Hydrogen aviation (Vatgasflyg)

contributing to decarbonisation of the aviation segment

Hamburg Airport goes for hydrogen

Source:
https://airportinfo.com/hamburg-airport-goes-for-hydrogen/
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Hydrogen aviation (Vatgasflyg)

contributing to decarbonisation of the aviation segment

Fueling the Future: Key Catalysts for Expanding Hydrogen Fuel Cell Deployment Fuel Cell

Andreas Bodén, PowerCell Group

Advancing Hydrogen Electric Propulsion: Insights from the H2GEAR Project Fuel Cell
Simon Taylor, GKN Aerospace LH,
Hydrogen aircraft of the future: Technology, potential and performance H,-turbine
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Fossil-free airplanes with liquid hydrogen - experiences from Umea Airport LH,-infra
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Can hydrogen power all
aviation in Sweden?
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Yes.
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DIFFERENT TECHN(

COMPARASION OF HYDROGEN AND SA

Green Liquid Hydrogen

Sustainable Aviation Fuel (PTL)

SWEDISH PERSPECTIVE

SUSTAINABLE AVIATION FOR SWEDEN -TECHNOLOGY & CAPABILITY ASSESSMENT TARGETING 2045

Out from the daily demand, 25 flight routes represent 70% of the total flight demand. Those 25 routes
are based on 10 cities, Stockholm, Malmé, Gothenborg, Umea, Lulea, Ronneby, Angelholm, Vaxjo,
Are and Skellefted, illustrated in Figure 2. It should be noted that the point-to-point demand below
eight daily passengers represent ca. 12% (1,166 out of 9,545 passenger) of the total daily passenger

SWEDISH PERSPECT

SUSTAINABLE AVIATION FOR SWEDEN -T

Christopher Jouannet, Ingo Staack, Tomas Gronstedt, Xi

Swedish demand is particular many low passeng
9 and 19 pax aircraft would represent a large numn

flights

No single technology will realise the demand

DIFFERENT TECHNO

COMPARASION OF NEW TECHNOLOGIES

Figure 4.13: Hydrogen cost vs. kerosene and SAFs (EU Reference Scenari
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aircraft type based on point-to-point service

d)
@5 PowerCell Group | Hydrogen electric solutions

N
@ PowerCell Group



Prudent scenario

3.0
H O P E 25 2030: 9% GHG emissions reduction from SAFs 24%
(of which 81% are from biofuels, 19% from PtL)
2 20 16%
2%
15 9%
- 19%
ik 21%
Hydrogen forecasted to be fuel for i
5%

33 - 40% of global aircraft fleet in 2050 ! 20 s088 200 208 a0 2048 2080

Optimistic Renewable Electricity scenario

3.0
Hydrogen could by 2050 depending on scenario enable . 2090:11% GHG emikions etction b SAFs 9%
9-25 % of total GHG emissions reduction in aviation 2 i o
20 29
15 25%

Share of fleet estimated to be replaced by fuel cells by p
8% @ 2035 & 16 % 2040 3 * 26%

0.5
6%
3%
e eeerrss 4%
2019 2025 2030 2035 2040 2045 2050
Note: Sums in contributions to 2050 GHG emissions may not total 100 due to rounding. Source: MPP analysis
Continued historical Il Additional M Hydrogen B Battery- Power- Other W HEFA Unabated 7 Carbon
fuel efficiency fuel efficiency electric to-Liquids biofuels dioxide
improvements improvements removal

(COR)
Sources:

1: Decarbonizing the aviation sector: Making net zero aviation possible (McKinsey & Co, 2022)
2: Making net-zero aviation possible. An industry-backed, 1.5°C-aligned transition strategy (2022)
3: Hydrogen Powered Aviation, 2020 - a fact-based study prepared by McKinsey & Company forthe Clean Sky 2 JU and Fuel Cells and Hydrogen 2 JU
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H,OPE

o Flights within the EU+ region Non-drop-in fue‘ls such as_

5w Hydrogen. Burning drop-in fuels
E results in low or net-zero

s CO, emissions whilst burning
;; 60 zero-carbon hydrogen results in
g CO,-free emissions.

-

E Y —— Sustainable Aviation Fuels (SAF)

0 are categorised into net carbon-
2018 2030 2050 .

- - = H_',_-:?Tr':-ft:a._'eier:-:.ll'u?f_! 3:::—:r.|a'_i:n l-le:EE-_-:—:m_saiDr's —_— ES'.'{--:-" '__EIGE L0y neUtraI drop_ln fuels SUCh as
M imoxoved technology (yorogen) Sustoingble sviation fuels (SAF)  BHUEEH Efect of economic measures on demand synthetic or bio-fuels
Frrirs Effect of hydrogen on demand Eftect of SAF on demand

Intra-ELF only. Modelled for 2030 and 2050, the impacts are linearly interpolated. The base year for this study is 2018.
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H,OPE

Hydrogen used in turbine or electric flight using fuel cells,

have lower climate impact and lower cost compared to synthetic aviation fuels.

Exhibit 4
Comparison of climate impactfrom H, propulsion and synfuel

Compared to kerosene-powered aircraft, timeframe until 2100

Change of in-flight emissions and emission related effects’

Direct CO, NO, Water vapor? Contrails, cirrus

0Ongoing scientific
debate about full o .
climate impact, in Synfuel y -0% -0% -10-40%
particular:
+ Contrail/cirrus

formation
+ Aggregate Hyd

measure ydrogen _EQL 0% 20

turbine 50-80% +150% 30-50%

Total climate
impact could be
21to 4 times
compared to CO, Hydrogen . -
emissions alone fuytlél ceg" +150% -60-80%
1. Assuming decarbonized production and transportation of fuels in 2050
2. 10 times lower climate impact than from CO; emissions
3. Net CO; neutral if produced with CO, captured from the air
4. Measured in CO, equivalent compared to full climate impact of kerosene-powered aviation

Climate impact
reduction potential*

-30-60%3

-50-75%

-75-90%

Source: Hydrogen Powered Aviation, 2020 - a fact-based study prepared by McKinsey & Company for the Clean Sky 2 JU and Fuel Cells and Hydrogen 2 JU

Exhibit 5
Cost comparison of H, short-range aircraft versus kerosene and synfuel aircraft
USD cents per available seat kilometer (CASK), 2,000 km flight with 165 PAX in 2040

+31% CAPEX, +47% maintenance

-4% energy demand,  due to longer aircraft, LH, tank, 7% less flight cycles due < 20 USD/PAX cost
+42% costs per KWh  fuel cells and H, turbine to longer refueling times' increase for airline 4.7
F'y
4.5
+3% ¥

" +32%

+9%
2035-adjusted Fuel costs CAPEX Maintenance Other costs H,-aircraft Synfuel aircraft2
kerosene
aircraft Additional costs

1. As the number of fight cycles decrease, CAPEX and crew costs will increasa. Other costs also cover increased fees due to highar MTOW
2. Synfuel from green hydrogen with carbon from direct air capture
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H,URDLES

Hydrogen electric aviation with Fuel Cell is a good fit for commuter and regional aircraft
Hydrogen used in turbine is good for regional and short range aircrafts
Hydrogen storage, Weight, Combustion process (turbine), Heat rejection (Fuel Cell)

Target is Enter Into Service (EIS) by 2035

Exhibit 6 Exhibit 7 Exhibit 8
Commuter aircraft powered by fuel cells Regional aircraft powered by fuel cells Short-range aircraft powered by hybrid H, propulsion
Revolutionary aircraft 5::;93", A -10% Revolutionary aircraft ::ﬂ:&, A -8% Revolutionary aircraft ngt:'fz L A -4%
Design mission: 19 PAX, 500 km range, cruise speed 500 km/h Design mission: 80 PAX, 1,000 km range, cruise speed Mach 0.44 Design mission: 165 PAX, 2,000 km range, cruise speed Mach 0.72
Highly efficient wing r?i*zlcﬁoﬂ /=S 100% Highly efficient wing g?izuum Q 100% g?l:acﬁon Q 100%
2 LH, tanks behind PAX cabin - added weight: 0.5 tons 2 LH, tanks behind PAX cabin - added weight: 2 tons 2 LH, tanks behind PAX cabin -added weight: 4 tons
@ Distributed propulsion using electric motors for thrust Qm :maﬂ é\ 80-90% @ Distributed propulsion using electric motE itx thrust gdn:t:o:‘nw é\ 80-90% @ Fuel cell system (11 MW) powering electric motors &n:; :rpact Q 70-80%

@ Electric motor driving main turbine fan shaft during cruise, while H, turbine is turned off

Additional 20-30%

cost B9 cask?

Entry into
Enpite 3515 e

Rﬂ S Additional S 0-5%
° go) (]
/ - - /)

Additional &0 5-15%
cost B3 cask?

Enyimo 2 10-15 yeas

cost &3 CASK2

Entry into
service @ <10 years

Propulsion Propulsion Propulsion @, 5
power Ié: PR pov:er @ Fuel cell system e Hybrid
1. Major assumptions: 25% gravimetric index of LH, tank, 90% useable LH, fuel, 1. Major assumptions: 30% gravimetric index of LH, tank, 90% useable LH, fuel, 1. Major assumptions: 35% gravimetric index of LH, tank, 91% useable LHj fuel, FCS -y &
FCS mass 1.5 kWr/kg (incl. cooling) and 58% peak efficiency (LHV), e-motors and MTOW?® m +15% ;ci- mass 1.75 kW/kg (ncl. cooling) and 59% peak efficiency (LHV), e-motors and MTOWs g +10% mass 2 KW/kg (incl. cooling) and 60% peak efficiency (LHV), e-motors and PMAD with MTOW! +14%
PMAD with 97% efficiency, battery with 0.6 kWhikg PMAD with 7% 7% efficiency, battery with 0.6 KWh/kg. H,-turbine with 45% cruise efficiency
2. Cost per available seat kilometer 3. ‘Cost por svallabis Seat kiiretar 2. Cost per avaiiable seat kiometer
3. Maximum take off weight 3. Maximum take off weight 3. Maximum take off weight

Source: Hydrogen Powered Aviation, 2020 - a fact-based study prepared by McKinsey & Company for the Clean Sky 2 JU and Fuel Cells and Hydrogen 2 JU di* PowerCell GFCJUD
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H,OPE

Clean Aviation Joint Undertaking phase 1
11/23 projects related to:

Hydrogen storage

Hydrogen turbine

Fuel Cell

US, Japan, UK, etc.

Ultra-efficient Regional Aircraft
Combining Innovative Airframe, Novel Systems

-
| ]
[

& HE power train

HE-ART

2.150-2.850 MW Multi Hybrid Electric

propulsion system for regional AiRcrafT
ROLLS-ROYCE [*)

AMBER

2250 MW Multi Power train InnovAtive
DeMonstrator for hyBrid-Electric Regional
Application GE AVIO [*)

TheMadHERA

Thermal Management Solutions for the

Hybrid Electric Regional Aircraft
HOMEYWELL (*)

HECATE
Hybrid ElectriC regional Aircraft distribution
Technologies COLLINS [*)

HERWINGT
Hybrid Electric Regional Wing Integration
MNovel Green Technologies AIRBUS(*)

HERFUSE
Hybrid-Electric Regional FUSelage &

Empennages LEQOMARDC [*)
ODE4HERA

Open Digital Environment for Hybrid-Electric
Regional Architectures DLR (DEUTSCHES

ZENTRUM FUR LUFT - UND RAUMFAHRT)

Ultra-efficient Short Medium Range

Combined powerplant
& Alrframe efficiency

HEAVEN

Ultrafan - Hydrogen & hybrid gas turbine
design ROLLS-ROYCE[*)
SWITCH

Sustainable Water-Enhanced-Turbofan
(WET) Comprising Hybrid-electrics

MTU AERD [*)
OFELIA

l:lpen fan engine demonstrator incl. gas
turbine design hybridisation for Environmental

Low Impact of Aviation SAFRAN (%]
UP WING
Ultra Performance Wing

AIRBUS [*)
FASTER-H2

Fuselage H2 integration & Ultra efficient
empennage

AIRBUS (*)
COMPANION
Common Platform and Advanced
INstrumentation Readiness for ultra efficient
propulsion demonstration AIRBUS (%)

AWATAR

Advanced Wing MATuration And integration
OMERA {OFFICE NATIOMAL D'ETUDES
ET DE RECHERCHES AEROSPATIALES)

Hydrogen Powered

Naovel concepts with H2 direct burn

& fuel cell based propulsion

CAVENDISH
Hydrogen and dual fuel combustion
technologies

ROLLS-ROYCE (*)
HYDEA
Hydrogen engine integration in flying
platform

GE AVIO (*)

NEWBORM
NExt generation high poWer fuel cells for
airBORNe applications

HOMEYWELL (*)

H2ZELIOS
HydrogEn Lightweight & Innovative tank for
zerQ-emisSion aircraft
ACITURRI {*}
FLHYing Tank
‘ f Liquid hydrogen load bearing tank for
-‘| ] commuter
PIPISTREL (*})
HYPaoTrade
HyPofraDe|l  Hydrogen Fuel Cell Electric Power Train
Demenstration
FIPISTREL (*)
TROPHY
( Q I Research On Propulsion by
H¥drogen
—nf-" SAFRAN
FAME

Fuel cell propulsion system for Aircraft
Megawatt Engines

AIRBUS (*)
HEROPS
Hydrogen-Electric ZeRo Emission Propulsion
System

CLAIM
Support 1 Clean Aviation Support for Impact Monitoring
H DLR (DEUTSCHES ZENTRUM FUR LUFT
ACtlon - UND RAUMFAHRT)
CONCERTO HERA
. Construction Of Novel Hybrid-Electric Regional
Transversal CERTification methOds and o Aircraft Architecture o
Pro'ects means of compliance and technology \ J
] for disruptive technologies integration
DASSAULT [*) LEONARDO [*)

SMR ACAP ECARE
SMR Aircraft . European Clean
architecture and ﬂ Aviation Regional
technology ; Ecosystem/synergies
integration Project - with regions

AIRBUS [*]

MTLU AERD ENGIMES AG

é PowerCell Group
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NEWBORN i

Fuel cell stack development and delivery

* Lower weight per kW (2-4 units of 300kW stack block)

* Reduced cooling need (higher operating temperature)

Efficiency ~49-60%

Operating temperature | 105 °C

Fuel cell technology PEM
Power / Stack Modular (range: 300 kW — 1 MW)
Power density >5 kW/kg

=
P 4
"

—— g, W— A
= N EWB@ RN Grant Agreement No. 101101967 (3) PowerCell Group

CLEAN AVIATION




Aviation Applications

TRL EV Helicopter Fixed Wing

X

Flight test

Ground

Concept
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