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Why should we make aviation sustainable?

Carbon Footprint Comparison by Transport Mode
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Alrcraft Emissions

L EEEEEE 2 722,700 kg cold air
. : Contrail cirrus

850,000 kg air !.. . - output 130,000 kg hot air ~ 5200 kg carbon dioxide (CO,)
3,300 kg water vapor (H,0)

30 kg nitrogen oxides 8 3 |
2.5 kg sulphur dioxide (SO,) - miss|°ns
2.0 kg carbon monoxide (CO)

0.4 kg hydrocarbons (HC)

0.1 kg particulate matter (PM) and soot

Emissions from a typical two-engine jet aircraft during 1-hour flight with 150 passengers (Source: FOCA)

Aviation is responsible for 4-5% of the total global warming caused by humans.
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Figure dapted from Table 2 and Figure 3 of Lee et al., 2021.




What is sustainable
propulsion?

Sustainable
Energy carrier

Efficient use
of energy

Emission
management

Pl. note that sustainable does
not necessarily mean zero
emission and zero emission
does not mean climate
neutral
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Why alternative fuels?
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Is 1t possible to have different
types of fuels?

Global New Car Sales by Fuel Type — 2025

I Petrol (ICE) - 46.0%

I Battery Electric (BEV) - 17.4%
Full Hybrid (HEV) + 10.5%

Diesel (ICE) - 9.8%

Plug-in Hybrid (PHEV) - 7.5%
Diesel Mild Hybrid (MHEV) - 4.2%
LPG / Other / Hydrogen - 2.6%
I CNG/LNG - 2.0%

* Diesel (ICE) split: ~70% pure dlesel, ~30% mild hybrid diesel {48V MHEV). Sources: ACEA 2025 - IEA Global EV Outiook « Mordor Inteiligence - Motorl



Alternative Energy Carriers for Aviation and Shipping
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Factors affecting choice of energy
source/carrier
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Gangoli Rao, A,, Yin, F. and Werij, H. “Energy transition in

(‘ aviation: the role of cryogenic fuels”, Aerospace, Vol.7 (12), Safety Infrastructure
pp-181, 2020

TUDelft

~ Availability

r1of. Dr. Arvind Gangoli Rao



12

Energy sources for aviation
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A.Gangoli Rao, F.Yin and J.P. van Buijtenen, “A Hybrid Engine Concept for Multi-fuel Blended Wing Body”, Aircraft
Engineering and Aerospace Technology, vol.6. No. §, 2014
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Fuel price and GWP
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https://www.bauhaus-luftfahrt.net/en/topthema/hy-shair/
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Vehicle Energy Requirement
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Hydrogen vs kerosene

Advantages:

* It can be made by renewable energy sources.

* The high energy density (almost three times of kerosene).

* Lower fuel weight than kerosene.

* No CO, emission during the flight.

* No secondary emissions such as soot, CO, UHC, and volatile organic compounds.

* Large potential to reduce NOx emission from combustion.

» Usage of the cryogenic heat sink can increase turbofan engine thermal efficiency
substantially.

* C(Can also be used in conjunction with fuel cells and electrical motors.

* Wide combustion range and flammability limit.

* Less prone to combustion instabilities when compared to other fuels.
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Hydrogen vs kerosene

Disadvantages :

The poor volumetric energy density (70.8 kg/m?3 for LH, Vs 750 kg/m?3 for kerosene),
approximately 4 times lower than kerosene for the same energy content.

The fuel cannot be stored in the wings but only in the fuselage or in underwing pods
LH, storage requires cryogenic or pressurized tanks.

LH, has an extremely low boiling temperature (20.3 K); therefore, it requires very
effective insulation to keep the fuel cool.

The fuel cost is higher than the conventional kerosene.

The production capacity for ‘Green H2’ is still inadequate.

The energy efficiency for Electrolysis and liquefaction is around 50%.

The airport logistics is quite difficult.

Hydrogen has a propensity to leak, causing safety & environmental concerns.
Hydrogen has a tendency to flashback during the combustion process in a gas turbine.
The water emission increases substantially, water being a greenhouse gas at higher

altitudes (> 10km).



In how many colors does hydrogen
come in?

® The Slido app must be installed on every computer you’re presenting from Slido
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Simplistic comparison of energy carriers

Parameter Kerosene

SAF Batteries  LH,**  Each energy carrier has its

Energy Density pros and cons;

Volume Density - * “energy mix” has the

Emissions ++ potential to smooth the

Cost - energy transition of

Availability ] aviation;

Infrastructure _ * Thereby, mitigating the

Safety ) environmental impact of
T aviation.

Compatibility -

Policy +

Climate Impact ++

** refer to green LH,

%
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Table adapted from Gangoli Rao, Yin, Werij, Energy Transition in Aviation: The Role of Cryogenic Fuels, Aerospace, 2020.



Introducing Airbus ZEROB
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400 kg LH, -20% CO, -50% LTO 160 180 2035 4000 km Steeper
descent
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Climate Impact of Aviation .
AF H2

Global Aviation Effective Radiative Forcing (ERF) Terms 1940 — 2018 ERF (mW m?) | RF(mW m?) ‘ ;—?F fe%:fl; Q ‘
Contrail cirrus in high-humidity regions i 57.4 (17, 98) 111.4 (33,189) 042 Llow
Carbon dioxide (CO,) emissions B 34.3(28,40)  343(31,38) 1.0 High . ‘
Nitrogen oxide (NO,) emissions
shott-term DZone Increase _ 49.3 (32, 76) 36.0 (23, 56) 1.37 Med
Long-term azane decrease 106 (-20,-7.4) -9.0(17,-6.3) 1.18 Low
Methane decrease — 21.2 (40, 15)  -17.9(34,13) 118 Med
Stratospheric water vapor decrease ‘ 32(-6.0,-2.2) -2.7({5.0,-1.9) 1.18 Low Q Q
Net for NO, emissions ——— 17.5(0.6,29) 8.2(48,16 -  low Q ‘
Water vapor emissions in the stratosphere L 20(08,3.2) 20(08,32 [1] Med
Aerosol-radiation interactions Q .
- from soot emissions [ 0.94(0.1,4.0) 0.94(0.1,40) [1] Low
~ from sulphur emissions = 7.4 (-19,-2.6)  7.4(19,26) [1] Low
Aerosol-cloud interactions
- from sulphur emissions No best No best - Very
- from soot emissions estimates estimates . low
Net aviation (Non-CO, terms) L 66.6(21,111) 1148(35 194) - - C g
Net aviation (All terms) D 1000(s, 5] | 1001 (70,220) - - @ significant Improvement
am —_— () Slight Improvement
Best Estimates | | |
50 0 50 100 150 Lee et.al. 2021

o= 5 - 05% Confidence

() NoImprovement
@ Deterioriation

Effective Radiative Forcing (mW m?)

y
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HOPE aircraft propulsion concept g X

The overall goal of HOPE is to design an efficient and fuel-flexible aircraft propulsion system
that is compatible with operations for minimum noise and emissions at all stages of aircraft

movement.

Kerosene /
Sustainable Aviation
fuel (SAF) storage in

Boundary layer ingestion
(BLI) propulsor
- Improve propulsion

the win .
g / efficiency
Fuel flexible ultra-high bypass Hydrogen (H,) Fuel cell based auxiliary propulsion and power unit
ratio turbofan engine: storage - Main engine free taxiing, hence, emission free
- High efficiency (except for H,0)
- Multi-fuel lean combustion - Steeper climb/descent operations
(Kerosene/SAF + H,) - Dramatic reduction of nojse
©2024 Tl Delft
- Reduced COZ, NOX, soot The information in this document is the property of TU Delft and may not be

= copied or communicated to a third party without prior written consent
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Hydrogen Assisted Combusting of Kerosene (HACK) ,,,»_ o
oy o S - N " Variation in NOx with Rh at P = 9kW ¢ =0.4
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Sketch of the HACK experimental test rig SRR TR SR AR

« K Dave, etal, Kerosene-H2 blending effects on flame properties in a multi-fuel combustor, Fuel Communications vol.23, 2025

* Palanti et. al. “JOINT EXPERIMENTAL AND NUMERICAL INVESTIGATION OF A MULTI-FUEL HYDROGEN—-KEROSENE BURNER DEVELOPED WITHIN
THE HOPE PROJECT”, GT2026-179330, Proceedings of ASME Turbo Expo 2026, Milan, Italy.

* Dave et.al. “Emission and Flame Characterization of a Novel Kerosene-H2 Multi-Fuel Injector”, proceedings of the combustion institute, 2026
Garcidue™nas-Correa etal, “Pollutant Emission and Flame Characterization of a Novel CH4/H2 Multi-Fuel Injector”, proceedings of the

% .
TU DEIft combustion institute, 2026 o
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https://scholar.google.com/citations?view_op=view_citation&hl=nl&user=_w13Vd0AAAAJ&sortby=pubdate&citation_for_view=_w13Vd0AAAAJ:wE-fMHVdjMkC
https://scholar.google.com/citations?view_op=view_citation&hl=nl&user=_w13Vd0AAAAJ&sortby=pubdate&citation_for_view=_w13Vd0AAAAJ:wE-fMHVdjMkC

Fuel flexibility demonstrated

HPS 0% HPS 25% HPS 40% HPS 50% HPS 70% HPS 75% HPS 95% HPS 100%
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DSLR images

T Kaushal Dave
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» Dr. Francesca
De Domenico

Columns show increasing H2 Power Share; rows (top—bottom) show long-exposure DSLR images, OH* ensemble-averages
and Abel-inverted fields, CH* ensemble-averages and Abel-inverted fields and Kerosene-PLIF spray images.
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Kerosene-PLIF
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Points of attention

= Physics is independent of opinions!

= Aviation will grow substantially in the next few decades.

= Therefore, the emissions from aviation will become significant.

= “No fuel is cheap when you have to make it your self”.

= “Energy Mix” will be the key for future of aviation.

= Life cycle analysis should be looked into carefully before jumping on to a solution.

= The low energy density of batteries limit their application to civil aviation, apart from their LCA
footprint.

= The choice of energy source/carrier will be customised to aircraft mission.

= LH2 can be an alternative fuel for aviation, however there are a plethora of challenges that must
be addressed

= Technology cannot be the only solution to mitigate the ill effects of Human Greed!

%
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