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Climate Targets in Aviation: The Role of Alternative Fuels

» ATAG decarbonisation ,,Scenario 3“
- ,Aspirational & aggressive technology perspective
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Backcast of what is required [around 1.000 Mt of CQ2] to replace 90% of

conventional fuel: 330 Mt (410 billion litres) of SAF with a 100% emissions
reduction factor by 2050

Source: Air Transport Action Group, “Waypoint 2050, Second Edition, September 2021.

» Alternative Fuel Options for Aviation
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The Full Climate Impact of Aviation

ERF RF ERF | conf.
(mW m?) (MW m?) RF |levels
T | e r T
" high_hug“i’:i't;a'r'e‘;'i'; ue | 57.4 (17,98) | 111.4 (33, 189) | 0.42 | Low
1 |
. [ I
Carbon dioxide (CO3) I | .
oifisslions ! | 34.3 (28,40) | 34.3 (31,38) | 1.0 | High
Nitrogen oxide (NOy) emissions 1 I
Short-term ozone increase : : 49.3 (32,76) | 36.0(23,56) | 1.37 | Med.
Long-term ozone decrease | -10.6 (-20,-7.4)| -9.0 (-17,-6.3) | 1.18 | Low
1 I
Methane decrease I I -21.2 (-40, -15) | -17.9 (-34,-13) | 1.18 | Med.
1 I
Stratospheric water vapor decrease | ! -3.2 (-6.0,-2.2) | -2.7 (-5.0,-1.9) | 1.18 | Low
I I
T T
Net for NOy emissions %’ : : 17.5(0.6,29) | 8.2(-48,16) | - | Low
Y | I
Water vapor emissions in : : 2.0(08.32) | 2.0(08, 32 (1] | Med
the stratosphere | | ad b e ’
Aerosol-radiation interactions | |
-from soot emissions | ! 0.94 (0.1,4.0) | 0.94 (0.1,4.0) | [1] | Low
: ll Best estimates
-from sulfur emissions : = 5 - 95% confidence -7.4 (-19,-2.6) | -7.4 (19,-2.6) | [1] | Low
1
Aerosol-cloud interactions :
-from sulfur emissions | No best No best - | Very
-from soot emissions i estimates estimates = | low
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66.6 (21, 111)

100.9 (55, 145)

114.8 (35, 194)

149.1 (70, 229)

» Global aviation‘s

radiative forcing terms

(1940 - 2018)

Source:

Lee, D.S. et al. "The contribution of global aviation to anthropogenic
climate forcing for 2000 to 2018", Atmospheric Environment,
Volume 244, 2021, 117834,1ISSN 1352-2310,
https://doi.org/10.1016/j.atmosenv.2020.117834.
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Fuel Consumption of Aviation‘s Global Fleet — A Breakdown

Business Jet Turboprop

1% e 1%

Regional Jet
5%

Source: Based on B. Yutko and J. Hansman, Report No. ICAT-2011-05 (2011)
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» Strong size effects
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= Short/Medium Range g #  Engines 2015 onwards (new certification)
N O I d t S ——— Original CAEP (1986)
4 X Co u p e O It TN A N TP AL % A T (O CAEP/2 (1996)
Regional g = = = CAEP/4 (2004)
= — — CAEP/6 (2008)
)

cycle efficiency

= « CAEP/8 (2014
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Source: ICAO Aircraft Engine Emissions
50 Databank (EEDB) v25a (Release 20 Dec 2018)
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Landscape of Revolutionary Propulsion Technology Options
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» Synergistic propulsion-airframe integration

n
Hyd fuelled I $
yarogen-tuelieda propuision
=
cHIRE
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2o
-
S= 01 % Liquid hydrogen Non-vacuum isolated
E’ ® A @ Liquid hydrogen Vacuum isolated
=1 A Cryo-compressed hydrogen Vacuum isolated Source: Bauhaus Luftfahrt
ES Compressed gaseous hydrogen Type-4 pressure vessel “Yearbook 2019 (2020)
001 www.Bauhaus-Luftfahrt.net.
‘ 0 10 100 1000 10,000 100,000

Hydrogen weight in kg

» (Partially) electrified energy & power

L (@i
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== 1D

* Serial Hy brids" are distinctfrom , Turbo Electric* architectures by dual energy storagecapaciy.

Full ,Serial Hybrid“ (FSH) / | Partial ,Serial Hybrid*“ (PSH) Cycle-Integrated Mechanically Integrated

| Turbo-Electric (PTE)* Parallel Hybrid (CIPH) Parallel Hybrid (MIPH)
Electric Machinery: @ Motor © Generator

e \lechanical ~ =g»FuelFlow = Electical

Source: Seitz, A. et al., Proc IMechE Part G Vol. 232(14), DOI: 10.1177/0954410018790141, 2018.

»Turbo-Electric” (FTE)*

Energy Storage: ﬁj Chenmical Electro-Chemical
Power Transmission:
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The Composite Cycle Engine (TRL2)

» Gas turbine with piston-based gas generator

= Superb thermal efficiency due to pressure ratios >> 100
- BPR >> 20 due to ultra-high specific work output

= 210 % fuel burn reduction potential
over advanced GTF technology
Source: Kaiser, S., Kellermann, H., Nickl, M., Seitz, A.,
“A Composite Cycle Engine Concept for Year 2050”,

This work was supported by the European Commission within the 7th d u C rl tl Cal ISS u e : N OX e m ISS I O n S Paper-ID 0638, ICAS Congress 2018.
T T 1

Framework Programme under Grant Agreement No. 283216 and within
the H2020 Framework Programme under Grant Agreement No. 633436.

Temperature

Specific Entropy

» Key options for CCE NO, abatement — /
- Compression intercooling ] T ]
= Advanced piston combustion technology Water / Steam Injection Options
- Hydrogen fuel combustion '
- Water / steam injection
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Steam Injection in Gas Turbine Combustion Chamber

» Specific heat of turbine working fluid

Rel. Increase of Heat Capacity [-]
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Source: Seitz, A.; Nickl, M.; Troeltsch, F.; Ebner, K. "Initial Assessment of a Fuel Cell—Gas Turbine Hybrid
Propulsion Concept", Aerospace 2022, 9, 68. https://doi.org/10.3390/aerospace9020068

» NO, emissions

Normalised NO Concentration

1
X ¢=0.80, kerosene (nozzle 1), Schimek et al.
0.9 +  ¢=0.65, kerosene (nozzle 1), Schimek et al.
* O  $=0.80, kerosene (nozzle 3), Schimek et al.
0.8 O ¢=0.7, kerosene (nozzle 3), Schimek et al.
- Y ¢=0.80, kerosene, Furuhata et al.
® 0.7 32 $=0.60, kerosene, Furuhata et al.
S $=0.55, hydrogen, Goeke et al.
8 06 $=0.50, hydrogen, Goeke et al.
o ¢=0.45, hydrogen, Goeke et al.
g 05F D ¢=0.70, natural gas, Goeke et al.
b {> $=0.65, natural gas, Goeke et al.
2 04 - ¥4 ¥  ¢=0.83, methane, Hiestermann et al.
§ & Data fitting: NO__ _, = 1/ 19"er
e 03 *
0.2 [
0.1F
0 I
0 0.05 0.1 0.15 0.2 0.25 0.3

Water-to-Air Ratio [-]

Source: Adapted from Kaiser, S. et al.; ,The Water-Enhanced Turbofan as Enabler for Climate-Neutral Aviation*;
Appl.Sci. 2022, 12, 12431; https://doi.org/10.3390/app122312431
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In-flight Water Supply for Gas Turbine Injection?

» Water source options
= Onboard water storage

= Combustion product water recovery
from engine exhaust - WET concept by MTU:

Water condensation
and recovery

Steam-injected gas turbine
with heat recovery steam generation

L 1
T LI | ]

— Superheated Steam Steam i Condenser Water
; Generator Recovery
Al =] @ o[ 1O
Gearb Feed Wat Wat Condensat
IE' |z| E_II e I__3—| E \E‘ EEPuma::er Res:r:;ir orll—‘uenl::a ¢

Source: Schmitz, O., et al. "Aero Engine Concepts Beyond 2030: Part 3 - Experimental Demonstration of Technological
Feasibility", Journal of Engineering for Gas Turbines and Power, Vol. 143/ 021003-1, February 2021.

= Product water of hydrogen fuel cell

» Fuel cell product water mass flow

Molar mass of water

Stack electric power output N -

Product water . _ Pstack.et * Mu20
mass flow ] MStack,H20 =
Nstack * FHVmol
Stack efficiency Fuel heating value
1.4r
nStack:O'4
Ft’ 1.2
©
@ 0.5
%’ ~ 0.6
g 308r 0.7
o 0.8
z @ 0.6
O ©
T =045
>
LL
0.2 Hydrogen fuel cell

O = r r r r r r r r
0 1000 2000 3000 4000 5000 6000 7000 8000
Fuel Cell Stack Electric Power (PStack eI) [kW]

Source: Seitz, A.; Nickl, M.; Troeltsch, F.; Ebner, K. "Initial Assessment of a Fuel Cell—Gas Turbine
Hybrid Propulsion Concept", Aerospace 2022, 9, 68. https://doi.org/10.3390/aerospace 9020068
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Combining H, Electrochemical Conversion with Combustion

—— Mechanical power (to customers)

Power system control volume
PMAD* —> Electric Motor
3 J » Dry air
Hydrogen ; Fuel Cell | Condenser - Intermediate | _ - Pump
— = > Storage
T
1
¥
. Looocococoococoocooocooocoooocoooc —> ) - — — » Gas turbine residual
Oxygen ,| Gas Turbine > Vaporiser > thermokinetic power
(from ambient air) 4 o . '
Water steam injection in e.g. combustion chamber _:
5 Mechanical power Legend: —> Air flow — — » Product water flow

(to main propulsor) ——» Fuelflow —— Power transmission

[ 4 EXPGCted benefits: *Power Management And Distribution

= Use fuel cell product water for performance improvement of gas turbine
- Flexible use fuel cell electric power output e.g. for advanced propulsion integration

Source: Seitz, A.; Nickl, M.; Troeltsch, F.; Ebner, K. "Initial Assessment of a Fuel Cell—Gas Turbine Hybrid Propulsion Concept", Aerospace 2022, 9, 68. https://doi.org/10.3390/aerospace9020068
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Fuel Cell — Gas Turbine Hybrid: Initial Assessment (TRL1)

[ 'mBl] [ 1mB]
10~ Power T M

[ !
» Design fuel study for typical SMR aircraft R | D‘dﬂ

PEFC (80°C, 1.7bar) Transmission: I iy
8 - condenser water Mechanical Ho0 Treatment Fol i | thO0 Storage J:
recovery: 90% — MassFlow : : .
6 Electrical . Optional
nd dstiuion %ﬂﬂﬂlﬁ
4 Study settings: e [ @ PMAD [Fuel Cell ] f—
Application: 180Pax@3000nmi M

Cruise at ISA, FL350, M0.78

e » Applying lab-scale fuel cell technology
= 7 % less fuel burn with SOFC design

Propulsive efficiency: 88%

Change in Design Block Fuel [%0]

A -
6" Condenserwater - 43 % of power provided by fuel cell
recovery: 100% . .. .
8- - 6 % water-to-air ratio in gas turbine
_10 r r r r r r r . . . .
0 01 02 03 04 05 06 07 - 60 % less NO, emissions during cruise
Design Power Split (P P [

sht,eMot co,eff

Source: Seitz, A.; Nickl, M.; Troeltsch, F.; Ebner, K. "Initial Assessment of a Fuel Cell—Gas Turbine Hybrid Propulsion Concept", Aerospace 2022, 9, 68. https://doi.org/10.3390/aerospace9020068
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Fuel Cell — Gas Turbine Hybrid Propulsion

» NO, reduction potentials

Fuel cell electric power utilisation options:
T T T T T

—> Single gas turbine
propulsion

10.3

10.24

10.18

10.12

10.06

1 -> Aircraft all-electric subsystems (FC-APU)
- > Active aerodynamics (e.g. HLFC)
& \ - Cycle-integrated hybrid
S 0.8 \ \ (e.g. compressor electric drive)
= o
n
S 06 -> Fuselage BLI fan
@
S
L
o 04
zZ
o
=
T 02+
& Application case:
180Pax@3000nmi
O 1 1 | | | 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Design Power Split (P

sht,eMot / IDco,eff) H

0.8

Gas Turbine Water-Air-Ratio in Cruise [-]

ﬂ

e o1

Power
Transmission:

Mechanical
== Mass Flow
Electrical

PMAD: Power management
and distribution
M: Electric motor

[

H,0 Treatment

e o
] T -
.
7 0 Storage
o Optonal
———H,0
N [HHHHHH]
PMAD Fuel Cell
TR

» Fuel cell power utilisation options:
= Aircraft all-electric subsystems (FC-APU)

Active aerodynamics (e.g. HLFC)

Cycle-integrated hybrid (compressor electric drive)
Fuselage boundary layer ingesting (BLI) fan
Single gas turbine propulsion
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Fuselage Boundary Layer Ingestlng Propulsmn (TRL3) %

PPolitechnika
s (@Tu Warszawska

SIEMENS UNIVERSITYOF

AIRBUS /4RTHC & saunan s Luftfahrt legerityfor e TU Delft CAMBRIDGE

=
CENTRELINE-

» Stepwise analysis of fuel efficiency  # Turning the fuselage wake
Turbo-electric Propulsive Fuselage ﬂow into propulsive force

= 11 % less fuel burn (idealised design)
= 3 -5 % less fuel burn (turbo-electric)

-12.0 Idealised,
2D aero-design

-10.0

8.0 Aif transport task: 340Pax@6500mni
| Pouer transrisio » Excellent compatibility with

6.0 4 losses & weights

—= ¥ Aircraft weights = Efficient Wing & engine teChnO|Ogy
| | |_[§Bea:;onarv = LH, fuel storage in fuselage

4,

o

= Advanced power trains based on
fuel cells and / or HTS electric
technology

-2.

o

PFC Design CO, Block Emissions vs. R2035 [%]

0.0
Steps: (1) (2) (3) (4) (5) (6) (7) (8) (9)

Source: Seitz, A., Habermann, A.L., Peter, F., Troeltsch, F., Castillo Pardo, A., Della Corte, B., van Sluis, M., Goraj, Z., Kowalski, M., Zhao, X., Gronstedt, T., Bijewitz, J., and Wortmann, G., "Proof of Concept Study for Fuselage Boundary Layer Ingesting Propulsion”. Aerospace 2021, 8, 16.
https://doi.org/10.3390/aerospace8010016. This work was supported by the European Commission within the 7th Framework Programme under Grant Agreement No. 323013 and within the Horizon 2020 Research and Innovation Programme under Grant Agreement No. 723242.
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Propulsion Technology Integration for the Long Range

Revolutionary heat engine Ultra-efficient wing'
Fuselage BLI propulsion

H,0 ) _| H,0 Storage
Treatment /d( D
Th0
fn
sl
1l Liquid hydrogen fuel storage?

Advanced fuel cell power train

HTS'eleCtriC fuselage fan drive3 Source: Seitz, A. "Towards Climate-Neutral Aviation: Revolutionary Options for

Aircraft Motive Power", Invited Keynote at the 25th Conference of the International

Images: ' Kierbel, D. "Closing of Clean Sky 1 SFWA-ITD BLADE project", Presented in Brussels, 21-22 March 2017. Society of Air Breathing Engines (ISABE), Ottawa, Canada, 29 September 2022.

2 Troeltsch, F., et al. "Re-Thinking the Long-Haul Air Transport Segment" Aerospace Europe Conference, Bordeaux, France, 25-28 February 2020. o
3 ASUMED Project, Grilli, F., et al, Journal of Physics: Conference Series 1590 (2020), doi:10.1088/1742-6596/1590/1/012051
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Single Gas Turbine Propulsion for the Short/Medium Range

» Impact on gas turbine sizing power
and thermal efficiency

Short/Medium Range

Long Range

ﬂ

e Y
I
[
Power T
Transmission:
Mechanical H,0 Treatment
== Mass Flow L

Electrical

Té. —J I;%ﬂ (JL PMAD: Power management
S LR Application: W Ere mtor | . — ngﬂﬂgﬂ
£ | 400Pax@6400nmi — g1 | [uFuulﬁulﬁ ——
Q SMR Application: -
g 180Pax@3000nmi
S » Fuel cell - gas turbine hybrid as basis
(@)
o : : : 0/ .
.2 O  Turbofan Engines (EIS 1992-2004) : TWIn gas tu rblne’ power Spllt 43 /0 D
o O Turb Engines (EIS 1992-2004) : : :
£ | regona Data Fittng - Single gas turbine, power split 50%: [
0 5 10 15 20 25 30

Equivalent Shaft Power in Cruise (per Engine) [MW]
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Evaluation of Climate-Compliant Aircraft Concepts (TRL1)

» LH, aircraft concepts

= Short range and
- Long range

- First presented at
ILA Berlin Air Show 2022

Block Energy vs. Y2000 [%]

h
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()
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\El

I I M0.78 > M0.75
Baseline
LH, Turbofan LH, SOFC* -
Adv. Conventional Slngle GT Hybrid
(Kerosene/SAF)

*SOFC properties acc. to https://doi.org/10.3390/aerospace9020068

Block Energy vs. Y2000 [%]
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*SOFC properties acc. to https://doi.org/10.3390/aerospace9020068

Source: Seitz, A. "Rapid Aircraft-Level Evaluation of Revolutionary Propulsion Concepts", 13th EASN International Conference, Salerno, ltaly, 5-8 September, 2023.
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Radlcal heat engines < | » Synergistic propulsion-airframe integration

. = o e \
Conclusions Leg n2to @

Hydrogen-fuelled propulsion < | # (Partially) electrified energy & power

il b ‘
@ Lot g .

 Copo-empees e
Covpesssatgossos pregen 11 .

» Key design targets for reduced climate impact:
Significantly improved energy efficiency + drastic non-CO, reduction

» Design & technology need to address the SMR and LR market segments

» Gas turbine technology remains the backbone of advanced propulsion for large aircraft
» Radical heat engines: Superb thermal efficiency of CCE, but great NO, challenges

» Hydrogen: Significant non-CO, reduction potentials via advanced fuel cells

» Fuselage BLI: Effective mitigation of efficiency penalties due to LH, fuel storage

» Fuel cell — gas turbine hybrids: Extend fuel cell applicability to higher thrust classes +
effective NO, abatement via product water utilisation + may enable single gas turbine
configurations for SMR aircraft

(( Bauhaus Luffahr

| 17 | ©Bauhaus Luftfahrte. V. | 13.03.2023 | A. Seitz, "Climate-Compliant Propulsion Technology Options", 5th BHL Symposium, DOI: 10.5281/zenodo.14946610 The Aviation Think Tank



0 Bauhaus Luftfahrt

The Aviation Think Tank

Thank you!

Contact: Arne Seitz, Visionary Aircraft Concepts, https://www.bauhaus-luftfahrt.net



https://www.bauhaus-luftfahrt.net/

	Folie 1: Propulsion Technology Options for Climate-Compliant Aircraft Design
	Folie 2: Climate Targets in Aviation: The Role of Alternative Fuels
	Folie 3: The Full Climate Impact of Aviation
	Folie 4: Fuel Consumption of Aviation‘s Global Fleet – A Breakdown
	Folie 5: The Gas Turbine: Benchmark for Revolutionary Propulsion
	Folie 6: Landscape of Revolutionary Propulsion Technology Options
	Folie 7: The Composite Cycle Engine (TRL2)
	Folie 8: Steam Injection in Gas Turbine Combustion Chamber
	Folie 9: In-flight Water Supply for Gas Turbine Injection?
	Folie 10: Combining H2 Electrochemical Conversion with Combustion
	Folie 11: Fuel Cell – Gas Turbine Hybrid: Initial Assessment (TRL1)
	Folie 12: Fuel Cell – Gas Turbine Hybrid Propulsion
	Folie 13: Fuselage Boundary Layer Ingesting Propulsion (TRL3)
	Folie 14: Propulsion Technology Integration for the Long Range
	Folie 15: Single Gas Turbine Propulsion for the Short/Medium Range
	Folie 16: Evaluation of Climate-Compliant Aircraft Concepts (TRL1)
	Folie 17: Conclusions
	Folie 18: Thank you!

