR O220605A {2 ASNJ 51 KSIG liRSMIEEER (F NIR2 €€ m
presentvalue terms.

Figure2: Total costs (202582050, EU Reference Scenario)

30 +

[ Mo [
w =} o

Total Costs (€2, billion)
=
o

M Production (CAPEX) Production (OPEX) M Distribution (CAPEX)
m Distribution (OPEX) m Liquefaction (CAPEX) m Liquefaction (OPEX)
M Airport Infrastructure (CAPEX) W Airport Infrastructure (OPEX) B Aircraft Development (CAPEX)

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

'YAl Ke@RNR3ISYy 0O2aida oexk13I0 KFE@PS 0SSy OFf Odz I
equivalent annual cost (EAC) value for capiit hydrogen fuel costs, comprising production,
distribution and liquefaction costs (i.e., the costs that would be charged to airlines as fuel

costs) are shown ithe figure belowd / 2 & (1 & 90befr KgA YF N /¥ o4E pedkg in € o @

2050, driven bya combination ofalling production cogtand greater utilisation of gaseous

(versus liquefied) distributioand liquefactioninfrastructure. The unit costs are based on

¢! 11 Qa ol asSt Awhish uSekéntial estih&tgs foNthe2onomic, financial and
technicalmodelinputs), with the progressive and conservative scenaiisich account for

the range of model input estimateshown as a range above and below the baseline costs.

Figure3: Unit costs (20358050, EU Reference Scenario)
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M Production M Distribution ™ Liquefaction
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 trajgories, projected renewable energy and hydrogen production
capacity will not be sufficient to produce the quantity of hydrogen required to meet net zero
targets by 2050lt 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 infrastructumeekample 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 hydemgproduction and distribution capacity, potential
policies that could be enacted at a national or EU level to increase supply capacity include:

1 direct financial support, in form of grants or cheap loans to finance technology research
and the constructiorof fuel production infrastructure;
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i indirect financial support, such as tax breaks or subsidies, which would incentivise
investment in infrastructure; anadr

1 supplyside 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 suppogybe required fronthe EU, which has

the means and resources tend to fund largescale infrastructure projects through the
European Investment Bank (EIB) and to issue collective debt. The EU can also enaet 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 widllso 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:

i direct financial support, in form of grants or cheap loanéiniance technology research
(e.g., decentralised liquefaction facilities) and the construction of airport infrastructure;

9 indirect financial support, such as tax breaks or subsidies, which would incentivise
investment in infrastructure; anadr

1 supplysidemeasures, such as airline fuel usage or airport fuel supply mandates (as has
been proposed by the ReFuelEU initiativedostainable aviation fuelSAF), which
would provide more certainty for other investors.

The other major area where polisypport ®uld 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 SJABfgcarbon pricingr taxes on kerosene

steer April 2023 v
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Introductior

Background

Steer was appointed by Transport & Environment and the European Climate Fourtdation
undertake a studyo provide a quantificaon of the costs associated with the development,
deployment and operation of hydroggmowered aircraft and supporting infrastructure within
Europe, based on current aircraft and supporting infrastructure rollout ambitions.

The study has been undertakénthe context of an increasing need for the aviation industry
to decarboniseOne potential option for decarbonisation is hydrogeowered aircraft; there
have been a number of recent studies on the feasibility and timeframe for introducing
hydrogenpowered aircraft and a number of hydrogen aircraft and infrastructure projects are
underway within the industry.

The work has been undertakdoy Steey supported by our partnersie Institute of
Environmental Technology and Energy Economics at Hantbuversity of Technology
(TUHH andairport cost consultant®oig+ Smith

This document is the Final Report for the study.
Our Approach

While thee is general agreement on the technical feasibilitgefelopinghydrogen aircraft
technology, there are uncertainties around the practical and commercial feasibibiyopiting
hydrogentechnologywithin the aviation industry at a large scale, and timeframein which
this can be achieved

The focus of this study is ntite feasibility of usindpydrogen aircraft technology, but rather a
quantification of the costs of the aviation industiglopting the technology within a timeframe
consistent with indstry projections and ambitions. These costs have been quantified within
an assessment period up to 2050, consistent with the European Green DdhledPalris
Agreemenf) @et-zero target.

To undertake this assessment, we havawn uponhydrogen productiorand distribution
understandingprovided byTUHH (experts in the costs of alternative fuels), airport
infrastructureunderstandingrom Doig+ Smith(airport costing expertsundertaken a review
of the available literatur@andinterviews andconsultedindustry stakeholdersSteer has full
responsibility for the outputg further information on our approach and data sources is
provided inAppendix A

This Report

The remainder of this report is structured as follows:

i1 Chapter 2 gives an overviewofdrogen aircraft technology and sets out our aircraft
rollout projections;

steer April 2023 1
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1 Chapter 3 provides a description of the hydrogen fuel supply chain and some of the
assumptions used withiaur study;

1 Chapter 4orovides a quantification of the costs of developary rolling out hydrogen
aircraft and supporting technologgnd

I Chapter 5 sets out potential policy support options that coulgbtleptedto facilitatethe
uptake of hydrogen aircraft technology.

steer April 2023 2



2.1

2.2

2.3

24

Analysing the @sts of hydrogen aircraft Final Report

Hydrogen aircra

This chapter sets out:

i adescription offirst-generation hydrogen aircraft, thexpecteddate of their entry into
commercial service and the markets in which they will operate; and

i1 aprojection of the uptakeate ofhydrogen aircraft and the level of traffic operated by
these aircraftwithin our assessment period.

Aircraft technologydevelopment
Developmenttimeframe

Aitbus2yS 2F 62NI RQa (62 1ghnddddnlynajoddeNdfagtire Y I y dzF I O
based on Européas arambitionii 2 RS @St 21LJ 1 KS g 2iédhsRe@ta FTANRG O2
designed hydrogeaircraft by 203%hrough its ZERGeoncept aircraftFigure2.1 below

summarisesvider industryprojections ancambitionsfor the roll out and uptée of hydrogen

aircraft, which arecontained withina number ofrecentindustryreportsand studies

The9 ! Q& / R iBitiavergépdre producedoy McKinseyenvisages small hydrogen

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

aircraft also being produced from this dammmercial small and medium range aircraft are

expected to enter service from 2030 and 2035 respectielit. S 9! Qa { G NF GS3IA O NE
innovation agenda (SRIA) initiative also envisalgasrniextgeneration propulsion

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

CKS 1 ANJ CNI yaLRNI ! OGA2y DNReligi®datedenttyinD 0 2 | & LI2
service (EIS) of 2035 for hydrogen airgrafh G K 0 KS 9! Q& {wL! AYAGALFGACZ
generation propulsion technologies, including hydrogen, to be available for regional and short
medium range (SMR) aircraft by 2035A Nb dzd Q& | YO A ( A 2 yappeargn$ine2 T H 10 |
with projections and ambitionsf the wider industry.

2ZEROgAirbus

steer April 2023 3


https://www.airbus.com/en/innovation/zero-emission/hydrogen/zeroe

Analysing the @sts of hydrogen aircraft Final Report

Figure2.1: Aviation specific hydrogen demand timeline with key milestones

2022 2025

2028

2030

2035

2040

| 2045 | 2050

Hydrogen-powered Aviation,
McKinsey — Proof of technology
feasibility and certification of
commuter aircraft as well as a short-
range aircraft prototype, prior to
2028,

Green hydrogen cost reduction,
IRENA — Industry investars plan at
least 25GW of electrolyser capacity
for green hydrogen by 2026,

Hydrogen-powered Aviation,
McKinsey — Under the efficient
decarbonisation scenario, small
commuter hydrogen aircraft (<20
seats, 500km range) could become
available.

The proposed partnership for
European Aviation, SRIA — Potential
ground based hydrogen propulsion
test in 2027, in-flight tests prior
2030.

The proposed partnership for European
Aviation, SRIA — Regional and short-
/medium-range aircraft definitions will be
set so that they can be available by 2035,

15% of aviation fuel will be made up of
low carbon sustainable aviation fuel {SAF).
Mext generation aircraft with 30-30%
lower fuel burn and emissions.

Mext generation propulsive systems
(revolutionary efficiency vs. current 504)
with an EIS of 2030+.

Hydrogen-powered Aviation, McKinsey —
In the ‘efficient decarbonisation scenario’,
in 2030, hydrogen powered regional
aircraft will replace current aircraft with
up to medium range, continuing to 2040.

Integration of hydrogen aircraft in the air
transport system, ACl — 10Mtonnes of
renewable hydrogen by 2030, grown from
1Mtonne in 2024. Also noted by EC and
Hydrogen Europe.

Cost of renewable hydrogen could drop
by up to 40% with renewable energy
costs falling and higher electrolyser
efficiency.

Hydrogen Europe — Fully functional
hydrogen propulsive system (tank, fuel
system, engine), fully engaged
certification process, all key technology
bricks at TRL6, environmental impact of
hydrogen fully assessed (incl. non-C02
effects).

Waypoint 2050, ATAG —
Technology programmes
envisage an EIS of 2035 for
hydrogen in aviation, citing
availability and cost of green
hydrogen globally as a challenge.

Hydrogen-powered Aviation,
McKinsey — Hydrozen powered
short-range aircraft will become
commercially available with
capacity for up to 165 passengers
and ranges up to 2,000km.

Hydrogen-powered Aviation,
McKinsey — Within the
‘efficient decarbonisation” and
‘maximum decarbonisation’
scenarios 9Mtennes and
43Mtonnes of LH2 will be
required by aviation per year
in by 2040, respectively.

Long-range hydrogen-powered
aircraft could become
available, able to carry up to
325 passengers with a range of
10,000km.

Hydrogen-powered Aviation, McKinsey — Within
the “efficient decarbonisation’ and ‘maximum
decarbonisation’ scenarios 40% and 60% of all
aircraft are switched to LH2 by 2050,
respectively.

42Mtonnes and 135Mtonnes of LH2 will required
by aviation per year in by 2050 in each scenario.

Large scale refuelling infrastructure and a
prototype of a ‘revolutionary’ longer range
aircraft concept.

Waypoint 2050, ATAG — 20-30% of aviation
energy will be hydrogen (43Mtonnes), 71.5% SAF
and 3.5% battery. 445Mtonnes of 5AFs by 2050,
in aggressive scenario.

Medium-/long-range hydrogen aircraft unlikely to
be the best option until 2050 as they are costly
vs. conventional aircraft with SAFs.

Destination 2050 — 3.7MTonnes of hydrogen
used for intra-European hydrogen aircraft.
FiMtonnes of renewable hydrogen produced in
the EU. Upper bound of 500GW of electrolyser
capacity.

Performance analysis of evolutionary hydrogen
powered aircraft, ICCT — LH2 narrow and
turboprop aircraft could service 31-38% of all
passenger aviation traffic (RPKs) by 2050.

& realistically achievable adoption rate between
20-40% could mitigate 6-12% of passenger
aviation CO2e emissions by 2040.

Modest growth scenarios (20-40% RPK coverage
in 2050) suggest 18 9-37 EMt of LH2 in 2050.
Within traffic scenario with +3.0% CAGR over the
2019-2050 period.

SourcesMcKinsey & Clean Sky2020),Hydrogerpowered aviation, A fadbased study of hydrogen technology, economics, and climate impact by 205q28RIAThe proposed
partnership for European Aviation. AQ021) Integration of hydrogen aircraft in the dmansport system. Hydrogen Europe. AT@G21) Waypoint 2050. Destination 20%2021) ICCT
(2022) Performance analysis of evolutionary hydrogen aircraft

steer
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Aircraft range

When consulted as part of this study, Airbus stated that §ieneration 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 carrya larger volume ofuel for an equivalent flight
because, while hydrogen has a high energy gravimetric demségdjoule per kilogram

(MJ/kg) it has a low volumetric densifynegajoule petitre (MJ/L)), which meandour times

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

The requirement to carry four times the volume of fuel for first generation hydrogen aircraft
will mean that their range is more limited comparexddquivalent kerosen@owered aircraft.

I A NJrsizgeQerationhydrogenaircraftinclude aregionalaircrafttype designcapable of
operating routes of up td,000 nautical milegl,850kn), anda SMRaircraft type design
capable of operating routes aip to 2,000 nautical mile€3,700km), but currently no long
rangeaircrafttype designHgure2.2 shows themaximumrange offirst-generationSMR
hydrogenaircraft operating from FrankfulFRA) and Tenerife South (TFS) airp@agsuming
hydrogen refuelling is available at both the origin and destination airports.

Hgure 2.2: Maximum range of firstgenerationhydrogen aircraft(3,700km)

Sourcewww.gcmap.com

3 The gravimetric energy density of hydrogen is 120 MJ/kg (vs 43 MJ/kg for Aviatiod &etdsene),

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 haslametric density of only 71 kg/fhfvs 804

kg/m?3 for Jet Al), so the energy stored on a volumetric basis is 8.9.§4J120 x 0.071) for liquid

hydrogen vs 34.7 Mlfor Jet Al (=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.
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2.7 The maximum range of firgieneration SMR hydrogen aircraft of 3,700km is significantly
AK2NI SN GKFyYy (KS NISVMBE &rcratFhe hIe@eo, vihibhdzsza angd dENNSE v
around 6,000kmThis meangirst-generation SMR hydrogen aircraiftll be able to operate all
intra-European routes from central Europehile intra-European routes from airports in
9 dzN.2 pel¥pkedy are slightly more limited. In spite of this, first generation SMR hydrogen
aircraft will be able to operate the vast majority of irEairopean routes currently operated
by conventional SMR aircraft.

2.8 While relative fueknergydensity can be usetb calculate how much hydrogen fuel is
required to generatetlie same amount of energy as kerosene, theactenergy requirement
2F KE@RNRISY FANDODNIFiGZI NBfIGAGS (2 02y @SydArzyl
requirement is determined by itdesign (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
arein the very early stages of development, it is unclear whatetkectenergy requirement
will be relative to conventional aircratt.

2.9 t N2E2SOiA2ya 27F Ke&RNR 3 S garelalzoMiddd] withisOrie stdie§ NA& NI |j
projecting aslightlyincreased eargy requirement relative to conventional aircraft and others
projectinga slightly lower requirement~or example, the ICEdrojects a+5% increase in
MJ/RPK energy requirement for narrdyedy aircraft, wherea®icKinsey/Clean Sky*projects
a-4% reduwtion for aircraft with a range of up to 2,000kand a +22% increase for aircraft
with a range of up to 7,000knGiven these uncertainties, within our assessment, we have
assumed that first generation hydrogen aircraith a range of 3,700krhave 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:

i1 the level of projected traffic growth, which will drive overall demand for aircraft;

i fleet turnover projections, which will drive the rate at which hydrogen aircraft replace
older technology; and

i the availability of hydrogemfrastructure at airports, which is necessary for aircraft to
operate.

211 Traffic and fleet turnover projections are discussed belawgort infrastructure rollout
projections are set out in the following chapter.

Traffic projectiors

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 airchegftyjveen the 100 largest
airports in Europ®& whichrepresents 74% dhtra-European traffic and 99%f the traffic

41CCT2022)
5McKinsey & Clean Sky(2020)
8 Europe here defined d8U27, EEA (Icelandedhitenstein and Nrway), Switzerland and the UK
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between the 100 airportsThis is the scope of all referencestiara-Europeaniraffic,
hydrogen fuel demand and airport infrastructure in the remainder of this report.

Figure2.3: Airportsin scope of assessment
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2.13 The traffic scenari®used within our assessmeaute shown irFigure2.4; we have used two
traffic scenarios as upper and lower bounds for the level of projected traffic to 2050:

i1 abaselinetraffic scenarig which assumes traffic growth in line witie EU Referere
Scenariéprojectionsover the period between 2019 and 20 and

1 aWwO!I Litaficseenario, which assumekroughthe use of markebased demand
management measures, traffic does not recover to above@/10§2019)levels
throughout the period

Figure 2.4: Projectedintra-Europeantraffic range 0192050
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2.14 Within our assessmerthe volume ofrevenue passenger kilometr¢@PKgsoperated by
hydrogen aircrafis drivenprimarily by the availability of hydrogen infrastructure at airpqrts
which is rolled out progressively acrdhge largestl00 Europearairports throughout the
assessment period. As hydrogen infrastructure beconvadable at differentsized airports
each year, the increase in overall hydrogmwered RPKs varies from year to yédore
detailed airport infrastructure rollout projections are set out in the following chapter.

2.15 The volume of RPKs projected to be opethby hydrogen aircraft under the EU Reference
Scenario, and share of total RPKSs this represents, is shdviguire2.5.

Figure2.5: Intra- European hydrogen aircralRPK{EU Reference Scenarip0352050)
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2.16 Hydrogen aircraft are projected to account ®8% of intraEuropearRPHKraffic by 2050,
which isbroadlyin line with wider industry projectionshe maximumdecarbonisation within
the McKinsey/Clean Sky 2 stutignvisageslose to60%of aircraftbeing hydrogerpowered
by 2050

Fleet projection

2.17 An estimate of themumber of hydrogen aircrafiequired to operatehis levelof traffic
throughout the assessment periasl shown irFigure2.6. Thishas been calculad by
assuming thaircraft operate 4 ATMs per day 2035 based on a lower bound figurfor
intra-Europeamarrow body aircraftandthat aircraft deliveries increase at a constant rate
throughout the assessment period. European hydrogeaircraft fleet of around 100 aircraft
would be required to operate the projected RPKs in 2035, growing to ob@0 3jrcraft by
2050.

2.18 Assumings5% of aircraft replacements are met by hydrogen aircraft from 2035 (and a market
growth projection of 1.2% CAEGRN average aircraft retirement agd 18 years would be
required to react65% market penetration by 2050 hiswould represent a reduction from the

8 McKinsey & Clean Sky(2020)

9 Eurocontrol

steer April 2023 8


https://www.eurocontrol.int/publication/eurocontrol-data-snapshot-30-daily-utilisation-aircraft-type

Analysing the @sts of hydrogen aircraft Final Report

current average obetween20 to 25 year¥ andwould need to be incentivised through
marketbased measuws.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 aircratteliveries(increasing by around2laircraft each year), risingdm
127 deliveries in 2035 to aroung13in 2050.

Figure2.6: Hydrogen aircraft in operatioron intra-European route§EU Reference Scenario, 263850)
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10 Destination 205@2021)
11 Oliver Wyman Global Fleet & MRO Market Forecast 2232 (Western Europe SMR aircraft)
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Hydrogenfuel supply chai

This chapter sets out:

9 adescription of the hydrogen production procesmsd the projectedevel of fuel
productionrequired

an overview of the different means of transporting and distributing hydrogen fuel; and
adescription ofthe airport infrastructure required to accommodate hydrogen aircraft and
fuel supply, and th@rojectedroll out of this infrastructure across European airports.

)l
1

Fuel production
Production volume

The level of traffi¢described in Chapte?) and distance flown bitydrogen aircraft hae been
used toestimatethe total energy consumption and fuel demand requirement across the
assessment perigdased on the energy requiremeritiel density and volume assumptions
set outfrom paragraph2.5. The level of hydrogefuel demand, and therefore the required
level of production across the two traffic scenarisshown inFigue 3.1.

Figue 3.1: Projectedintra-Europeanhydrogen fuel demandange(20352050)
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Source: EU Reference Scenario, T&E, Steer Analysis

Productionlocations

There arecurrentlyseveral industrial methods of hydrogen production, although many of
theseproduce emissions as part of the production process. Thesthods includeusing coal
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(black or brown hydrogenyisingnatural gas (grey hydrogen)singnatural gas witlsome
form of carbon capturdblue and turquoise hydrogen) aning water electrolysis powered
by renewable energy (green hydrogen).

In addition to the hydrogen produced, the only-pyoduct from green hydrogen is oxygen,
which means, unlike other production processt producesno carbondioxideor any other
greenhouse gasmissionsGiven the only feedstocks are water and electricity, green
hydrogen is thereforghe onlyfully renewableway of producing hydrogen aviation fuel
provided a sufficient quantity of reewable energy is availabl®urassessmentherefore
assumes all hydrogen produced for aviation fuel is green hydrogen.

While the cost of renewable energy has come down over tiraad is expected to continue to
do = ¢ for green hydrogen to be as pricerapetitive as possible, it needs to be produded
locatiors with the most favourable renewable energy producing conditidfigure3.2 shows
the projectedhydrogen productior{including omrsite supplyunit costsin euros per kg at 2020
priceso s20kg) from 2035 to 205@cross the wider European regiowithin Europe, thenost
favourable locations are around the North Sea coast (using mostly wind power) and in
Southern Europe (using mostly sofdrotovoltaic PV) power).

Figure3.2:1 8 RNR 38y LINE fndk§) 20822050 O2a i 0 ¢

3.5

Onsite hydrogen supply cost [€2020/kgH2]

3.5

25

Onsite hydrogen supply cost [€2020/kg2]

15
Source: TUHH
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As part of our cost assessment, we have therefore assumed that hydrogen is produced at four
coastalproduction sites:

1 Usingpredominantlysolar power:
¢ Southeastern Spaiig Mediterranean coast
¢ Sicily (Italyx Mediterranean coast
i Usingpredominantlywind power:
¢ Denmarkc North Sea coast
¢ UK North Sea coast

While several locations in North Africa have lower production costs than Southern Europe,
given the ongoing issue of European energy secaritythe perceived need for Europe to
produce more of its own energye have assumed all locations are located within Europe. The
locatiors of the four production sites are shown kigure3.3 ¢ all sites are located on the

coast to enable access to water for the production process.

As shown irFigure3.2, the exact locationsn the Mediterranean coastithin southen

Europe (for solar) anthe North Sea coagtor wind) do not make a significant difference to
the costs unit costs are withinmapproximatelyt10% range across both the North Sea and
European Mediterranean coastal regions. The produdiicationscanthereforebe taken as
representative of the costs that would be incurred evithe preciselocations used were
different from those selected for the study.

Figure3.3: Locatiors of airports and hydrogen production sites
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3.12

3.13
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Fuel dstribution

The dectrolysisprocessproduces hydrogen in gaseous form, whighorder to be used as
aviation fuelmust be converted to liquid through a liquefaction process. Where and when the
liquefaction process takes place dictates how the hydrogen is transported. Hydragdye
transported in a number of way#jough the two methods used within our assessment are

1 In gaseougCGH2jorm via pipeline, which means liquefaction takes places at or close to
the airport after transportationpr

91 Inliquid (LH2)form via trucks aml ships which means liquefaction takes place at or close
to the production site prior to transportation.

Other methods for transporting hydrogen include in liquid4Lfeirm via pipeline, as liquid
ammonia or in liquid organic hydrogen carriers (LOHGYeker, none of these methods are
considered viable for mass distribution of hydrog&iven the low boiling point of hydrogen (
253°C), transportation of hydrogen in liquid form will require cryogenic cooling facilities, which
for an extensive pipeline natrk is not considered as economically vidbl&ransportation

using LOHC or ammonia (which is also highly tosag)ires transportation of hydrogen with
additional chemica and therefore additional chemigatocesses t@roduce sufficiently pure
hydrogenfuel.

While transport of hydrogern liquid formvia 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 requiaed the congestion that this would
cause particularlyin the vicinity of airports.

As part of our assessment, we have assumed that each airport is suppliee fmpst suitable
of the four hydrogen production sites considerédsed on transportation practicality and
distribution costsMost arportst® are initially supplied using a combination of cryogenic tsuck
and (where necessaryhipswith liquefaction taking place prior to transportati@t the
productionfacility and cedicated cryogenic fuel transfer facilities within the supply chain,
including at ports and airports.

Oncefuel demand reaches a threshold of 36 tonnes per, @ayivalent to approximately 20
hydrogenpowered flights alay,it has been assumed thatpplyswitchesto gaseous pipeline
supply with liquefaction taking place close to or at the airp@fithin our assessment,
transportation of gaseous hydrogen is assumed to take place within a nebased on
repurposing and extendinidpe existing natural gagipeline network.The Europeaiydrogen
Backboné& initiative has set ouai roadmagfor the development of a European hydrogen
pipelinenetwork based orretrofitting existing natural gas pipelin€as use of natural gas is
scaled downgombined withadditional new hydrogen pipeline infrastructure.

The hydrogen pipeline network envisaged with the report is showkigare3.4.

2 Integration of Hydrogen Aircraft into the Air Transport Syst@eR1), Airport Council International
(ACI) and Aerospace Technoldgstitute (ATI)

B3 Larger airportsise pipeline distributiorirom the first year of hydrogen flights as the number of flights
is too high tgustify useof liquefied distribution.

1 European Hydrogen Backbo(#020), How a dedicated hydrogen infrastructure can be created.
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Figure3.4: European hydrogen backbon@040) envisaged within the European Hydrogen Backgrounitiative .
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Given the need to keep liquid hydrogen at extremely low temperatures, some evaporation or
Wo2Af 2FFQ t2aaSa INB FYGAOALI GSR G KNRdzAK 2 dzi
anticipated where hydrogen spds mare of the distribution process in liquid form. These boil

off losses have been factored into the overall production requirenagmt cost.

Figure3.5 provides an illustration ofeach of thestepswithin the liquefied (LH2) and gaseous
(CGH2) distribution processasNantes airport, which has its first hydrogpawer flight in
2038 and is supplied with hydrogen fuel produced in the UK.
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Figure3.5: Liquefied and gaseous distributioexample¢ Nantes airport
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Airport infrastructure

3.17 The use of hydrogen aircraft will require major changes to airport infrastrucAsr@ydrogen
cannot be combined with existing aviation fuel it will require separate transportation and
storage infrastructure facilitie8¥here hydrogen is diefered in liquid form (process 2 Figure
3.6), arports will require cryogenic storagdistributionand fuellingfacilities, and where
hydrogen is delivered in gesus form(process 1 ifrigure3.6), on-site liquefaction facilities.

Figure3.6: Hydrogen airport distribution methods
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Liquefaction and storage
3.18 Forairport storage and liquefaction facilities the following points need to be considered:

1 While hydrogen has a high energy gravimetric density (MJ/kg) it has a low volumetric
density (MJL), such that four times the volume buid hydrogen compared to kesene
is required to produce the same amount of enefgge footnote3 above)

1  The relative energy density of hydrogen means airport storagedastdbution systems
need to be able to handle four tins¢he equivalent amount of kerosene fuel, and
sufficient space will be requireat the airport for these facilities.

i For cryogenic storage, as well as liquefaction, airports will need access te gUaungfity
of renewable energy.

3.19 As part of our assessment, we have assumed airport storage facilities are adoedentally
in order to accommodate the required level of fuel demand.

Distribution

3.20 Within airports, tiel is currently supplied to aircraftasmds 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 systeRipelinesare used at the vast majority of
large European airportssusing bowsersyith resultantairfield congestion, is usually not
practical for large volumes of fudhichever method is used, a connector pipe into the
aircraftfrom the hydrant or bowsewill be required for refuelling.

3.21 As with liquefaction and storadacilities, 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 flammalbiley
temperatures required to keep hydrogen in its liquid faramd the potential for boibff 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 assement, we have assumed that at airp®mith a relatively low number of
hydrogen flightsn the initial yearshydrogen fuel is distributed by bowseFor larger airports
where fuel demand is above 36 tonnes per day (equivalent to approximately 20 hydroge
powered flights a day) in the first year, or once demand reaches this level at smaller airports
after a number of yearsirport distribution switclesto pipeline and hydrant suppliassuming
one hydrant per aircraft standFipeline and hydrant capaciig added incrementally at the
airport in order to meet the fuel demand.

Rollout

3.23 The point at whiclairports decide to introduce hydrogen aircraft infrastructure will be largely
determined by when they believe there will be sai#nt demand from airlines to justify their
investment.There idikelyto be a dialogue betweeairlinesplanning onordering hydrogen
powered aircraftand airports considering investing in the necessary infrastructure, as both
parties will want to be agured that their respective investments are worthwhile.

3.24 The long development, testing and production time required to delwealrogenaircraft,
means thereshouldbe sufficient time for airports to make these adjustments, in cooperation
with the airlinesand other stakeholdergyn the assumptionthat they are willing (incentivised)
and able (with access to hydrogen supply and suitable infrastructure) to d&astors
AYFEdzSYOAy3I FANLRNIAQ RSOAaAz2zy G2 Ay@Sad Ay i
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i access to sufficient quantities of green hydrogen through established production facilities
and established distribution networks;

i aninnovationfriendly business climate at the airport, with cooperation between airport
operators, airlines and other stakeheid;

9 absence of spatial or other constraints limiting the buildl of hydrogerrelated facilities
(storage, liquefaction, distribution on the apron); and

i the presence of based aircraft by an early adopter of hydrogen aircraft in order to have a
viable busness case for building up the infrastructure.

3.25 As part of our assessment, we have assurthede are no constraints oairportsQ | @A t A (i &
construct hydrogen infrastructure and that they have accessufticientquantities of fué.
Rather than projectinghte precise year hydrogen infrastructure will be available at each
airport, the timing of when airports invest in infrastructurs based on a systematic approach
and isdrivenby the level of demand from airline3he first airports to invest in hydrogen
infrastructure are those with the highest proportion wéffic onroutes that carbe operated
by firstgeneration hydrogen aircraft.€.,intra-European routesinder 3,700km)n 2035.

3.26 Based on this approach, we have therefore assumed thdtdgen infrastructuravill be
availableat 20 airportsin 2035(shown inFigure3.7), with the remainder of the airports
adding infrastructure incrementally throughbthe assessment peridoasedon the level of
traffic that canbe operated by hydrogen aircraft at each airp@®o of inscope flights at
each airportwith hydrogen infrastructurere assumed to be operated by hydrogen aircraft in
the first year of opeations, rising t®5%and aboveafter 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 hydroggpowered flights to be able to operate

Figure3.7: Rollout of hydrogen airporinfrastructure (20352050)
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Sourcewww.gcmap.com
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Cost quantificatio

This chapter sets out:

i the highlevel approach used to quantify costs;
i aquantification of the costs associated with aircraft development and each stage in the
hydrogen fuel supply chain;

AAAAA
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i the impact of the costs on airline operating costs andsenger airfares.
Approach
Presentation of costs

The cost projections below include operating expenditure (opex), whickurred 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 beldnclude upfront capex.

While some costs are incurred prior to 2035, when the figgtrogenpoweredflights 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 pacespresent value figures have been

Ol f OdzAf F i1 SR dzaAy3 GKS 9dzNRLISIY /2YYA&aaAirzyQa

Costs in scope

In order toquantifythe costs associated with thdevelopment,deployment and operation of
hydrogen aircraft, it is importarto indude only incremental costs that would not be incurred
inaWo I 4 SWRY S § 2 2 KIA whar@hydrd@éh vitcrdfhage not developed.

The scope of our cogirojectiontherefore covers:

i The construction and operation of the production and distributiloinastructure required
to meet the demand fohydrogen aviation fuelquantified usinghe baseline cost
scenario witha costminimising optimisation model developed by TUtore details

I NE LINPOARSR gAGKAY ¢!sP9 Qad NBOSyGfeé Lzt A3

i The contuction and operation of any additional airport infrastructure required to
accommodate hydrogen aircraffjuantified using inputs provided by Doing + Smith

O2Y0AYSR ¢6A0GK AylLlzia FNRBY ¢! 11 Qa 2LIWIAYAaLl

% Sens, Piguel, Neuling, Timmerberg, Wilbrand and Kaltschmitt (2088) minimized hydrogen from
solar and windc Production and supply in the European catchment area

16 Sens, Neuling, Wilbrand, Kaltschmitt (20Z2nditioned hydrogen for a green hydrogen supply for
heavy dutyvehicles in 2030 and 2050A technoeconomic welto-tank assessment of various supply
chains
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1 The development of a short to medium ran@&vR)hydrogen aircraft model andny
incrementaloperating costs for airlineguantified based on a review of the literature and
stakeholder interviews.

Each of these costs are described in more detail in the remainder of this chaptemore
detailed asumptions provided i\ppendix Alt 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 prdwidegen
fuel to other sectors and industries.

The scope of our cost projectismcludesonly thosecostsincurred to meet hydrogen aircraft
and fueldemand within our assessment period, i.e., up to 208Mile capexcosts will
continueto be incurred to meet pos2050 demand prior to 2050, these are not included in
our cost projections belowl herefore, aslepictedin Figure4.1, only costs required to meet
fuel demand up to 2050 are included in our projections.

Figure4.1: Depiction ofin-scope cost{EU Reference Scenarid(025-2050)

Source: TUHH, D+S, Steer analysis

Fuel production
Fuel poduction costs include:

i electrolysis of water to produce hydrogen

i on-site storage of hydrogen prior to distributipn

i renewable energy required to powdhne electrolysigprocess and

i additional production required to account for baiff losses throughout the supply chain.

The unit production costs at each of the four production s#elected for our assessment
across tle assessment period are shownFigure4.2. At all four production locations, unit
costs are projected to reduce over time, driven by productivity improvements asdluene
of production increases and the technologies become more established.
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