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Infroduction

« Achieving climate neutral aviation by 2050
requires disruptive propulsion technologies
beyond the incremental improvements of
conventional aeroengines.

m JP Fueled Powertrain Emissions

m Waste heat management exploitation components gain
m LH2 Fired Powertrains

m TEPS LH2 Fired Powertrains

m H,EXCELCIOR Baseline powertrain architecture

* Hy-powered Turbo-Electric Propulsion
Systems (TEPS) are seen as promising
candidates, considering both performance
and emissions indices.

Available window to act

R

« The feasibility of hydrogen-powered TEPS —

remains constrained by challenges clmate nevtiolly
associated with components thermal  f=E==== l*— =

management needs, cryogenic hydrogen 2o~ 2023 - TRL3/TRL4 ooty
utilization and heat dissipation under 203 RGBS

varying operating conditions.

Advanced HEX

/ technology

Projected emissions and the climate neutrality threshold



The three main pylons towards climate neutrality

N A A Emission Index
Energy-to-Weigth Ratio [kWh/kg] g NOx/ kg Kerosene equivalent
50
Cruise at 35000ft, M=0.8
40— i + |
Trend Line 1. Generation
30—
Modern
Turbofans
20— ! i
/ﬂure
10— Turbofans
Hidroien

I I \ [ !
10 20 30 40 50
Engine Pressure Ratio

Source: Pratt & Whitney Canada
Source: HYDROGEN-ELECTRIC AIRPLANES: A Disruptive Technological

Path to Clean Up the Aviation Sector, Jonas Kristiansen Naland,
Member, IEEE

Use of alternative aviation fuels (e.g. LH2)



The three main pylons towards climate neutrality

Energy-to-Weigth Ratio [kWh/kg] :'ai;f;‘:g'":;’;u"“qmmem
50

Cruise at 35000ft, M=0.8

40—

Trend Line 1. Generation

30—

Modern
Turbofans

/Jtu re
Turbofans
Hid roie n

I I \ I !
10 20 30 40 50
Engine Pressure Ratio

Source: Pratt & Whitney Canada
Source: HYDROGEN-ELECTRIC AIRPLANES: A Disruptive Technological

Path to Clean Up the Aviation Sector, Jonas Kristiansen Naland,
Member, IEEE

Use of alternative aviation fuels (e.g. LH2)

hmmbustor

28

Turbines
Lost Compressors

"
R
Bypassﬂow_/ G

Loom" o\ "
an Core exhaust

Source: Grénstedt et al. Conceptual design of ultra-efficient cores for mid-century aircraft
furbine engines, ISABE-2019-24335

F

More efficient powertrain and propulsion systems
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Hydrogen as a fuel to power aircraft

The main idea:
Combination of direct Hycombustion, superconducting electric motors and

distributed propulsion
]}E AP
<’\/

H2 » [ S— : » N
LH, e gH, electricity

Liquid or Gas Hydrogen storage tank HEXs integration in power plant Turboshaft engine Superconducting generator Distributed electric propulsors
and motors

Figure adapted from source: Hydrogen for aviation, A future decarbonization solution for air fravel? IATA, V2.0- February 2025



Concept description

« Emphasis is given on the preliminary investigation of an Ho-powered TEPS
powertrain for a 5 MW class aircraft (e.g. ATR-72).

« Concept implementation is based on integrated heat exchangers and
recuperation technologies for efficient H, direct combustion.

« Core architecture is kept similar to the one of a turboshaft aero engine,
which now, operates as an electric generator.



Concept description

The aero engine concept architecture is compiling an advanced intercooled recuperated
tfurboshaft gas turbine in its core and two boftoming cycles utilizing steam and sCO2

. Heat exchangers . .
Superconducting Working fluids
Motors .
— Air
SF recuperator (cold sectio
e cuperstarc o) = Hot gas
DC/AC c oled cooling a
inverters SF cuperator (hot section) — H2
LH2 cuperato .
= Secondary Fluid
Power w ter vapori
distribution : SC02 boiler =P SCO2
(3) water vapor — Water
. SCO2 condenser

Superconducting High Temperature Ac/DC Electric powe r
Generator Superconducting Cable rECtifiers R



Concept heat exchangers description

Main challenges: pressure losses minimization, thermal effectiveness maximization, installation effects, volume
and weight limitations, materials selection, increase thermal gradients

[ HEX ] [ Operation ] ~ HEX || Operation |
PC is located between fan and IPC to i) preheat the H2 fuel C b ﬂ Hot turbine exhaust gas is used to preheat the HCP \
S and ii) cool down air flow to decrease IPC and HPC work. Secondary discharge air before combustion with the use of an
recoofer PC can be used to convert liquid hydrogen to gaseous Fluid 1ntern_1ed1ate secondary heat In_msfer fluid.
hydrogen. T « Two mterconnected_ SFRs are installed, one after LPT and
or one before combustion chamber. '
Ve Y. - > » Inside the two SFRs a secondary heat transfer fluid
. is placed between IPC and HPC to i) preheat H2 fuel and p \ ool )
Intercooler ii) cool down air flow to decrease HPC work. "
» IC can operate with intermediate fluids with the use of 4 N ( )
S ) \_  secondary fluid (e.g. He). ) Water * Uses gas turbine exhaust gas mass flow for thc? vaporization
- N ~ Vaporizer of the water content due to hydrogen combustion products.
Cooled * Use H2 to cool down the HPC-extracted cooling air used for <
Cooling the HPT blades cooling. Water - .
Air Cooler « Reduces required cooling air mass flow. e * Uses ambient air flow for the con_densatlon of the water
\_ ) content due to hydrogen combustion products.

LH2
Recuperat

Condenser

SCO2

Boiler

Hot turbine exhaust gas is used to heat the H2 fuel.
REC has the highest potential for H2 fuel heating before

» Uses gas turbine exhaust gas mass flow for the vaporization
of the sCO2 in the sCO2 bottoming cycle.

SCO02 * Uses ambient air flow for the condensation of the sCO2 in the
Condenser sCO2 bottoming cycle.

10

injection into the combustor due to extremely large
temperature differences.
REC has the larger available space for installation.

7/10/26



Concept heat exchangers description

[ HEX component / TRL ] [ Estimated Conditions / Targets ]
0 100 200 300 400 500 600 700 800
P C Precooler AT~15K
TRL3 Air Side 300K l 315K :
IC Intercooler . £0.4 POK [ATSOR 270K o
R Air Side 330K 340K
Cooled Cooling H2 Side 270K AT~65K 335K
CCAC Air Cooler 0.1
TRL2 Air Side 720K AT~60K 780K

i | T —
H2 Side 335K AT~365K 700K
REC Recuperator 0.8
TRL3 Hot Gas Side 700K 800K

Secondary Fluid | Secondary Fluid 335K AT~365K 700K

SFR recuperator ~0.8

TRL2 Air/Gas Side 700K | AT~100K 800K

Water H20 Side 295K AT~320K 615K
WVAP | vaporizer £~0.9

TRL3 Hot Gas Side 610K AT~90K 700K

AT~30K

‘Water Vapor Air Side 290K - 320K
wep [(FE 0o

TRL3 Hot Gas Side 290K 335K

SCO2 Boiler Hot Gas Side 335K AT~280K 610K

sCO2 Side 310K AT~130K 440K

SCO2 Air Side 290K 335K
scvp [(FF0 .~ I

S scozside ek _

A LT * u

N 4 dmaz
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Concept results summary

+ The investigated concept shows
enhanced thermal efficiency in

Zj: relation to kerosene fired gas turbines.
0.46 » The concept thermal efficiency

> 0441 increase is affected by the hydrogen

§ 0.42 1 heat exchangers technology level,

= o indicating the need for more

= a iy advanced hydrogen HEXs designs

g - (higher effectiveness, reduced pressure
. losses, lightweight HEXs).
0.32 1 + The investigated concept could
0.30 - ——

provide >10% net efficiency

Kerozene Hydrlogen New concept New concept . . .
fired core fired core with existing HEX with advanced HEX improveme nt in relafion to a
teciinglagy tedhRoksgy comparable kerosene fueled gas

In-house analysis performed in Gas Turb 11 software and COCO simulator platform furbine of same MW ClOSS' Ieodlng fo
for a state-of-the-art technology level 5SMW class powertrain turboshaft gas turbine. both performonce iIncrease and

emissions reduction.
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Supporting studies |. integration aspects

The blended-wing-body
configuration was selected as a
reference platform for this study

Center body

Blending area
Main wing

- 16-20% increase in peak operating
cruise L/D

« 20%-30% reduction in fuel burn
compared to tube-and-wing) TNW

- 40% increase in internal volume
(volume-to-wetted-area increase)

Liebeck., Design of the Blended Wing Body Subsonic Transport, Journal of
Aircraft, 2004

Ahuja et al., Comparison of blended wing body and tube-and-wing
performance characteristics, The aeronautical journal, 2025

Panagiotou et al.., Conceptual design of a Blended Wing Body MALE UAYV,
Aerospace Science and Technology, 2018
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Supporting studies |. integration aspects

1. Gas turbine
2.LH, tank
3. Generator

Vaporizer 4. Electric motors

(Boiler)

Vaporizer (LH, tank)

Cryocoolers-coolers
(generators &
motors)

IC CCAC

14
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Supporting studies |. integration aspects

- For the integration study an EIS 2035 TNW aircraft platform is used as
baseline.

- The more conservative gains are considered for the BWB platform, i.e., 20%
reduction in terms of fuel burn and 8% reduction in terms of empty weight
(Ahuja et al. 2025).

- A 5% empty weight penalty is considered for the turboelectric approach
(Ngland et al. 2021).

- A 30-35% empty weight penalty is considered for the use of LH2 powertrains
(Nguen et al. 2022).

- A further 10% empty weight penalty is calculated for the advanced HEX
systems using in-house sizing tools and established experience from previous

research projects.

- The same in-house tool is used to calculate the weight gains due to fuel
burn decrease.



Supporting studies |. integration aspects

- The key metrics of empty weight, fuel weight, GTOW and range are as

follows:
EIS2035 7
Turboelectric LH2 H2 TEPS > 4
Regional A/F g ( e
Empty oo o
weight +5 % +30 to +35 % | +45t0 +50 % ///:/4 /
Fuel weight -10 % -55t0-65% | -6510-70 % - jp
\ / (Boiler)
GTOW 0% +10% +15% g
Range ~0 % -10t0-20% | -10t0-20 %




Supporting study Il: concept variations

Variations include:

- Integration of sCO, sub-cycle between IPC and HPC for simultaneous
intercooling and power generation

- Increased Precooling and Intercooling between Compressors using LH, as
cooling medium using independent component feed

- Use of distributed Precooling and Intercooling in Compressors Stator Vanes
Using LH, using independent component feed

- Use LH, as cooling medium for Water condenser



Supporting studies Il: concept variations

Initial conce

pt

Working fluids
— ar

— Hotgas

— 2

—> Secondary Fuid
— sco2

—> Water

Reference

Concept A

Integration of sCQ2 sub-cycle

Working fluids
— A

— Hotgas

— 2 -
— Secondary Fluid
— sc02

—> Water

Integration of sCO2 sub-cycle

+0.1 %

Concept B

Increased Précooling and Intercooling
between Compressors.Using LH,

,,,,,,,,,,

Increased Precooling and Intercooling between
Compressors Using LH, -0.5%

Concept C

Distributed Precooling. __
in Compressor Stator
Vanes Wsing LH,

Integration of
*SC02 sub-cycle

v Shaft power

rectifers

Distributed Precooling in Compressor Stator

Vanes Using LH,
Integration of sSCO2 sub-cycle

A LFvT
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+0.2 %

Concept D

Integration of
5C0O2 sub-cycle -

'®

N\
Ty
Shaft power

1

1 LH2asheat
I sinkfor

! water

1

condenser.

\Y Shaft power

Working fluids
— A

—> Hotgas

— 2 -
~— Secondary Fluid
— sc02

— Water

______

LH2 as heat sink for Water condenser
Integration of sCO2 sub-cycle

-3.0 %

Concept E

Dlstnbulg,dPf‘efégl;ﬁ-g-éﬁd‘lnx\ercoollng in
Comypfressors Stator Vanes Using LH,

Y

Working fluids
— ar

— Hotgas

— 2 -
— secondary Fluid
— sco2

—> Water

Distributed Precooling and Intercooling in
Compressors Stator Vanes Using LH,  + 1.0 %
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Supporting studies Ill: concept variations

Concept E

Ambient

DistributedPrecooling and-tatercoolingin

Compressors Stator Vanes Using LH, L
R ; N S Ambient
N “olelole 0]
q~ q < §
> D
y4
)3 3 >
4 & 4 Shaft power
_ O\ o 4
—)e
=y
« )«

Heat exchangers
Superconducting
Motors

Precooler

Intercooler
o SF recuperator (cold section)
o Cooled cooling air cooler
@ SF recuperator (hot section)
LH2 recuperator
o Water vaporizer
: SCO2 boiler
o Water vapor condenser
SCO2 condenser

DC/AC
inverters

Power
distribution

Working fluids
— Air

—p- Hot gas

— H2 = =
=—p Secondary Fluid

=) SCO2
—p Water

Superconducting
Generator

High Temperature
Superconducting Cable

AC/DC
rectifiers

Electric power
->

Trade study additions:
- Distributed Precooling and Intercooling in Compressors Stator Vanes Using LH,

S LT
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Result in thermal efficiency:




Supporting studies Ill: concept variations

Concept E

1. Gas turbine core (air and hot gas path)
Low-pressure compressor -> Precooler (1), which cools the air with LH, -> Intermediate-pressure compressor ->

Intercooler (2), also cooled by LH, -> High-pressure compressor -> Recuperator, cold section (3), where the compressed air is heated
by a secondary fluid -> Combustor (red), burning hydrogen -> High-pressure turbine and power/low-pressure turbine

Two compressor stages are cooled in sequence, so the compression work is much lower than for an uncooled compressor.

2. Recuperation via a secondary fluid

The design uses a closed secondary-fluid loop. It picks up heat in the hot section (5) from the turbine exhaust and releases it in the
cold section (3), preheating the air before the combustor.

3. Hydrogen path

LH, from the tank -> precooler (1) and intercooler (2) -> It is then heated further in the LH, recuperator (6) by the exhaust gas. It enters
the combustor as warm gaseous H,. Cooling air for the turbine (4), the "cooled cooling air' cooler, so less cooling air is needed.
Another branch feeds the superconducting motors and generator, keeping them at cryogenic temperature.

4. Bottoming cycles (exhaust heat recovery)

Steam cycle: Water is pumped to the vaporizer (7) and raised to steam. The steam expands in a turbine and exits to ambient.
Downstream, the water vapor condenser (9) recovers the water produced by hydrogen combustion intfo a tank, which supplies the
cycle. sCO; cycle: A closed Brayton cycle. A pump compresses the CO,, the boiler (8) heats it with exhaust gas, it expands in a
turbine, and the condenser (10) rejects heat to ambient air before returning to the pump. Both bottoming turbines appear to
contribute to the power.

5. Electrical and propulsion system

Shaft power drives a superconducting generator. The power then flows through: a high-temperature superconducting cable. AC/DC
rectifiers a power distribution unit, which also supplies the pumps. DC/AC inverters. Superconducting motors driving the fans

This is distributed electric propulsion, which fits well with BWB airframes, since fans can be spread across or embedded in the body.



Conclusions

Further thermal efficiency increase can be achieved through increased
intercooling

Use of precooling and intercooling in compressors stator vanes using LH,
and independent component feed provides additional optimization
potential

Integration of additional sCO, sub-cycle between IPC and HPC for
simultaneous intercooling and power generation provides limited benefit

Use of LH, as cooling medium for water condenser is not sufficient

Integrating these novel concepts provide reduced fuel burn at a
considerable weight and range penalty

Concept variant can provide an additional 1% benefit in relation to initial
concept
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