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About this talk

1. Why electric? (fully electric, battery powered)

2. Challenges (some)

3. Effects on today’s (yesterday’s?) air transportation market
4. Key enablers

5. Conclusions
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Temporal context

2017 2019
Air transport Development of electric Sept. 2019 — Dec. 2019 Oct. 2020
data samples commuters start in Sweden This study is done ECATS conference
April 2017 March 2018 Summer 2019 Jan. 2020
First Uber Elevate Norway aims to Air transportation Covid-19 is declared
summit electrify regional reaches highest as pandemic
flights by 2040 volumes ever
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Electric flight: why are we here?
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Electric flight: why are we here?

A320Neo — Life-Cycle Year-10

2018 US Ops, JET-A1 18USD 2.04/qal

Economic?

Aditional DOC inc!
Local Noise & Emission Charges +ETS

\

Cost of Ownership incl. \|
Depreciation, Interest & Insurance Cost

53
S83/USG

(Short-haul, FSC pay

ing Cost

/

Engine & Airframe Maintenance

Airport Charge:

Aircraft Cash Operating Cost

Isikveren, 2019
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Delta Operating Costs
Ce-Liner vs BTB7-3+ for 300 nm Mission, EIS 2035

s reciation
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* source: Ploetner et al., 2013; Bauhaus Luftahrt; via A. T. Isikveren, 2019
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Electric flight: why are we here?

Social?
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* source: Uber Elevate; Eviation Inc.; 2019
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Electric flight: why are we here?

Environmental!

I LINKOPING * source: NASA’s archive
I." UNIVERSITY
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Electric flight: why are we here?

Environmental!

I LINKOPING * source: ICAO, Airbus, 2018
I." UNIVERSITY
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Electric flight: why are we here?

wes=  Emissions assuming no action Aircraft technology (known), operations and infrastructure measures

—— (Carbon-neutral growth 2020 Biofuels and radically new technologies

E nVi ro n m e nta I ! Gross emissions trajectory Economic measures Technology

Operations
Infrastructure

Biofuels and
radical tech

CNG 2020
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-20% by 2050

Not to scale

2005 2010

I LINKOPING * source: IATA, “CO2 reduction roadmap”
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Electric flight: why are we here?

CLEAN SKY
OBJECTIVES 2008-2017

CLEAN SKY 2 OBJECTIVES

OBJECTIVES ACARE 2020 CLEAN SKY 2  FLIGHTPATH
UNDERFP7  RESULTS OBJECTIVES 2014-2024 2050

I LINKOPING * source: IATA, “CO2 reduction roadmap”
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Ready to go electric?
"A flight releases 74,000

I LINKOPING “ * yarious sources
I." UNIVERSITY
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Ready to go electric?

I LINKOPING * source: European Commission
I." UNIVERSITY
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Not that easy...

Busi for short-
usiness case for short-range ops Performance (MTOW=TOW=MLW)
Reduced payload-range flexibility

R o -~ Cost of ownership | Market Operation Battery degradation = range degradation
Uperating cost (Tuel cost vs olhe clors
Effect of higher MTOW in fees. taxes. insurances Reserve energy (contingency + alternate + loiter
Public perception Turnaround time (recharging time’
Reformulation of Part 23, 25, 27, 29, others Energy storage
_ » . L CHALLENGES _ gy storag
Special conditions for propulsion system | Standardisation Propulsion technology
Reformulation of ICAO operation guidelines Energy management hermal management
Sourcing - —
S Design optimization
Distribution Energy-related Maint irworthi
. . . aintenance, airworthiness
Temporary storage Infrastructure Complexity (hybrid-electric) - :
Fault analysis
Long runways (higher MTO Safety : —
AUTOmMation

Operation-related
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Not that easy...

Performance (MTOW=TOW=MLW)
Reduced payload-range flexibility

Operation Battery degradation = range degradation
Reserve energy (contingency + alternate + loiter

Turnaround time (recharging time’

CHALLENGES Energy storage ' resnan

Propulsion technology
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II.“ UNIVERSITY




Sobron et al. - The role of electric-powered flight... 2020-10-14 17

Operation

* No emissions!
e Performance: MTOW = MLW

* Reduced op. flexibility
(but high system efficiency)

. operational
* Turnaround time becomes freedom Battery
(very) relevant

Battery degradation = range

degradation?
* High “price” for reserves
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Operation

* No emissions!
e Performance: MTOW = MLW

* Reduced op. flexibility
(but high system efficiency)

 Turnaround time becomes
(very) relevant

Battery degradation = range
degradation?

* High “price” for reserves
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Max T-O/LDG mass
8618 kg (100%)

Payload 1805 kg (21%)
Ferry mass

6813 kg (79%) Crew, OPS 190 kg (2%)

Battery
3000 kg
(35%)

. Structure
Basic empty mass

3623 kg
(42%)

by
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Operation

No emissions!
Performance: MTOW = MLW

Reduced op. flexibility |
(but high system efficiency) i

@ Fokker 50

® EIE l'r‘\"". Saab 340B

® Saab 2000

@ ATR72-600

Turnaround time becomes
(very) relevant
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Battery degradation = range
degradation?

Hig h ”p rice” for reserves i

10000 15000

Maximum take-off mass [kg]
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Operation

S
S
| o~
Q|-

Aerodynamics
20
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Operation

—108 Wh/kg —250 Wh/kg
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Energy storage

=~factor 60

10000

JLPG Propane
LiOH-Nano-Wire 1—1;'-.;-|.T__ H, liqu

LiOH Battery | / || “TNT H, 700 bar

~factor 18

* lower [Wh/kg]
(affects mass)
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II “ LINKOPING source: M. Hepperle. Electric flight - potential and limitations. In Energy Efficient Technologies and Concepts of Operation, NATO, Lisbon, Oct. 2012
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Cell-level Cell-level System-level

Energy Storage "nominal" "in real life" "in real life"
Influenced by 5~30 %

rate of charge,
discharge, SOC cycle 20~50 % cycle
and temp. degrad. for 500 cycles degrad.
min. Typically 20 % min., (In case of
SOC for Li-Ion SOC i emergency)

]
o
(=]

Energy [Wh]

Example:
Li-Ien INR 21700
260 Wh/kg

Useable
specific energy
90~130 Wh/kg
(35~50 %)

Currently packing,
30~50 % for contacts

non-certified cooling,
systems manage.
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Energy storage

Specific Energy, Wh/kg

240
Cycle life of various cells at 20°C

C/5 = 0.58A rate, 4.1-3.0V
(HG2, 30Q = 0.52 A)

LG M36-05
Panasonic BJ-05
Samsung 35E-05
Sony VC7-07

LG HG2 103
Sanyo GA 113
Samsung 30Q 189
Samsung 36G 109

0 200 400 600 800
Cycle no.

source: Perf of Commercial Hi Energy & Hi Powr Li-lon
Cells in Jovian Missions, NASA Battery Workshop, 2019
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s Cell-level

300

]
o
(=]

Energy [Wh]

| "nominal”

Cell-level
"in real life"

Influenced by
rate of charge,
discharge, SOC

and temp.

>_Examp|e:
Li-Ien INR 21700
260 Wh/kg

imp.loss.

cycle
degrad.

min.
SOC

5~30 %

20~50 %
for 500 cycles

Typically 20 %
for Li-Ion

2020-10-14

System-level

"Iin real life"

imp.loss.

cycle
degrad.

min.,
SOC

reserves

systems

mission

(In case of
! emergency)

—1:

Currently
30~50 % for
non-certified
systems

packing,
contacts

Useable
}specific energy

90~130 Wh/kg

(35~50 %)

cooling,
manage.
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Energy management

Small MEA Large MEA  eVTOL  BLI Hybrid Full Hybrid

0.1 1 5 10
System Power [MW]

I LINKOPING * source: adapted from P. Malkin, Newcastle University, 2019
I." UNIVERSITY
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Commercial aviation today (yesterday?)

* Data from the U.S. Department of
Transportation

* Reporting U.S. air carriers +
other carriers with operations to,
from, and inside the U.S.

e Data from years 1998 — 2017

* “Photograph” of year 2017
 Stage length (great-circle distance)
e Assumption: U.S. = global market

LINKOPING
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Departures vs stage length (U.S. 2017}
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Stage length [km]

Cumulative departures [% of total]

Number of departures [-]

I riston, 1-Engine

[ Piston, 2-Engines

[ 1Piston, 3 to 4-Engines (not visible)
I Helicopter/Stol (not visible)

B Turbo-Prop, 1 to 2-Engines

[ 1Turbo-Prop, 4-Engines (not visible)
____lJet, 2-Engines

[ Jet, 3-Engines

B J=t, 4 to 6-Engines (not visible)

12000

Cumulative departures [% of total]
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Revenue-payload vs stage length (U.S. 2017)

Revenue-payload transported [kg]
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I Fiston, 1-Engine

[ piston, 2-Engines (not visible)

[ IPiston, 3 to 4-Engines (not visible)

I Helicopter/Stol (not visible)

B Turbo-Prop, 1 to 2-Engines

[ ITurbo-Prop, 4-Engines (not visible)
Jet, 2-Engines

[ Jet, 3-Engines

B )=t, 4 to 6-Engines

@
Stage length [km]

10000

Cumulative revenue-payload [% of total]
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Energy consumption (further assumptions)

*Boeihg B777-F
*Boeing B747-8

*McDonnell Douglas MD-11

N
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o

«Airbus Industrie A3§

74
-Boeing 767- 200?5;{/5?\4 %@HE 747-400 __ .B787-900 Dreamliner
N B787 800 Dreamliner
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Aircraft
Fitted curve

Average EU car, 1 pa
Average EU car, 2 pa
Average EU car, 3 pa
700 Glok Average EU car, 4 pa
e e (AT ‘
2000 4000 6000 8000 10000 12000

Stage length [km]

Average efficiency [kg-km/kWh]
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Total revenue payload-distance [% of 1998]
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Energy consumption vs stage length (U.S. 2017)
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Energy “decarbonized”

* Best scenario: electrify all flights e
under 500 km by 2040 =5 % I Energy consumed

All replaced energy should come
from renewables

[y
N
o

Translation from energy into
emissions is not straightforward
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Noise benefits not assessed

Cumulative energy consumed [% of total]
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Key enablers

Technologies:
e Battery cycle stability

* Battery integration at system level

* Complexity jump at 1+ MW power:
* Power electronics, weight & size
* EMC & EMI
* Thermal management & losses

* Charge & maintenance

2020-10-14 32

Operation:

 New approach to reserves (same safety!)

* Lower crew costs (single-pilot?)

Mission profile optimization

Change mindset & business model

Charging infrastructure, energy sourcing

Financial support (e.g. landing-fee
exception, bonus-malus)

LINKOPING
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Conclusions

May be feasible and beneficial for very short hops and niche markets

Realistic range very limited in the short/mid term

Even in best scenario, very limited impact on aviation’s footprint

The country’s electricity production and allocation strategy should be prepared in
advance — even short-range operations add up to a sizeable amount of energy

* The coexistence of different propulsion technologies is unavoidable,
and electrification will take different forms across the market.
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0]U]d[0]0]4

* Risk for a social & political “hype”
(see Gartner’s Hype Cycle)

Peak of Inflated Expectations

BUT, from an environmental perspective:
* Any contribution is welcome

* All available concepts & technologies
should be used (cleverly) §love of Eniightenment

Plateau of Productivity

>
=
2
2
>

AN D: Trough of Disillusionment

* Aviation post-corona may be different Technology Trigger
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Fuel Reserves
(ICAO Annex 6, Part |, section 4.3.6 “Fuel Requirements”)

Contingency fuel

« add. en route fuel e.g. wind, ATM route changes/restrictions, typically 5%/3%/0%")

Destination alternate fuel
« missed approach & landing at alternate airport

Final reserve fuel

* 45 min(!) holding flight for reciprocating engines
* or, 30 min for jet engines
Additional fuel
* e.g. ETOPS fuel, MEL
Short range operation suffer extreme from alternate/reserves (45 min! for non-jet aircraft)
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CS-23 commuter study

Specific ~ Specific  Energy =~ Energy  Mission’
Case  energy energy T-O + cruise flight stage \reserve +

ID cell system climb + others time length systems
[Wh/kg] [Wh/kg]  [kWh] [kwh] [h] [km] [%]

260 128 217 167 0.45 120 (20)*
260 160 217 263 0.61 177 0

260 200 217 383 0.81 w 0

2020-10-14

NOTE 1: In case (A), reserve energy would be 20% if assumed that batteries can be
fully depleted (100% DOD) in case of need, despite effects in battery lifespan.

37
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