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PVMI: Its Roots in IMVP

The roots of the Program on Vehicle and Mobility Innov
the International Motor Vehicle Program (IMVP), found
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PVMI is the new name and provides the new direction for the IMVP network,
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Disruptive Technologies/Business Models:
What Impact of CASE (separately and together)?

AC: fi Co n n e c ti evithin evahiclé network; vehicle-to-vehicle (V2V);
vehicle-to-infrastructure (V2I); infotainment services

AA: Autonomous vehiclei i dr i ver assisto (Level s
vehicle controlo (Level 3) to dAfull

AS: Shared-- New mobility services, w/high asset utilization strategies
(car-sharing/ ride -hailing) that reduce vehicle ownership

AE: Electric vehicles (BEVs) and recharging via electricity (from varied

sources)




Many ldentify Barriers to Diffusion of EVs

Goal: Achieving cost and performance parity with legacy
ICEV technology

First, overcome these barriers:
A Need for battery innovations (range, cost, supply chain)
A Access to charging infrastructure

A Affordability



These Barriers Look Different Today Than
20, 10, 5 or even 3 Years Ago

AWedve moved beyond questions of fdAwhether

ANow the questions aareundiawdl & still-thonng bufinfoe w o
tractable problems.

A Expanding EV supply and multiple forces affecting EV demand are creating
favorable conditions for a swarm of innovations

A Some are highly visible, others behind the scenes, from both private & public sectors

A Taken as a whole, they yield promising paths for addressing these
problems



Disruptive Technologies Often Only Demonstrate Their
Biggest Impact After a Swarm of Related Innovations

AFor EVs, these innovations are occurring in:

ABatteries A physical innovations, e.g., new chemistries; new extraction
approaches; new vehicle integration concepts; deglobalized supply chains;
circular recycling

ACharging A electrification for decarbonization; new sources of electricity;
public policies favoring clean energy; both decentralized and centralized
grid enhancements; smart grid tools/incentives; multi -mode oOr ef uel |

A Affordability A public policy to speed cost parity; used EV and PHEV
markets; physical innovations tied to vehicle market segments; more multi -
mode mobility options; P2P vehicle st



Battery Innovations
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Disruptive Technologies Often Only Demonstrate Their
Biggest Impact After a Swarm of Related Innovations

AFor EVs, these innovations are occurring in:

ABatteries A physical innovations, e.g., new chemistries; new extraction
approaches; new vehicle integration concepts; deglobalized supply chains;
circular recycling

ACharging A electrification for decarbonization; new sources of electricity;
public policies favoring clean energy; multi-mode &6r ef uel i ngo;
decentralized and centralized grid enhancements; smart grid tools/ incentives

A Affordability A public policy to speed cost parity; used EV and PHEV markets;
physical innovations tied to vehicle market segments; more multi -mode
mobi l ity options; P2P vehicle shari ng



Headlines On Shortages of EV Battery
Materials Grow More Alarmed

A

COBALT A Scarce, Concentrated (nearly 50% in Dominant battery chemistry is NMC
Congo) Where Mining Is Linked to Human Rights (Nickel Manganese Cobalt) with Lithium
Abuses . : S

(LHon in all chemistries for nowg and

NICKEL A Scarce, Concentrated (over 50% in Graphite for anodes
Australia, Indonesia, South Africa, Russia and

. : LITHIUM PRODUCTION AND RESERVES BY COUNTRY (US
Canada), New Formulations Use More Nickel (

AUSTRALIA AND CHILE IN THE FRONT ROW
GRAPHITE A Not Scarce But Con Countries with major Lithium production and reserves

accounts for about 60% of natural graphite production
capacity and 90% of the s UsA

05 Namibia

Brazil !

LITHIUM A Not Scarce, Supply Lags Demand
Considerably, Price Up Dramatically (400 -600%
increase since January 2022), Surface Mining Method
Has Negative Environmental Impacts

e ———
50 40 30

source: USGS 2019 production (in 1,000t) O reserves (in 1,000t)



Meanwhile, A Swarm of Physical Innovations in
Batteries and Their Components I Plus Software

ALooking beyond cells
AChemistry variants
APackaging innovations
APlatform flexibility

ABattery management software (BMS)



Looking Beyond Cells

Innovations in cell design and manufacturing 4865 1 2170 14680

continue but: 02t dziAz2zy 2F tlylazy
Battery chemistries are now important strategically

Innovations in combining cells into modules and e ]
packs offer alternate paths to improvement S | 7\}
OEMs developing packaging innovations, battery <& O =
platforms to support broad product portfolios Module — =

. 4
All are boosting vertical integration for batteries* Cytindrical

Employment impact: 2/3 of OEMSs build battery cel | C O

modules and packs in their own plants*

Different cell designs are put into
battery modules and packs of
different shapes

*Source:Alochet MacDuffie, & Midler, 2022
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Different Battery Chemistries Offer
Tradeoffs - and Supply Chain Solutions

HE INTELLIGENCE OF THE BATTERY CEL

IS INSIDE

Lithium-nickel-
manganese-cobalt (NMC)
Specific energy

& ENTRY VOLUME SPECIFIC SOLUTIONS

[RON PHOSPHATI HIGH MANGANESI NTCKEL MANGANESE COBALT VSR

Many chemistries that avoid or
reduce need for cobalt (especially) LFP LMO, LMNO NMC 2025 -30
and nickel
LG Chemb6s new f or mu-R-2a-ttoi8celnl:

%W Wharton




Packaging Innovations Are Crucial to
Support New Battery Chemistries

A Battery makers are eliminating modules in cell -
to-pack designs

A OEMs are experimenting with packing cells ouspce i s i
. . . . ~40% VCTP ~60% VCTP
d I re Ctly I nto th e C h aSS I S (Ce I I = tO = C h a.SS I S) Battery pack with modules Blade Battery without modules

A Both save weight, processing steps, and increase . . 5 Qdo-pazdedign (no modules)

power density, helping support new battery
chemistries

A Great way to avoid the

Cellto-chassis integrates battery into structure



Cell -to -Chassis = Structure with a
Double Function

AAnalogy that Tesla uses: Like usifsiiass
airplane wings to hold fuel |

AFirst step: Design the fuel tanks in
the shape of the wings

AAnalogous step: Design the
chassis with a battery pack
shaped cavity

ANext innovation: New glues that LeapmotorCOL SR
add structural strength to
adhesive bonds that keep cells a¢KS dzf GAYIGS oF GdSNE LI O}

100 percent active material. That eserypart of the

and plates together oF GGSNE LI O] 4&d2NBAaMETyiR NB

P
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Battery Platforms Offer Flexibility to
Support Broad Product Portfolio

I gy I Ultium Module Flexibility

Performance Crossover Truck / SUV

Packs can contain 6, 8, 10, 12

Battery packs are custom
tailored for energy and range modules, or can be double stacked

to hold up to 24 modules




Cell -to -Chassis and Configurable Platforms
Solve Some Problems and Create Others

A Replacing faulty cells will be far more difficult w/c@l-chassis

AIRA2a8yONI GUAO LI O]l &aKIALISa ¢2y Qi
Loss of scale economies? Less repair or replacement flexibility?

Al AYA (& sHdonBEST 2F |6 kel the@ar is Ackappad

A Larger battery sizes in cédl-pack and celto-chassis designs may
limit them to gridstorage applications



Battery Management System

( BMS)

of

Monitors parameters of individual cells
and overall battery pack

Controls charging and discharging rates
and timing

Regulates thermal conditions (affects
safety and efficiency)

Evaluates overall capability, over time and

In different operating conditions 5

Power
supply

Enacts different driving modes
(performance; eco; towing)

’mm

4

W EV system configuration
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Leapmotilrtsel | 1 gent Power

AWe I ntegrate our electric motors, gear boxes
drive system, Heracles. We expect to massproduce a more advanced oil-cooling electric

drive system, PanGu, which features an industry -leading maximum efficiency up to

94.6%. We develop our own battery pack and battery management technologies. With

the deli very of the C01 I n the third quarter
pure-play EV company to applycell -to-c hassi s (ACTCo) technol ogy

A Vertical integration of the entire-drive train; battery pack and BMS;

and now ceHlto-chassis
A This is the same approach being taken by most incumbent OEMs and

de novoEV startups



Who Does What In

Battery Manufacturing
(Alochet , MacDuffie, & Midler, 2022)

Nearly all OEMs (incumbent ICEV and
de novo BEV), buy cells.

In contrast, 2/3 of OEMs make battery
modules and packs at or near EV
assembly plants

These assembly jobs can be done by
existing workers, after training

1/3 ally with one battery partner

OEMs do Battery Management System
(BMS) on their own or write specs for

/ ~ \ Design Perimeter
Automakers If Cell \ Module Battery pack BMS
BMW B Make Make ?
BYD | Make Make Make Make
Daimler Buy and Ally Make Make Ally-to-make
Ford USA Buy Make Make Ally-to-make
AIIMan Ally with an Ally with an Ally with an
Ford Europe automaker w¥omaker au¥0maker auilomaker
Geely I Geometry Ally with abattery| | Ally with abattery | Ally with abattery 5
pure EV brand maker maker maker '
GM USA Ally Make Make Ally-to-make
GM China Bu Buy Buy Buy
Hondabut USA ,j My wr:akf; battery || Ally wmattery Ally Wr:'zgoattery Ally Wr:zkir battery
Ally with an Ally with an Ally with an Ally with an
Honda USA automaker automaker automaker automaker
Hozon [ Ally with abattery |[ Ally withabattery | Ally with a battery Ally with a battery
maker maker maker maker
Make (through Make (through Make (through
Hyundai / Kya & Mobis, awholly- Mobis, awholly- Mobis, awholly-
owned subsidiary) owned subsidiary) owned subsidiary)
Lucid Motors Buy, Make Make Make
NIO Ally None Ally-to-make Ally-to-make
Nissan but China Ally with abattery || Ally with abattery | Ally with abattery ”
maker maker maker
Nissan China Buy Buy, Bﬂ ?
Renault Group
Europe Bugand Ally \ Make Make Ally-to-make
Rene(\:urllti gOUp & ) w Buy Ally-to-make
SAICT MG brand Ally with abattery |[Ally with abattery | Ally with a battery Ally with a battery
maker maker maker maker
Stellantis Buy and Ally Make Make Ally-to-make
Teda USA =Ally Make Make
TeslaChina Make Make Ally-to-make
Toyota Ally with battery Ally with battery Ally with battery Ally with battery
makers makers makers makers
VW B, gllh);l::: Ally Make Make Ally-to-make

software specialist T\ Al e o >
W Wharton




Taken As a Whole: LFP Can Replace NMC

LFP (Lithium Ferro -Phosphate) was applied first in scooters and smallEVs.

AThe big Chi nese DbG@GATlULaadLishemtadachore lagd Byhiself than any
ot her battery c¢ompanyhave beantmalsng IbFE ctellsifonl0Cda ns ) O *

For a time, displaced by NMC (Nickel Manganese Cobalt)i but no longer.

LFP Advantages: Cheaper (nonscarce) materials, more recharging cycles, much safer (no fires),
low toxicity

LFP Disadvantage of lower energy density at cell level can be offset by:

Packaging innovations (cell-to-pack; cell-to-chassis) that boost energy density

BMS adjustments (less acceleration speed, slower HVAC temperature adjustments, less range) that
reduce energy demand

* Lou Schick, director of investments at Clean Energy Vent



Shortage of Raw Materi al s




