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Trends at the AERO Hydrogen & Battery Summit 2024

Battery
* Only for short ranges
* Moderate improvement of energy density

Components
* Lots of progress and new solutions

* Obviously still many challenges

- e

Propulsion type
 Mostly propeller aircraft

Aircraft design
e Retrofit for demonstration
* (Clean sheet preferred

Zurich University of Applied Sciences Sources: Vaeridion, Elfly, APUS
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e Aircraft missions

Hybrid-electric Battery-electric @ Hydrogen

4,000 - _ _ .
Circle size = Passenger capacity

*= Flown demonstrator

* Airspeed, range, altitude, size

* Technology review -
* Range & endurance '
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Propeller Aircraft Missions

Flight Envelope

* Propellers are most efficient at
moderate airspeeds

* At higher Mach numbers
transonic effects result in noise
and lower efficiency

Typical multi-engine piston
e 130-200 kn

* Ceiling FL 150 - 250
 Range 1,000 - 2,000 km

Typical turboprop

e 260-330kn

* Ceiling FL 250 - 300
 Range 1,500 - 2,500 km

Zurich University of Applied Sciences
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ﬁ'iﬁghtersj LBR turbofan or
turbojets (with AB)

—HBR turbofan business jets

~——HBR turbofan airliners

L
......
]
[ ]
<

- Twin_.turi:-nprups, commuters
- -ﬁingleturbﬂprups

-~—Twin engine and single turbo-normalized pistonprops

Single pistonprops (normally aspirated)

—LSA, kitplanes, single pistonprops (normally aspirated)
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ABBREVIATIONS

AB Afterburner

HBR  High Bypass Ratio
LBR  Low Bypass Ratio
LSA  Light Sport Aircraft

Engineering
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Range Characteristics: Breguet Equations

e e s N = W]

* High altitude benef|C|aI

e Jet: R =

&2

* Propeller: R =

Np C, (W1 dw Np Cr.

L [T — = L In(—m—

BSFCxg Cp "W2 W BSFCx*g Cp 1— fuel
MTOM

o
Gear

(4

0X

K

b
o

* No apparent altitude dependency for propeller

NMp €L MpBat

* Battery-powered propeller: R =

BSEMx*g Cp MTOM et ) O 47N>
* BSFC not valid for battery, use of BSEM ’E"" s ..E

* No consumption of fuel mass

Zurich University of Applied Sciences Sources:
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Piston engine fuel mass flow per brake power
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BSFC = ! = ! = (0.28 g
riston €Avgas NlPiston 192 14 kltl/h 30% - kWh
g

Turboprop fuel mass flow per brake power

BSFC = ! = ! = 0.33 g
furboprop €retA1 NNTurboprop 11.99 kll{/Vh 25% - kWh
g
Battery mass per brake energy
BSEM ! ! 2.8 g
EM = — = /.
€Bat NEM 400 ];lc/_gh 90%, kW h

Fuel cell including storage mass and electric motor efficiency

335150 1500 D [R5 s0% 500 | sssm ! ! 0452
. 0 0° 0 FC — m — — V.
kg E‘ eH2 = Mrclm 33.31°0% 150 45% *Wh

kg
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Fuel Cell Hybrid Propulsion System aw
5
 Fuel cell can be sized for cruise
* Less mass, but also less efficiency
4
 Might be viable for other reasons,
e.g. safety, dynamic behaviour
g,
eg =
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Oversizing
Climb gradient requirements 300%
* Qversizing with regard to cruise
power IS hecessary —
* Less oversizing required with more S P e
redundance = L
S 200% T e T
Redundance 5 e
» Electric motors and fuel cells can be § e e
scaled better than piston/turboprops : I i
* Probability of failure goes up with § T g
Q | e — Critical loss of thrust 2 engines
number Of SyStemS <%100% st S - =Critical loss of thrust 4 engines L3LS
. ----Critical loss of thrust 8 engines L3LS
¢ COmp|EX|ty gOES Up — Critical loss of thrust 2 engines L3HS L4
e -=Critical loss of thrust 4 engines L3HS L4
* Propeller efficiency very much o Critical loss of thrust 8 engines L3HS L4
dependent on thrust loading 0 : 10 15 20 25 30 35 40

Lift-to-drag ratio

Zurich University of Applied Sciences Sources:



Technology Review

Oversized Fuel Cell

* High initial mass, better efficiency
 Lower mass only for long flights

* Also less cooling drag

* 50% efficiency - 50% heat - 1/1
* 40% efficiency - 60% heat - 1/1.5

e Small heat loss with exhaust

compared to piston/turboprop

.
\\\ useful energy
f output

7 (15-32%)

.

X

energy Input

T \ (18-42%)

“I‘.I
.L___

heat lost with exhaust
(22-46%)

Zurich University of Applied Sciences
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< 3 other losses
)
--"-h‘__i__‘-"'f.
. heat lost with coolant

Sources: Stobart et al.

Specific mass [kg/kWh]

Zurich University
of Applied Sciences

Z
aw

School of
Engineering

60

120
Time [min]

180

240



Zurich University
of Applied Sciences

Technology Review

CURVE NO. 11259 z h SChOOI O-Ii
HER SEA LEVEL POWER CURVE ] Eng'neenng
| LYCOMING MODEL 0-320-B,-D SERIES
e ' 1 COMPRESSION RATIO - 861 | — 1 1
Power Setting HH e el T aw
MIXTURE SETTING - FULL RICH
FUEL GRADE - 91/ 96
1 OPERATING CONDITIONS - STD. SEA LEVEL | | 7 - o
d | IMDHM&AL—E gy e — ﬂ;_:r-_h
AI rcraft 180 T T Trure mwmommie || ESEEE'}* _:"\;yr, HEE T power Available, 1.V L
1] 1 éﬂ-. | HORSEPOWER . ;f'__,,-- - ?H';H :
e Bestrange at best L/D - HHHHHHHEHPA A S '
.. I o i /S O ;s S O [ O O i I A dm;r:medellﬁijﬁ : 7
| O [ : &
e Propeller more efficient at S AT e
. . % 4920 ———1 | | |/ E E l",_l - Ej
higher speed (up to transonic) 8 4
% | | i e : o
o SR A«— PROPELLER LOAD | | | > 2 \ 2
80 =t —— 1| || / || | womsepower | = . AE =
Piston engine oA e AT
. - - Lo - —t | - b - - ] ~ | drag model : EEE- =
- A | | - = e :
e Usually an optimum around A BRI
| FULL THROTTLE I HE -
0 L L I | |sPecmcrueL | | L ] | F L L] L AT t - . i
70 — 80% of rated power ¢ 55— y\;ﬂ_\ RN ijvy Vi
e Leads to high cruise speeds EE s
g p :_5% e T T Y It I nrTt T/'/EFEch:FUEL ' .
_EE Ei | “1 EDHEUI-“F-HGH - Modified i ¥_. = Minimum airspeed
1800 — 2000 - 2200 2400 -— 2600 2800 drag mndelhj i s AT
[T [ {1 | Evameseeeo-reM | | | | | [ ] e St glidespct .
Fuel cell — e — — iy el
— 7= Carson's airspee O
o o v, Vinax OF ¥ = Max level airspeed Q.
e Better efficiency at low 0.60 ¢ &4\ anamand
. ] = \ III'?:'. f E. h.f‘”s '_
- i s i3 t D
power settings 0.45 | s 5\ [\
e Lower cruise speeds tes (.30 | 2 8 A |\ <3
. . 2 _' drag model ko HE : —
Interesting 0.15 N :
LN I ~
0.00 — 0 B
0 50 100 150 200 250 300 Vo Vs A L . -

P fcs (kW) VLﬂn;_:; VF e VEIIIHI IE’H;H'

Zurich University of Applied Sciences Sources: Ferrara et al., Lycoming, Gudmundsson



Efficiency & Sustainability

Efficiency Definitions

Time savings

Costs
Comfort
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Passenger

Mobility
Expenses, time

Sources:

Useful output

Safety
Emissions (incl. noise)

Society

Mobility . .
Emissions SUStalnablllty

Efficiency Aircraft
design

Range Payload Lift

Input Fuel MTOW Drag

Safety
S Maintenance
Expenses Flexibility
Infrastructure

Operator
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Certification (incl. safety)
Thermal management
Lightweight components
Efficient components
Overall efficiency
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Society
Mobility
Su PPO rti Nng Emissions
sustainable

solutions

Efficiency Aircraft
design

Range Payload Lift

Input Fuel MTOW Drag

Passenger
Mobility Useful output

Expenses, time

Sustainable
design
Changin objectives
&IN5 Operator
preferences: )
How much is my Expenses

time worth?

Zurich University of Applied Sciences Sources:
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Typical Energy Consumption

Emissions based rating
* Typical measure: g CO2 / (person km)
* Complex topic

Rating of energy use

* Ratio of useful energy for propulsion per energy
input to the aircraft

* Neglects emissions from production, logistics,...

e Still useful for the subsystem «aircraft»

* But also neglects useful output, i.e. transported

= 45% payload

50% - 90%

Zurich University of Applied Sciences Sources:



Efficiency & Sustainability

School of
Engineering

Weighted Efficiency

45.00%

Efficiency, but taking into account the
ratio between payload to MTOW 10.00%
Simplified model

e 40% structural mass & systems
 [/D 15

 80% propeller efficiency

30.00%

25.00%

ighted efficiency

20.00%

We

Result 15.00%
* Heavier systems can still be more
energy-efficient

10.00%

5.00%

0.00%
0 200 400 600 800 1000 1200 1400

Range [km]

Zurich University of Applied Sciences Sources: Ferrara et al., Stobart et al.
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Sources: Chronotrains.com, openstreetmap, Elfly, Dufour
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Fuel tank
MTOW  capacity

limited Lhimited
E:-c >l¢ >
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* Less flexible, (almost) no trade-off payload vs fuel
 More sensitive to deviations from design point
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*= Flown demonstrator
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Challenges for the Optimisation of
Hybrid-Electric Propulsion Systems
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The Challenges

Somety
M

Market & society
Battery-electric vs. ground-based transport -

* More direct and shorter connections ol (RN

* Fuel cell and hybrid can be more sustainable solutions

* Politics will have huge impact on competitiveness

time worth? Operator

Propulsion system

* Hydrogen storage can change everything

* Thermal management

 Mass vs. efficiency vs. drag optimisation

e Safety and certification

* Human-machine interface for complex system
* More monitoring than maintenance

Alrcraft design
From GA & commuter to Iarger aircraft
 Optimised for certain mission
* Optimum dependent on many parameters
* Short range, low airspeeds, small capacity, but heavy
* [/D important, high aspect ratios

Zurich University of Applied Sciences Sources:
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https://stratifly.engin.umich.edu/gui

For complete modeling details, see . How to cite this tool:

Eytan J. Adler and Joaquim R. R. A. Martins, "Energy demand comparison for carbon-neutral flight", Progress in Aerospace Sciences, 2024.
DOI: 10.1016/j.paerosci.2024.101051

Available seat milez__...lﬂ_.u..

SDD Inputs  Advanced inputs
e o - 0
Fuel cell efficiency (%): 60 Most efficient Payload fraction (/0)
- B ‘
. B Battery propeller
Fuel cell specific power (kW/kg): 2 B Fuel cell propeller
H2 combustion propeller
Hy'd rﬂgen Tank gravimetric efficiency (%): 50 e-SAF combustion propeller
400 .' 1 ' — B Battery fan
: combustion jet 7 B Fuelcel far
. 1 Motor specific power (kW/kg): 8 g H2 combustion fan
Cruise . | - e-SAF combustion fan
)
SPEEd Motor and inverter efficiency (%): 90 8_
B
(kts) O
Battery specific energy (Wh/kg): 300 g
300 B S
Ducted fan aircraft L/D: 20
B
Fuel ce" Propeller aircraft L/D: 15
B
propeller
TMS drag (N/kW): 0.20 . . 0
B 100 1,000 10 100 1,000 10,000
200 |
10 100 1000 10.000 TMS weight (kg/kW): 0.20 Mission range (nmi) Mission range (nmi)
¥ r

B

Ra ngE (nmi) v Auto payload weight

Energy intensity type

Renewable energy

Zurich University of Applied Sciences Sources: Adler & Martins
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