ectric and Hybrid-Electric Aircraft:

A pragmatic view
CEC/ICMC Conference 2019, Plenary Talk
23.07.2019 — Connecticut Convention Center

. Mykhaylo Filipenko

1eNs AG - Corporate Technology — eAircraft
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A glimpse into the future of transportation
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SIEMENS
lngenuity for tife

Hype Cycle for Emerging Technologies, 2018

Expectations

Digital Twin Deep Neural Nels (Deep Leaming)
Carban Nanatube

IoT Plattarm

Virtual Assistants
Silicon Anode Batteries
Blockchain

Brain-Camputer Interface

Ausonomous Mabile Robots

Smart Robots

Deep Newral Network ASICs

Al Pags

Quantum Computing

Conmected Home

Autangenous Driving Leved 4

Volumetric Displays
Zeff-Healing System Technology

Plateau will be reached in:
@ tess than 2 years
@ 2ty

@ 5to0years

A more than 10 years

Conversational Al Platfamn -
Autonamous Driving Level 5 Mixed Realty
Edpe Al

Blockehain for Data Security

Newramerpihic Hardwars

Knowlzdgs Graphs

40 Printing

Smart Dust
Flying Autonomous Vehicles
Biotech — Cultured or Artificial Tissue

Artificial Gengral Smart Fanncs
Inmelligence

Augmented Reality

Brmart O
ing Autanornous Vehicles
o — Cultured or Articial Tissue
| - Peak of
'|nr_n.:|.|nn Inflated Trough of
Trigger Disillusionment

Expectations

A 0l Augus! 2018

Plateau of

Slope of Enlightanmeant Productivity

Time

gartner.com/SmarterWithGartner

Sourca: Gartner (August 2018)
© 2018 Gartner, Inc. and/or its affiliates. All rights reserved.

Gartner
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An Episode of Mythbusters SIEMENS
Focus Topic: Electric Aviation lngenuity for Life
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Agenda SIEMENS
Iugehuify{br&{e,

l. (Hybrid-)electric flight (in a nutshell)
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SIEMENS
lngenuity for tife
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Siemens eAicraft flight test history SIEMENS
Ihg«eb\uf\ty‘forufe

2011 ‘ 2013

SIEMENS

aiden flight of the SP70D in the Magnus eFusion

Maiden flight of the world’s first two engined serial-hybrid propulsion system

Unrestricted © Siemens AG 2019
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Why do we want to fly electrically? SIEMENS
Ihg,ehuffy‘for(ife

ACARE 080 goals clan only be achieved with Total cost of ownership (Bsp.: Boeing 737-800)*
disruptive concepts?

Potential by further development of current technol%/
15% —

| — 20%

CO, Emissions

Fuel Purchase Crew Maintance, TCO

Potential with disruptive technologies (e.g. eAircraft)
I I I I Insurance, etc.

2010 2020 2030 2040 2050
Year

- “Flight-path 2050” of EU requires 90 % reduction of | - Fuel is a main cost driver
NOx/CO2 emissions and 75 % noise emissions

* |ATA technology roadmap, June 2013
** gAir: Market studies

Unrestricted © Siemens AG 2019
Page 7 July 2019
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Challenge One — Battery SIEMENS
Ihg«ehuf\ty‘for(,{fe

Energy Density of Various Energy Sources in

5 years outlook on battery cell level development

kWh/kg 1000
35000
800
30000
25000 —
'_P‘n 600
20000 §
15000 w 400
L 2
10000 -
J 200
5000 Nicd é_ Li-lon, today’s
I * technology
0 . . - . . a NiMH
Kerosine Li-lon Li-Air Al-Air ST Al-Air LT LH2 0 .
0 200 400 600 800 1000
" [Wh/1]
‘. Data source: Sion Power
‘ ) - ULTRA HIGH
ENERGY DENSITY

PHINERGY =
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Hybrid Electric Propulsion System SIEMENS
Iug&c«uf\ty‘for(z«‘fa

Energy Storage Extended eAlrcra}ft
portfolio
+ Battery Packs Storage
« Converter
- BMS?
Core €eAircraft
portfolio
n~m m'—'w—&
Turbine / ICE
Power Generation Power Distribution Propulsion Unit
- Generator « Circuit Breaker * Motor
 Inverter « Switches * Inverter
- Controller + Cables  Propeller
: + Turbine/ICE® » Connectors « Gearbox
e e e e e A N AN A A A A A A A A R A R R A A AR AR A A A A A A A A A AR A R A AR AR AR A AR AR A AR A AR A RN A RN R A RN R R AREEAEAEEEERRREES Propulsion System e

1) E-machines are capable to fulfill “power generation” and/or “propulsion” depending on e.g. mission profile,
requirements and/or mode of operation, 2) Battery Management System (BMS), 3) Internal Combustion Engine (ICE)

Unrestricted © Siemens AG 2019
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Agenda SIEMENS
IMg&hui\‘y{orUfQ,

Il. Mythbusters: Particular Topics

Page 10 July 2019 Corporate Technology



Myth 1. SIEMENS
“A hybrid-electric A320 is a good airplane” lngenuity for ife

PC&D >

©AIRBUS SAS. 2010 - COMPUTER RENDERING BY FIXION - GWLNSD

Keep A320 Design + “Replace turbine with hybrid-electric drive train” = “Not a good concept”

*Images taken from G. Atanasov: ,Energy Efficient Hybrid Propulsion Concept for Twin Turboprop Aircraft®

Unrestricted © Siemens AG 2019
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Hybrid Electric Propulsion System vs. Conventional SIEMENS

Iv\?a\uifyfw(,,}[a

Energy Storage m— J—

By sk N~ 99 %

- BMS2 I

~ 0
n~98 % h‘ﬂ N
rI 40 % n~98 % | ~98% n-97%
H EPS Generator?d Power Distribution m '__‘0
Turblne/ICE n 98 %
n~99 %

n~40 % n~80 % n~99 %
Conventional nT'nG'nP'l_[ne<nT'7]G'7]p .‘g— mT+mG+mp+Zme>mT+mG+mp
’ Turbine/ ICE i
Unrestricted © Siemens AG 2019 n ~ 99 %
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Engine torque [Nm]

Myth 2:

“We can have on optimized turbine operation point”

ICE for cars

BSFC [g/kWh]

300

250

200

150

100
. =110
50 _-7'_:_7_____——7——_,___ T [ 2nd
e T gear 80
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
x-engineer.org Engine speed [rpm]

[ame1] Jemod suibug

Efficiency ()

SIEMENS
lngenuity for tife

Gas turbine for aircraft

Turbine Design Point:

{~—1“One Engine Off’
“Cruise”

{—1“Take-Off"

Fercent Load (')

*Images taken from M. Ekwonu et al.: ,Modelling and Simulation of Gas Engines Using Aspen HYSYS” and x-engineer.com

Unrestricted © Siemens AG 2019
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Myth 3: SIEMENS
“Efficiency of gas turbines cannot be substantially improved” lngenuity for ife

Gear box High speed booster High speed Comparison of Turbofan and Geared Turbofan
low pressure turbine

Stage count 1-4-10-2-5 1-G-3-8-2-3
Fandiameter 1613 mm 2057 mm
63,5in 81in

llll Bypass ratio 4,5 12
Overall _ 334 46
pressure ratio
Fuel burn Basis -16 %
Noise Basis -20 EPNdB
emission (accumulated)

S ; >-50 %

NO, emission Basis (-50 % CAEPS)

"We took something so old and simple as a one-stage gear box and that resulted in a fuel burn reduction of 16 %.”

*Images taken from J. Sieber: ,Aero Engine Roadmap 2050”
Unrestricted © Siemens AG 2019
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Myth 3: SIEMENS
“Efficiency of gas turbines cannot be substantially improved” lngenuity for ife

Optimized

Parameter CCE large CCE IC

TSFCroc [g/kNIs] 13.73 12.38 12.09 12.16
TSFCcr [g/kN/s] 12.62 11.51 11.23 11.45
TSFCro [g/kN/s] 8.28 6.89 6.70 6.88
dran [m] 2.840 2.867 2.867 2.867
—laeesfkel . — =ol013 . L 72832 . L 76050 | 00005 _|.
|| AFB vs Y2050 GTF[%] -1.5 9.6 119 12.5 |
AFBvs Y2000 [%] | 458 [ 7503 T [ T51s |7 Ts19
Turbof:
() Turbotan ] LP Spool _
] HP Spool Improvements of 8 % to 10 % in fuel burn
[l Combustion
[ Piston Compression %
_____ [ e/ N
(b) Composite Cycle Engine However:

CO2 and NOx emissions increase significantly

*Images taken from S. Kaiser, M. Nickl: ,Investigations of the Synergy of Composite Cycle and Intercooled Recuperation”
**mages taken from S. Kaiser et al.: “A Composite Cycle Engine Concept for Year 2050”
Unrestricted © Siemens AG 2019
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Myth 3: SIEMENS
“Efficiency of gas turbines cannot be substantially improved” lngenuity for ife

60 % NOXx reduction

80
Superheated Steam Cooled exhaust B 170
5 gases :
HRSG 160
- 4—04— Water i
150

140

430

EICO (g/ kg fuel)

w
b 4
=
X
v 2
o 2
an =
Q
3 c
4
EINCx (g kg fual)

Turbine

- )
L
w
*
"
- i "
.
e,
~~~~~~ :"lln

lgg
(=g
g3
~

------ AL LI EETTTTT]

T air 0 e e s B et ueaa Lo 0
5 10 15 20 25 30 35 40

Ambient

Pressure ratio = /(1-A )
[+ ({3

*Images taken from H. Kayadelen: ,Thermoenvironomic evaluation of simple, intercooled, STIG, and ISTIG cycles”

Unrestricted © Siemens AG 2019
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Distributed electric propulsion:

by utilizing the scale behavior of electric motors

Wing distributed electrical propulsion

o
Increasing ==
Cp
Sy
/ \ //:?
(&)
0.8+
0.6+

—*— T)th,turb

% y
v . A
e
1 S
N propellers

=
—%—T]sys,bat—el
04r
0.2r t
3 engines 2 engine 1 engine
per wing per wing per wing
0 1 L L L L
0 0.2 0.4 0.6 0.8 1
P/Pref

*Images taken from M. Hepperle (2016)
** Data source: G. Atanasov (2018)
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- 2 propellers
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T N Conventional twin-engine
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lngenuity for tife
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A consequence of VTOLSs: SIEMENS
New operation concepts lngenuity for Ufe

*Images taken Uber Elevate
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Myth 4. SIEMENS
“Urban air mobility will solve urban congestion problems” lngenuity for ife

Miinchen f

srku l
) __-.._..

Stuttgart

Example: Munich Metropolitan Area
4.5 million inhabitants — 8.7 million trips/d

a —

1% of trips with UAM: 87.0000 trips/d
10% of trips with UAM: 870.000 trips/d

Comparison:
MUC: 1.000 aircraft moves/d

*Following the Keynote of P. Plétner: ,Future Perspectives of Aviation for Urban and Regional Mobility” (2019)

Unrestricted © Siemens AG 2019
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Myth 4. SIEMENS
“Urban air mobility will solve urban congestion problems” lngenuity for ife

Capacity:

> 1000 landings/h (12 pads, 23 s/landing) *
> 150 landings/h (4 pads, 96 s/landing)

> 24 landings/h per pad (60 s/landing)

Example: Munich
Operating hours (06:00 — 23:00)

1 % of trips with UAM:

> 61 large vertiports

> 126 medium vertiports
> 213 small vertiports

10 % of trips with UAM:

> 614 large vertiports

> 1365 medium vertiports
> 2132 small vertiports

*Following the Keynote of P. Plétner: ,Future Perspectives of Aviation for Urban and Regional Mobility” (2019)

Unrestricted © Siemens AG 2019
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Myth 4: SIEMENS

“Urban air mobility will solve urban congestion problems” lngenuity for ife
Capacity: Public transport in Munich:

> 1000 landings/h (12 pads, 23 s/landing) > 100 underground stations

> 150 landings/h (4 pads, 96 s/landing) > 150 suburban stations

> 24 landings/h per pad (60 s/landing) > 173 tram stations

> 1006 bus stops

Example: Munich

Operating hours (06:00 — 23:00) Share:

> 24 % in Munich City

> 11 % in Munich Suburbs

1 % of trips with UAM:

> 61 large vertiports

> 126 medium vertiports
> 213 small vertiports

10 % of trips with UAM:

> 614 large vertiports

> 1365 medium vertiports
> 2132 small vertiports

*Following the Keynote of P. Plétner: ,Future Perspectives of Aviation for Urban and Regional Mobility” (2019)

Unrestricted © Siemens AG 2019
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Myth 5: SIEMENS
“Electric aircraft is silent” lngenuity for ife

* FFT analysis of EXTRA330 overflight reveals
that the electric version has significantly lower
noise emissions

* Probably due to less torque ripple than ICE

- Lycoming AEIO-580-B1A(2850 /min, My, =0.87)
>, Siemens SP260D (2230/min, My;, =0.68)

AN

SPL /dB

Frequency [HZz]

*Following the Keynote of J. Delfs: ,E2Flight = silent ?” (2019)
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Myth 5: SIEMENS
“Electric aircraft is silent” lngenuity for Life

» Take-off:
engine noise

o jet
o fan tonal (+ broadband)
o (compressor)

» Approach:

engine noise

o jet
o fan broadband (+ tonal)
o (combustion + turbine)

airframe noise

o high lift devices
o landing gears
o parasitic sources

*Following the Keynote of J. Delfs: ,E2Flight = silent ?” (2019)
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Myth 5: SIEMENS
“Electric aircraft is silent” lngenuity for ife

ftotal

« Many additional noise sources beyond the
[airframe] propulsion unit

|engine

linstallation

« Solely replacing the gas-turbine of a turbo-fan
with an electric motor will not have a hearable
effect since other noise sources prevalil

U]
=
=
@
E
°
2

isol. fan rwd
nose LG
fan rwd/iwing

engine rest

| clean wing

*Following the Keynote of J. Delfs: ,E2Flight = silent ?” (2019)
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Myth 5:
“Electric aircraft is silent”

SIEMENS
lngenuity for tife

The aircraft design space that is available due
to hybrid-electric propulsion could be used to
build low noise emission aircraft

*Following the Keynote of J. Delfs: ,E2Flight = silent ?” (2019)
*Image courtesy of NASA and Airbus Group
Unrestricted © Siemens AG 2019
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Agenda SIEMENS
Il«\gzv\ui\ly'f;oru][e,

lll. Should we do invest into (hybrid-)electric?
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A comparison of designs based on electric propulsion

28.2
27.2
h3 12.2

VTP MAG 25%

==

*Taken from M.Strack: ,Conceptual Design
Assessment of Advanced Hybrid Electric
Turboprop Aircraft Configurations® (2018)
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Design fuel change relative to TPR70

0%
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I ~

2
O Quantitative | |
@ Quantitative Il

SIEMENS
lngenuity for tife

N

b

Mission distance: ~ 800 nm
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Advantages of (hybrid) electric propulsion:
Mission Profile

Design Range of PHA2

Number of Flights

Distribution of Commercial Flight Distances

Typical mission profile

SIEMENS
lngenuity for tife

;:lfﬂ"?\n—[ﬁl@

B

Propulsion
3000 1 1 1 1 1 1 1 1
_ All —1 r;“v’v"]' Battery ~ 95
25010 I Europe [ | Powered TNE 0
i : .US i Turbine ~ 40 %
| Chlnili — Powered nr
2000| | I Brazil -
i h 4 I hastydata.wordpress.com
|
1500 | . - /
) 1 —
1000 |- : - <
1
500 [ i - <
D = ___1: L (Lo Homimih nm i H L ITHL T I —— | | :
0 1000 2000 3000 4000 5000 6000 7000 8000 Taxi | ' Cruise ,_anding'
A Distance (miles) Take-Off Descent Taxi

A320/B737 Design Range

A320/B737 Flight Usage
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*Plot taken from hastydata.worldpress.com
**Data from: https://openflights.org/data.html
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Do we need superconductivity for that?  warm: cold: SIEMENS
~3kWikg  ~7 kW/kg ety for tfe

Breguet-Formula (Turbo-Electric): 11000 - ceestsnsstaseste o LD-IS
f‘ ® LD=20
\4 CL Meye] + Mempt —_ e . ~110% E
R = In E . o Extra Range
g-SFCCp Mempt g 0] e
é 8000 {5 ..Hnuuﬂi"“““'""""
£ 7000 - ."“
Educated guess on power density 6000 | ®
(incl. heat exchangers): * |

25| so0 bs we 125 10 175 00
Power Densjty of Drive Train System [kKW/kg]

I I S

Electric 10 kW/kg — 25 kWikg — _

Machines gaTe ® LD=20
B o |

Power Electronics 30 kW/kg 60 kW/kg E®
5 B

Cables 40 kKW/kg 100 kW/kg Bl e
5 21 4 &
% 20 1 ®

v v ]

£ \\ ~10% less SFC
i g L ]
E 15 Oii.iiooo.......oti.t.oo

25| so0 ps w0 125 150 175 200

Power Densty of Drive Train System [kKW/kg]
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Myth 6: SIEMENS

Superconductivity is an extraordinary complex technology lngenuity for ife
Siemens eAir Brushless-DC Motor Aircraft Turbo-Fan Propulsor
10 MW HTS Desi : -
=sign Combustion Chamber Alrgap
@ 1600 degC 2 mm clearance

on 2 m diameter

Complex fuel pipes and

Multi shaft . _
injection control

design

Unrestricted © Siemens AG 2019  *Image of a PW gas turbine engine, taken from:https://www.americanmachinist.com/news/pratt-whitney-machinists-union-settle-five-year-deal
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Last Slides — Key Messages: We don’t have to wait long SIEMENS
Ihg,ev\uf{y{or(,{fe

SIEMENS
o 9 At Electrnic

We will have empirical evidence soon!
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Last Slides

Rohstoff 2010 2011 2012 2013 2014 2015
Gold in US-Dollar pro Unze 122546 = 156952 | 1.66654 14108  1.26634  1.160,59
Eraphiinile elagpio 151458 251146 | 24875 1.400 1325 1475
Tonne
Indium in US-Dollar pro 567.26 735,31 625 613.33 7182 212,33
Kilogramm
Kadmium in US-Dollar pro 4,09 2,95 1,92 2,02 1.8 1.1
Kilogramm
Kobalt in US-Dallar pro 45,33 386 30,75 29,01 31,81 29,11
Kilogramm
Kupfer in US-Dollar pro Tonne 7.534,18 8.820,53 7.949,44 7.332,19 6.859.2 5.501,12
Lithium-inzrale in Us-Dollar 676,94 745 821,22 821,22 6.526,59  6.37503
pro short t*
Magnesit in Euro pro Tonne 70 91.83 90,54 70 70 71,67
Magnesium (Magnesium) in 2.920 31277 | 313472 272604 248114 | 2.14691
Us-Dollar pro Tonne
pancaniniieDallagpiy 254917 | 331646 278667 231971 222542 181875

Tonne
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Lithium price
s ithium Carbonate 99% China
23,000 4

21,000 -

19,000 -

SIEMENS
lngenuity for tife

5,000
o ) ) b o )
N N N N N N N
é‘ y 3 3 { 0« )3‘
°\> @5‘ Q\’ﬁ Q'\’d\ Q\,‘p 0"> Qv

Data as of March 11, 2016.
Source: Thomson Reuters
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Invest in Lithium, because the future of flight is electric!
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SIEMENS
Iug,eu\uify-for(,«‘{e

Dr. Mykhaylo Filipenko

Head of center of competence electrical machines 1

Siemens Corporate Technology
Next47 - eAircraft
CT CTP AIR AS ELM1

E-mail:
mykhaylo.filipenko@siemens.com

Internet
siemens.com/corporate-technoloqy
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