Next Generation Battery Technology

The eVTOL Show
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The advent of electric aviation

Source: Lilium, Eviation, Electra Aero
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The state of battery technology
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~80% decline over the last decade
Cells: US$100-120/kWh
Packs: US$140-160/kWh

Cells: ~6 Wh/kg per year to ~300 Wh/kg
Packs: ~12 Wh/kg per year to 200 Wh/kg

Sources: T. Placke, R. Kloepsch, S. Duehnen, and M. Winter, J. Solid State Electr, vol. 21, no. 7, pp. 1939-1964, 20
Oct 4, 2021" Bloomberg New Energy Finance, "2022 lithium-ion battery price survey,” 2022
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EV batteries for
aircraft?

Sources: Tesla
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Battery electric range (terrestrial & aerial)
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Electric aviation requires high specific energy and high —)-
specific power

35 Advanced Li-ion/other packs

Prototype Li-ion packs
3 | Current Li-ion packs
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-V and electric aviation requirements are diverging

Terrestrial Electric Vehicle Electric Aircraft
— Range Power,
Charging’ W Safety,
y Range,
Charging, ...
Cell-to-pack Modular,
W Redundancy
Low $/kWh High Wh/kg
Long-life Cell High W/kg
(proven feasible) (proving feasibility)
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Development of new batteries for
aviation
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Specific energy improvements have an outsize impact ry
on aircraft range (—
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Developing a new generation of batteries for aviation
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Commercial SemiSolid Sales

LESA Invented \‘ 2017
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Proof of Concept

ARPA-E SCALEUP program roadmap
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Proof of Concept Completed

Customer Validatio

Pilot Line Constructed
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Manufacture
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Market

Electric Aircraft (EAC)
450 Wh/kg
1500 W/kg

ARPA-E IONICS:

v Li-M SemiSolid Cell

v Pilot R2R LESA
membrane

v EAC celldemo

24M:

v v SemiSolid platform
validate w/ market sales

Albemarle:

v" Pilot Li-M manufacture

v" SemiSolid manufacturing
plant > 100 MWh

v Equipment for
commercial-scale Li-M

SCALEUP:

o Commercial-scale LESA
anode manufacture

¢ Integrate LESA with
SemiSolid platform

¢ Pilot production for
customer testing

SCALEUP:
» Customer validation

Multiple eVTOL
Commercial
Partners

Target Markets:

® [ ong-range electric
aircraft

® ntercity flights

® Air Taxis

® Airport shuttles
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How to validate new battery
technology for aviation?




eVTOL Cycling Data

Discharge C-rate
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The largest eV TOL battery cycling dataset
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Technology Divergence

Aviation batteries build on EV developments but weight matters much more.

Next Gen Batteries

Today's batteries achieve 100-250 miles. Over the next decade, we will reach 500 miles with current aircraft designs.

Testing & Validation

Batteries need to be validated for aviation specific conditions including performance and safety.




What's on the roadmap?
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Approaches to >1000 Wh/kg systems

Chemistry Voltage Electrons Theoretical Theoretical
(V) transferred capacity specific
(mAhg™) energy
(Whkg™)
Limetal
CF, 4 1 900 3,600
SFs 3.69 8 1,063 3,922
BF, 3 1,186
SO, 3 1 419 1,257
sSocCl, 3.6 2 450 1,620
SO,Cl, 3.9 2 397 1,548.3
FeF, 2.63 571.2 1,306.8
FeF, 273 3 712.5 1,644
S 2:2, 2 1,675 2,567
0, 2.96 2 3,350 3,505
I, 3.6 2 21 760
Br, 3.9 2 335 1,306
clL 2 6,294
Se 21 2 679 1,226
Non-Li
Mg/O, 2.95 2 3,350 3,924
Zn/0, 1.64 4 662 1,086
athan, A-H. Epstein lang, E. 1
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