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Tech Day Agenda

08:30 — 09:30 Check-In and Refreshments
09:30 — 09:45 Welcome Session
09:45 - 10:30 Cell Technology, Overview and Trends
Jon Caine
10:30 - 11:15 Battery Systems Integration and Manufacturing Technologies
Pedro Gomez
11:15 1120 Coffee Break
11:30 = 12:15 AVL Virtual Twin for Battery Energy Assessment
Juergen Schneider
12:15 - 13:00 Battery Modelling
Mark Holdstock
13:00 - 13:45 Battery Recycling
Saikat Ghosh
13:45 - 14:00 Closing
Jon Caine
14:00 — 15:00 Lunch and Networking
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Tech Day Speakers

Cell Technology, Overview and Trends
Jon Caine, Technical Director

Battery Systems Integration and Manufacturing Technologies
Pedro Gomez, Design Department Leader

AVL Virtual Twin for Battery Energy Assessment
Juergen Schneider, Senior Solution Manager, Virtual Battery Development

Battery Modelling
Mark Holdstock, CAE & Data Science Team Leader

Battery Recycling
Saikat Ghosh, Lead Engineer, System Engineering
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Jon Caine

» Jon Caine believes in the importance of green
transportation for the future. He has been working in
the automotive industry for over 30 years in the field of
propulsion systems, working initially for Rover and then
Ford. The bulk of his career has been the selection and
implementation of new technology.

» For the last 4 years he has been working at AVL UK,
now as Technical Director involved a wide range of
projects most notably in batteries and fuel cells .

» He has a BSc in electrical and electronic engineering and
an MSc in engineering business management. A keen
advocate of a broad range of solutions to the
environmental challenge, he embraces the change and
is excited about the future.

| | 06 July 2023 |




Three Disciplines Under One Roof

ENGINEERING SERVICES INSTRUMENTATION AND TEST ADVANCED SIMULATION
SYSTEMS TECHNOLOGIES
» Design and development services for all elements = Advanced and accurate simulation and testing = Indispensable tools for knowledge generation
of ICE, HEV, BEV and FCEV powertrain systems solutions for every aspect of the powertrain and decision making

development process

= System integration into vehicle, stationary or = Simulation Software Solutions for all phases of

marine applications = Seamless integration of the latest simulation, the powertrain and vehicle development
. L automation and testing technologies process
= Supporting future technologies in areas such as
ADAS and Autonomous Driving L] Pushing key tasks to the start of development ] High-definition insights into the behavior and
interactions of components, systems and entire

= Technical and engineering centers around the

globe vehicles
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Battery Development

Industrialized solutions from
concept to SOP

Battery systems evolved to a decisive component of
modern vehicles in all different forms of
transportation. For over a decade AVL is the
independent market leader in battery technology.

Development and
Integration

= Cell2Pack

» Integration of new cell technology
Immersion cooling

= Flexible, modular BMS (HW & SW)

» Functional integration and
production process innovation

= Turnkey battery solutions incl.
industrialization

Testing and Validation

= Consultancy on validation
programs

» Turnkey solutions for battery labs

= Data and test field management

= Stand-alone products or complete
test solutions

=]

Simulation Tools and
Services

= Empirical-based and electro-
chemical models

= 1D & 3D solutions

= Aging models for lifetime
prediction

Polestar Q0D

AN

VALMET AUTOMOTIVE

The P
Testing Institute I s
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D Battery prototype build and test facilities

AVL Global Battery Competence Team

—
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s 3 e D 0 D 6 =
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AVL Battery Development Competencies

Technology Competence Project execution
From electrode to pack integration from advanced development to SOP handover

‘ ' ﬁ Cells SOP - New Battery System ﬁ

Modules

Housing

7327 EE &HV path

BMS & Harness DVP&R / Testing / Validation

Cooling / Heating
& Safety

Demonstrator

Labels Benchmarking
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BATTERY TECH DAY
Redrawing the lines of Electrification

08:30 - 09:30
09:30 - 09:45
09:45 - 10:30

1830 = TE1S

1115 = T30
1130 =12:15

12:15 = 12:00

13:00 — 13:45

13:45 - 14:00

14:00 — 15:00

Public /9

Check-In and Refreshments
Welcome Session

Cell Technology, Overview and Trends
Jon Caine

Battery Systems Integration and Manufacturing Technologies
Pedro Gomez

Coffee Break

AVL Virtual Twin for Battery Energy Assessment
Juergen Schneider

Battery Modelling
Mark Holdstock

Battery Recycling
Saikat Ghosh

Closing
Jon Caine

Lunch and Networking
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AVL &

Market and Technology
Trends



Key Performance Targets for AVL Battery Development
Services and Featured Competences

Technology & Innovation / Series Development Support

= Analyzing, measuring and reporting of CO,,

footprint . .
«  Life Cycle Analysis . . - M_odel bas_ed Systems E'n'glneerlng for battery
= Reducing CO2e footprint COZe Regu |at|on T| meZSOP = Virtual validation capability
. R_eductio_n of_ parts = LFP based systems
= Light we|ght|ng = Cost management for bottom-up target cost
] ?’IoduleZChasfas | des S g calculation and cost monitoring
= Integration of new electrodes Si-anodes 1 = Innovation2cost
= Integration of ASSB Energy DenSIty COSt = Hand-in-hand functional design & process design

= Cell supplier management for technical validation
and delivery quality

. Opt!m@zgd cell designs S I = Scouting and building supply chains from raw

. _(?rﬁ)tlmlz:ng tpermal pl)_athways Upp y material to finished product

L] ermal syphon cooling HP B = Enabling local or in-house supply chain for critical
=  >900V electric systems Efﬂ ClenCY Cha N elements

= Next Gen BMS systems = Cell & battery design for recycling & circularity
= AVL Load Matrix™ and generic battery validation = Battery lifecycle management tools

planning In - U se & = Cloud based battery fleet management
= EMC handling R | = Serviceability concepts for batteries (with AVL
= Robust EE integration and component ecvclin DiTest)

development RObUStn eSS y g

= Production process and quality system
development

= No Propagation design = Module and battery assembly automation
= Battery Test & Validation . (AVL BIC)
= Own testbeds and build of test equipment (with AVL ITS) Safety PrOd uction Ready = Design2production




Challenges for Future

New Mobility

Circular Economy Affordability

Local Emissions

Sustainable
Product Lifecycle

Zero Impact Emissions

Production & Logistics
Backpack
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Majority of GHG Footprint shifts to Production

Traditional
AVL Strength

AVL Focus
today

>

CO2 EQUIVALENT OVER PRODUCT
LIFECYCLE

CONVENTIONAL VEHICLE BATTERY ELECTRIC VEHICLE

®m Production & Logistics Backpack mIn-Use m®mRecycling
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EU Proposal Sustainable Batteries Regulation
Requirements for EV Batteries

Battery manufacturing

= Carbon footprint
= Carbon footprint of electric vehicle batteries and rechargeable industrial batteries — Article 7

= Rules on the carbon footprint of electric vehicle batteries and rechargeable industrial batteries. The requirements are staged in
such a manner that there first is an information requirement in the form of a carbon footprint declaration. Thereafter, the
batteries shall be subject to classification into carbon footprint performance classes. Ultimately, and informed by the results of a
dedicated impact assessment, the batteries will need to comply with maximum life cycle carbon footprint thresholds.

» carbon footprint declaration requirement shall apply as of 1 July 2024
» carbon footprint performance class requirements shall apply as of 1 January 2026
» requirement for a maximum life cycle carbon footprint thresholds shall apply as of 1 July 2027

Source: Proposal for a REGULATION OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL concerning batteries and waste
batteries, repealing Directive 2006/66/EC and amending Regulation (EU) No 2019/1020, 10 December 2020;
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Battery Pack Production
GHG Emissions

GHG Share of Battery Pack w brying ‘@7>

Others
BMS 1%

Pack
Manufacturing

Electrolyte

3% Packaging Filling Sealing Formation Ageing
Battery
Housing incl.
Module
Housing
24% -

Module _ - - -y
Manufacturing Housing Welding Welding

Busbar LV System

Enclosure
Module Testing

4.4 t COLe

source:
Audi

Cells incl.
Manufacturing
70% Assy. Electrical-
Thermal System

System Integration

Assembly Module
Housing Integration

Pack Manufacturing
Battery Size: 60 kWh
(for 300 km range)
Total Pack Weight: approx. 390 kg

EOL Enclosure BMS

Testing Housing Integration

source: Tesla

Public / 15 | | 06 July 2023 | AVL 3



Battery Supply Chain Command

Back-integration as factor to commercial success in fast technology adoption and
large scale production shift

Raw Refining and CAM Electrode & Pack, EE Customer

materials electro-
Mining chemistry IP

Module & Vehicle 2nd ife /
(of:1]} components

manufacture Lifetime and BMS application Service (Dealer) recycling
Financial

Lithium Tesla/Nickel (Tesla Tesla
CATL JV Brunp-
(equity, contracts) CATL CATL e.g. BMW, Vw,...
— c.g. BHW, W, Daimer —

(Huayou Cobalt 70%)

TMC
(Huayou Cobalt 70%)

TMC or GM
(Huayou Cobalt 70%)

GOTION GOTION e.g. VW CN, Audi CN,... GOTION
' i | Duesenfeld
JV or equity Volkswagen BASF Volkswagen Salzgitter Volkswagen Braunschweig & Wolfsburg (e S T

p | | 06 July 2023 | AVL 35

electrolyte, etc.

Brump
(CATL 69% subsidiary)
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AVL Solution

Modular system offers

FLEET MONITORING
& ANALYTICS PLATFORM

Monitor battery condition
Analyze data

DATA COLLECTION
Secure data transfer

DIGITAL TWIN

Real-time simulation based
on vehicle signals

BATTERY LIFETIME

METHODOLOGY

KPI Generation

Battery State of Health
Battery Degradation
Battery Remaining Value

Improve battery value & profitability

Optimize charging strategy
Increase workshop efficiency
Reduce total cost of ownership

Optimize warranty claim process

Cost-efficient battery replacements

| |06 July 2023 |




References 2021

= Advanced Development

Immersion Cooling for performance batteries for multiple OEMs EU & US
No-Propagation for 5 out of Top 6 OEMs worldwide

Cell2Pack / Module2Chassis for multiple OEMs worldwide

All solid state cell desigh & module integration for multiple OEMs in EU & US

= SOP projects active in 2021 @ AVL

BEV sports car battery pack lead development concept - SOP 2022 for EU OEM

BEV battery family (3 variants) development from concept to SOP 2023 for EU OEM

BEV battery derivate development from delta study to market homologation 2023 for German OEM
BEV battery derivate development from delta study to market homologation 2021 for German OEM

HEV super sports battery pack derivate development from delta development to SOP 2022 and build
& supply of small racing series (<100 pcs) by AVL Battery Innovation Center

PHEV battery family development (2 variants) from concept to SOP 2024 and series support with
Tierl

BEV commercial battery pack & module from concept to SOP 2023 for US Tierl
BEV Performance Battery Pack from feasibility to SOP 2024 for US OEM

| | 06 July 2023 |




Gain Factors

Process Optimization from Cell to battery
Durability Improvement

Efficiency = Range Improvement
Energy Density of active materials

Battery Architecture

Eco-Design / "Design to CO2"”

Cell Chemistry

Public /19 ' | | 06 July 2023 | AVL 3
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Series Battery Benchmarking

With a continuous benchmark program of automotive battery systems, AVL enables a deep understanding
in current battery module and pack technology.

Benchmarki
& Battery
Research

=
m
£
7]
=
(7]
(]
5
:E
-}

Standard Attributes

eries

AVL S

3 &3

Performance
Operation
Robustness

Engineering
Requirements

Producability %

Serviceability

Level O:
Vehicle

Level 1:
Vehicle Systems

4. Battery Interface

Level 2: 5. Battery Tests
Elements

6. Tear Down Analysis
Level 3: 7. Module Tests

Elements Sub-Systems

8. Cell Tests
9. Cost Analysis
10. Abuse Tests

ckages are available individuall

Level 4:
HW Parts / SW Systems

Deep dive battery benchmarking process: From vehicle to cell analysis involving all battery expert fields of AVL

Public /21

Reversing the V-
process:
From vehicle to screw

Reports, test data,
workshops "off-the-
shelf” available

4 new vehicles per
year:

From low budget to
luxury XEVs
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Series Battery Benchmarking

With a continuous benchmark program of automotive battery systems, AVL enables a deep understanding
in current battery module and pack technology.

Benchmarkin

& Battery

R h .

— Reports available: . L
: eversing the V-

» Tesla Model S b process:
* Renault ZOE : From vehicle to screw
» Tesla Model 3 - ) R Yy —
= Mitsubishi Outlander PHEV —_— % — Reports, test data,
= VW e-Golf e R L W workshops “off-the-
= Chevrolet Bolt ) s AL L shelf” available
= Hyundai Kona »
» Tesla Model X p— =p ; , 4 new vehicles per
* Hyundai Nexo (FC & Battery) e year:
= Jaguar I-Pace ol ‘ Y From low budget to
= Nio ES8 — ) .4 _ luxury XEVs
= Audi e-tron < ‘ = -

Porsche Taycan
VW ID.3 (in Progress)
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Battery Cell Selection and Development

AVL's Battery cell research and cell analysis activities enable to support with battery cell selection and consulting in
future battery cell technologies.

Benchmarkin
& Battery
Research

Battery cell expertise

from raw material to cell
integration

Cell

selection .

Ongoing joint research to
influence future cell
chemistry

Cell
geometry

Battery

Cell NDAs with cell supplier

in place to enable
technical cell selection
support

Production

Power vs.
@ Energy
density
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Battery Cell Design
Example for cylindrical cell

CAD Model Development

User input
Cell Format: 2170 . % PLM Software
Cell Type:  ENERGY >y Creo 5")5(M ENS /7C§T,A

engineering
background

[
I

UIRT R LRI

|

i
T
=

parametric cylindrical cell model

CAD model development for regular & “tabless” cell design for power &
energy cells. Similar activities for pouch and prismatic cell formats.

Public / 24

Cell-to-System Integration

Defined system (pack or module) level performance targets
- nominal and maximal voltage
- maximal current
- power & capacity

Side cross section view of module
+ Front of vehicle

Cold plate

Cells.

Connected vent gas
Sde cross section view of module cavity - TBD on how to

Front of vehicle keep cell vent gas from
contacting adjacent cell

\ I ‘ I I I I I I I I l -

N\ :

Pack floor Vent Inmlions Qty and Module
aaaaaaa tion TBD Mounting
Tabs

Cold plate

= _—

\lenv \ocat- ns - Qty and exar.l location TBD, but located at edges of
le and connected by internal "manifold” to direct cell gas out of
medule

= CAD optimized design according to the defined targets
= Mechanical integration
» Thermal integration
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Battery Cell Modeling & Analysis
Example for cylindrical cell

Electrochemical & Electrothermal Analysis

Electrochemical Analysis based on
Doyle-Fuller-Newman (DFN) Model:

“Tporasliy =

A
i

r——

Equivalent-circuit medel (RC model)

Ve = Voe =1 (R + Rea) = Z“’
A

Ve -.. open dircuit voltage
Rupm .. ohimic resistance
e . NUmber of RC elements

@y . capacitor charge ]

—_— e L
{G) +RC

SoC = Sal.“w——jq 1) dt

» .. Coulombic effidency ——— 1= [,, }.f {
SoL' ‘State of Charge Iewwioemd,
T ... temperature

Public / 25

Ql=e =0

discharging
charging

Charge balance - electrode
Steady diffusion (Ohm), reaction

TR, W)

ST

Li-Charge balance - electrolyte
Steady, diffusion (Ohm) and species migration,
“transference”), reaction

_a 49 2°R-T,-(1-t") dg .
T e

Li-Mass balance - electrolyte
Transient, diffusion (Fick), reaction

2 _2 2 "
R’E(DEM'E> A=t9):01°Fte

L balance - particle

Transient, diffusion (Fick), polar

o, 20¢, o,
= Dt o+ Defls

Li-Intercalation rate
Butier—Volmer (reversible)

),
7)

Energy balance - cell
Lumped, transient, diffusion (Fourier), irreversible
losses, reaction

o, a8, dby
Prloa gy ax(‘e" dx) (i

B e
o) o ALY

Anode

Cathage: BND_Plus_Out

BND_Minus_Out

Degradation Analysis

: " Solld Bracrroly [P ; Structural i ;
Particle Fraction lnter:r:;:htsﬂ) Lithium Plating Decomposition Particle Fraction
Negative Electrode (NE) Positive Electrode (PE)
¥ &
(e.g. dendrite formation, SEI formati ition, T™ di , PSEI growth etc.)
Loss of active Loss of lithium — e dri Loss of active
material (LAM) NE | inventory (LLT) I | ic drift I I change material (LAM) PE

l ]

[

CAPACITY FADE

POWER FADE

Please nate that negative or positive

Degradation models for e.g., SEI formation,
plating and particle cracking

according to the chemical reaction within battery ceil.

irreversible Lithium

1. Basic Model
(EC mocie: P20 DFN or 52M)

Degradation
Submodels

2. Parameter values

/ Secondary SEI

e Primary SEI

Dead lithi
1t submodel o mm

SEI growth + Li plating
Jratal = Jone +iser + it
i £
Jine =@ fgume ﬂw( A nm) exp( -m.u))
Jsei==a-F kosz* fzce‘P(“Jﬁ_ ’is:;)
Jigr==ar !olplfx'P( —nfL (¢ et mﬂhlm)) w

27 submodel
SEI growth + Li plating + particle cracking
Jeotat = Jone +Jser +iipt
g incF g ineF
ry— Jone = @ dgne (exp (222E nm}d:xp( st ) ; .
Jog=—a-F -Koser- =scexp( - 'im) + feraciing 7 :

5 . eiet T
Jm=-a- 'M,;:E*P( _Z— Thpl) +Jeracking

/‘

Li* deposition

Graphite
LY

3. Discretisation Mesh

4. Solver

to the Liu et af., 2016 (DOI: 10.1149/2.0151605jes)
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Battery Cell Modeling & Analysis
Example for cylindrical cell

Mechanical Analysis

Swelling and mechanical performance:
Swelling & Breathing Analysis
Crash & Crush performance and associated failure modes

-I Chemistry |

Graphite/NMC Graphite/LFP LTO/NMC

< Increasing swelling® |

Swelling -I
| Increasing swelling* >
Almost 0% 24%
-I Application use |
o1 -
Temperaturs: C-Rate Mechanical Integration
Public / 26

Thermal Runaway Analysis

Heat release (chemistry dependent)
Qtntal(t) = Qgenerated(t) + Qelectrical(t) - Qdissipatio (t) + Qheating (t)

dc.
S| + Hyg Wy

dcg
dt

Gabuse = HspiWsg1

R

Qcanvective + Qradiative

Qdissipation

Qheating =A-h-(T—=Theq )

Gas release (chemistry dependent)

dam; _ . s 2
2t = Mivent + Ymhig
AdMyentGas _ .; .

dt = MyentGas,vent + Z muentGas,g

Stage I E Stage 11 E Stage I11 i
Case study for cylindrical cell : ; E
tabbed vs. tables design: Evaluate ! 5 '
thermal propagation time, pressure | 5 e
increase heat transfer within the | E
i i | 3 _ﬁahlyvenmg
system, cooling system influence. ; ; _
i
. . e ;
Metal ions dissobution
25°C 90°C 150°C 200°C
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Battery Management System

AVL developed battery management system hardware (4t generation) and software is proven in various customer projects
and available for immediate integration, also as white box.

Battery
Management
System

L] (NNSRNERRN}

Public / 27

Hardware

ey EmIeE e e g
e enmmesion §
e - gy

BEISISICICIE]

(RENRREAT LEVREN

Battery module
control unit (MCU)

HV Battery
control unit
(HV BCU)

Software

Battery State
Algorithms

Battery Charge Wa:aat::ryAn d BCU State Electric Hazard
Control nty Control Protection
Logistics

Battery Protection Thermal

State of State of
Function Charge

Management

Sensol
Acquisition

Contactor
Control

Module
Controller
Control

Generic Balancing
Diagnoses Control

Thermal
Control

Interface Layer / RTE

Autosar / Autosar Autosar COM

0sEk 05 ailiad HW-indep. BSW
Device

Drivers VRNV
CMCs, ...

State of Function

State of Charge

State of Health

Cell Wear
Detection

ADC, 10, PWM, CAN, ... provided by controller supplier
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AVL BMS

HiL Testing Overview BMS

e, SImUIatlon Actuators
h > : e.g.: Contactor,

> Throttle, Valve, Fan,
> Relay, Injector

X - HiL Simulator

= ETAS Measurement

= = 1/\= Card

" dSPACE

Plant Model

Dynamic of Vehicle

Vehicle Networks (CAN, LIN)
Powertrain

Combustion Engine

Battery Pack

FPGA (E-Drive)

Sensor Conversion
Actuator Conversion
Restbus simulation (CAN, Flexray)

S RRRERERNNY

Signal Generation
Card

Sensors Simulation
e.g.: Pressure,
Temperature, Speed,
MATLAB Current, Position,
SINMULINK Lambda
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Results for SOC Estimation
25 degree results-LFP Type of Cell

This is an on-going project uses LFP cells. The

obtained results are preliminary results and the

20 —
development and improvement is on-going.
10 - -
0 1 sSOC
Z 10 | Coulumb Counting SOC
BN SOC Estimated
5
§ -20 — |
-30
a0b o
S0k 4
1 ! 1 | o]
600 05 1 15 2 25 8
Time(s) x10*
25 Voltage -
34 4 - -
" 4
33 T = B
\ 1 | — i
s —
T
232 |
] 03 I I I I
0 0.5 1 1.5 2 25
21 i Time(s) <104
3 -
29 | 1 |
0 0.5 1 15 2 25
Time(s) x10*
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Next Generation Core functions

> Project goals

Improved accuracy of SOC estimation for LFP based chemistry
Lifetime prediction modeling.

Predictive strategy on calculation of power limits.

technischen Beobachters fiir den SoC
PatentNr.: AT 513189 B12014-11-15

Verfahren zur Emittlung eines regelungs- ‘

ﬁﬁﬁ

Battery ‘

|
> State of charge estimation State observer _m
Nonlinear dynamic modeling
Optimum design of experiment to reduce testing and calibration <o
A :at?ntSoH Be;btaci;t:‘lr -
)anzung zZu Fatent Nr.:
Soft-ohseryer / 5%1895% 2014-11-15
> State of health and lifetime prediction e
Implementation of aging/lifetime prediction model Lite predicton T
Combination of SOH observer and lifetime prediction model to (Aging mode), ey |
. |
increase accuracy and robustness '
\
; Coleuloted power, Current Kombinierte Vorhersage des
. . Erfind R e e volioge Mai e SOH und SOF Berechnung
» State of function calculation bl i i rrssce s
I . . . . SoH fiir Traktionsbatterien
Optimization of operating strategy to e.g. reach lifetime target Aktenzeichen: PP31855
« Adaptation of SOF based on predicted lifetime and SOH
estimates

g e ~ | | 06 July 2023 |



Main Drivers in BMS Development

Cost, Performance, Modularity and Flexibility

« Battery modelling incl. « Prediction of power demand and adaptation
thermal modelling of limits based on infrastructure data
« Model predictive control

+ Semiconductor - Safety requirements up to
integration for

- ASIL D
smart battery Predictive _
switching BMS + Accurate calculation of

inner resistance
« Optimization of cell
operating control

Semiconductor Thermal
integration optimization

Big Data/ Multipack Impedance
Data driven capability modelling

Advanced
Advanced .
MCU Communi-
SOx

» Operation strategy cation
optimization
- Battery lifetime predictions

+ Powerline or Wireless
’/ + Less connections, wiring, etc.

» Easy adaptation of parallel

battery packs » Possible cost savings

Public /31 | | 06 July 2023 | AVL 35



Battery Virtual Development incl. Simulation

AVL's long time expert competencies in simulation execution and tools ensure most
efficient development with front loading of development tasks and early and quick validation.

Thermal-electrical and
mechanical simulation
for design validation

Module &
Pack
Simulation EMC and NVH
simulation and full virtual

validation environment

Unified model chain

from system integration
model to detail model

Cell & (1D to 3D)
Robustness

Virtual validation on
all legal/standard
tests R100.2, UN38.3,
GB/T, ISO, SAE,...
(except short circuit)
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Battery Concept Development

With AVL's concept development methodology quick start, time efficient execution and on point results
support answering the key development questions.

Concepts generation and Variant generation Variant down-selection
Standardized 8 weeks

process: From idea to
proven solutions

evaluation phase phase phase

Program supports
quickest start into
series battery
development

concept 2 side cooling — schematics

thermal conditioning cancept

dnconing |

[ o

© g anie s e

Concept |
Development

Proven competencies
in various customer
projects for different
applications!

B

i

AVL
Recommendation
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Pedro Gomez

= Fully committed to finding sustainable solutions to our
transportation needs. Now and in the future. Working in the
automotive industry for over 14 years in the field of propulsion
systems, industrialization, SOP projects and project
management. Focus on taking technologies from the concept
stage into production readiness.

= Working at AVL UK and AVL List for the last 12 years, now as
Design department manager involved a wide range of projects
spanning across ICE, Batteries and fuel cells.

» BSc in mechanical engineering and an MSc in automotive
engineering. A keen advocate for “right sizing” and enabling
technologies into serial production.
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Jon has engineered a really nice concept
for us, we just need to produce it.

What can go wrong?
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Battery Series Development

This is applicable for the process from concept to SOP with or without

battery module and pack development, as well as BCU software and hardware.

Let’s have a look at the V again

Battery
Series
Development

\ Customer requirements\

Engineering Release
Acceptance

PWT/Complete Vehicle
Test

HVB System Integration

in Vehicle / PWT

System Level

(V)
a » O
[V
%
<
9
N
2,
2)
%
)
o,
99‘ ‘g%’/ %‘6 “%O %0‘9‘%0@
O\ \82 \ Bh B B4 %%
-} 20\ 2%\ 23\ oW }*
0%\ %o\ B\ % %
S %o % % % %
)
0,
)
Implementation

Componen
Level

Design revie
verification

HVB System
Test
3
o oning (:b
(N
U B € 0 [1E
U = 0 0 Blid
» 0 0
. . . -

Product design and Component procurement



Re cap. What are we trying to achieve in each part of
the V

System Level

5 NERERE RS
ent procurement
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20:39 = { = TURNI4
o ther, remember
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https://precisionturbos.co.uk/

https://www.thedrive.com/news/31540/this-
gigantic-turbo-thats-rated-for-5500-horsepower-
exists-and-of-course-you-need-it
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A turbocharger, even if not easy, meant that most of
the physical components remained untouched

Main variant
++ Bigger turbo /

revised Cal/ Cyl head
Gasket / Cooling

Public / 40

Bigger turbo
/ revised Cal
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Challenges for a Battery variant

Let’'s say we want a higher performance
variant (more energy / more power)

More cells? Different Type of cell? Change HV architecture?

f L AVL Coup-e BOOV Battery Pack
W ‘ y and its light weight cooling system

: > _5‘ 'f‘;~ £ 1’_ Pl
Regardless how you do it, all power electronics
need to be revised (confirmed at the very

least), Busbars cross section? HV cables, etc....

¥ 3}
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Challenges for a Battery variant

Let’'s say we want a Lower performance
variant (less energy / less power). It
should be “easier...

We want to reduce cost by reducing number
of cells. We would also reduce weight and

complexity?

Not so quick...

| | 06 July 2023 | AVL 35
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Challenges for a Battery variant

Less cells messes up the XsYp configuration (Pack voltage
becomes a problem). The lead variant is most likely at either
400V or 800V

Chemistry determines voltage. XsYp is all we can do.
How many in series determines the pack voltage.
More in Series higher voltage.
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Challenges for a Battery variant

Now, for ease of math, consider a lead variant of a pack
with 200 cells with a Chemistry of 4V nominal per cell.

Less cells? 160? Low SOC? @2.8V

\ ﬁie\s@ \ ﬁie\s /@ Series D

N 7 N/
b3 2 v~ D2 D2 2 oo x
800V (200S 1P) 640V (1605 1P) 448V (160S 1P)

Parallel
Parallel Parallel

(E‘D) o (E‘D) 2 <|:+:+

400V (1oos 2P) 320V (8005 2P) 224V (805 2P)
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Challenges for a Battery variant

Low SOC - you can fall well below the operating range of your EE
components. Extra expensive and difficult to package DC/DC?

Do you keep the 800V rated components e.g Inverter while you
reduce the Voltage? (or de- rate)

System Level R Message: yes, it can
iy 4 be done, but don't
cut the “Vv”

Component
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Battery Series Development - Derivative

Battery derivative-development approach requires early risk assessment and front loading

Base project )
documentation [
®

Battery Series
Development needs:

Delta
validation

= Targets
= Localization
= Components

Delta
Requirements

Methodology

Delta
verification

Combination of risk
assessment, simulation

performance . )
Battery and validation plan
Series e (i~ Wi e iy’ Al Al
Component i
Developifis Cost and time
Delta

Design and integration efficiency

J

Derivative design risk

assessment |:> Technical
Implementation
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We resolved the "Concept " challenge

Now let’'s implement

Spoiler alert: the business of moving electrons around
brings many new concepts and technologies...
But:

Same skill set for

| |06 July 2023 |




We resolved the "Concept " challenge

Now let’'s implement

, -
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It is Teamwork

fEx .y
"y 7
&3 /)

E 3

Step one in implemeatin: engagev‘vitl{allsuppliers
(internal and external). Confirm technical feasibility,

EASY... how many times have you had a project where
all components can be done at cost, time, performance
and weight?

—

| |06 July 2023 |
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It is Teamwork

What can we
negotiate:

- Increased
robustness

« Manufacturability

- Assembly

« Cheaper

« Faster
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A lot is about timing. Accelerating Time-to-Market

Requirements
Specification

: Design
Product Innovation

Simulation

You can print more

money, but you
cannot print more
TIME

Process Developmen

o,

‘_‘E[/c‘-tg‘ r N AT, Ay,
- =

Prototypes
Time to Market

Public /51
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Let’'s make stuff. Battery Prototype Hardware Built

Procurement, assembly and end-of-line testing.

Prototype
Build .

B sample: "Final design intent”.

Public / 52

Procurement and
assembly team with full
equipment

Components will be
made from prototype
or soft tooling while
ensuring that design
as close as possible to
the one that will go
into serial production.
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Do we fulfil all the targets? DVP

] 1 2 J

L 1
Leg! Leg®

Pararvwter chach Large Capacity check Large Par arrwter chack Large
Eawe Arvdonaids oper sy ercdurance (HTOE )
* Preconditarsng Cucles St Crash shock puises [24)
- Standard Cycles (255 ruribere) most vevere drectons [ sl shon outcome]
- Standwrd chargeidi scharge

Towr Dewr anaymis. reasslfol; and PCL Toar Downs aralyn s el PCL Teoar Down arwlyms el PCL
e

-

s \ ® 1405 Macharscal Shocks

o Doy anal pms, reazserbly

Pararreter check Large

Crush
(1Posien each in X and Y)
Pararrwter chach Large
(¥ spchcabie]
Toar Cown
Internal
. . resistance
o Doy sy s ol
- e 2 —

Tear Down aralyms incl PCL
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Battery Production Engineering — C sample

Involvement of production and cost engineering experts from early concept to SOP ensures production ready development
including manufacturing planning.

“Design for Assembly” 4 -
Simultaneous Production [ %1 . —— Off tool / Off process

Engineering Stack up analysis,

i DFM/DFA/DFC are
“Design to Cost” : X frozen

Ena Cost Bill of design and Bill
ngineering of process are
stablished

Improvement
Engineering @&l

Production

Engineering Manufacturing and

Factory Planning
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Getting ready for production release

Inevitably, we will find improvement potential

Example: Busbars aluminium / Cu welding.
Coating? Impurities, reflexion g z enough

penetration, difficulty ensu Ry o 1T o

Vs “all” components.
One fastener ...
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Industrialise. Ready for serial production?

Frozen geometry, materials, BoD, BoP:
Suppliers and manufacturing produce hard tools and final

assembly process.

Lead times — Simultaneous engineering

Casting
Extrusion

St ]
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Completing the V - D sample

All DVP completed and documented
(At component, system and pack
level).

Homologation achieved for all
intended markets

PPAP ready
All documentation completed

Project handed over to production
and service teams
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Battery Series Develop

ment. Closing the loop.

Wit

]

Engineering Release
Acceptance

PWT/ Ceainiplete Vehicie
Test

HVB System Integration
in Vehicle / PWT

HVB System requirements

HVB System specification 4
Architecture \ a HVB System
Interfaces = Test
Functional Specification
Subsystem requirements

HVB System Specification § : Functional Integration
Verification < commissioning

Component Integration
Assembly

Component
Level

Manufacturing Verification

Design review
verification v anufacturing




WWW.avl.com
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Tech Day Speakers

Cell Technology, Overview and Trends
Jon Caine, Technical Director

Battery Systems Integration and Manufacturing Technologies
Pedro Gomez, Design Department Leader

AVL Virtual Twin for Battery Energy Assessment
Juergen Schneider, Senior Solution Manager, Virtual Battery Development

Battery Modelling
Mark Holdstock, CAE & Data Science Team Leader

Battery Recycling
Saikat Ghosh, Lead Engineer, System Engineering

| 06 July 2023 |
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Tech Day Agenda

08:30 — 09:30 Check-In and Refreshments
09:30 — 09:45 Welcome Session
09:45 - 10:30 Cell Technology, Overview and Trends
Jon Caine
10:30 - 11:15 Battery Systems Integration and Manufacturing Technologies
Pedro Gomez
11:15 1120 Coffee Break
11:30 = 12:15 AVL Virtual Twin for Battery Energy Assessment
Juergen Schneider
12:15 - 13:00 Battery Modelling
Mark Holdstock
13:00 - 13:45 Battery Recycling
Saikat Ghosh
13:45 - 14:00 Closing
Jon Caine
14:00 — 15:00 Lunch and Networking
Public / 61 | | 06 July 2023 |
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Bringing together functional and process development:
Simultaneous Industrialization

Focusing on rapid
industrialization:

= Co-simulation framework for

real-time process optimization i real time co-simulation

. Systematlc approac_h for oo part o Comtinuous =
adaption of simulation models T, g properties | development  [BK\ requirements
Use of simulation models from .

PDP and PPP for real-time
model-based control of o T
production processes update

CONCEPT DEVELOPMENT VALIDATION PRODUCTION  \§
o=C >
% t%’ Q e

real time co-simulation

update

» Continuous Integration /
Continuous Deployment
(CI/CD) strategies

Public / 63
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AVL Battery Innovation Center

an IPCEI (FFG Austria) supported initiative

Fusion of Function & Process Development

Serve higher
volumes in A- &
B-sample
prototypes, field
test fleets, racing
series and C-
samples

Assembly process
development for
battery production
with production-
representative
quality
Closed-loop to
product dev’t
(DfM - Design for
manufacturing)

Provide
industrialized
designs and
processes “ready
for ramp-up”
including ultra-
large modules,
Cell-2-Pack, Cell-
2-Chassis,
Module-2-Chassis

Serve as open
platform for the
industry & scientific
partners

Accelerate
digitalization in
battery production
Verify Eco-Design
products in cost
and circularity

| |06 July 2023 |
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New processes require development and validation

Machine and Material Trials

» Trials within core technologies are key for a
robust product development including DfM

* Production intent automation from beginning on
- improves product design
- less loops in industrialization

» Challenge design by running
trials in series cycle times
High Automation - Discover improvements in

Easy variation of process parameters early stages

This approach requires highest flexibility

Adaptable concepts for grippers and jigs

Simplified programming and teaching

Processability of various materials

All this is driven in the new AVL Battery Innovation Center

Public / 65
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HV Battery Subsystems

AN

0RAAD
AAADY

FG Labels

FG Cooling/Heating FG HV path FG BMS & Harness

_____________________________ B e e e e e e e T e o e
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Slide 66

CJA1 What is ESS (Energy Storage System?)
Caine, Jon AVL/UK, 20/04/2020

CJA2 What does FG stand for. It is not needed, just used Cells & Modules
Caine, Jon AVL/UK, 20/04/2020



Different phases

* Development generation / Sample stages:
| [MulcVehide/MP/Gen0/ |

Purpose

Description

Component Geometry

Mate

Toofing

Process

Supplier

Functional Capability
Testing Capability

Use o Public Roads

= limited functional demonst
~ con i feas|
- concept decision / functional verification of concept

Baseline development and evaluation of concept virtual and/or on test bed andfor in vehicle (i.e. main funchons as e.g. performance &
amisslons, mechanical / thermal falectrical function and NYH)

Function and effort deiven, “serial design intent” not required (no representative design), initial packege considered, Serial parts may be
used and modified as base for concept prototypes.

Dapandent on requiremants - “sarial Intant” material usually not required

Prototype tooling - (e.g. rapid prototyping, 30-Print, CNC machinesd...) - key focus on quick delivery and low tooling cost

Prototype manufacturing - (e.g. rapkl prototyping, 3D-Print, CNC machined...} - main focus on quick defivery andl low tooling cost, low
administration effort

Prototype suppliers, critical sub-systems (=AvL Cat [ components) may be from later serlal suppliers {e.g, in case of concept
competitions)

Capahility for lmited defined functions for In-Vehicle or test bed testing required,
No or limitad diagnostics, only basic safety functions

Mo durability testing capab:ity requiced; functional testing under defined |/ imited aperation conditicns

Usage on puldic roads Is pot permissible

——eLrS e

Description

Component Geoimetry
Materials

Touoling

Process

Supplier

Functional Capal

Testing Capability

Use on Public Roads

S e e e et Harta T Al tutc Kerial Toallig

Focus on validation of LO0% serial toaling,
Mo design changss allowsd sxcept due to tooling lssues. Start of PV Testing {Production Validation)

Like Gen 2 / Bi-Sample, in addition

100% final serial design out of serial tooling Including 1004 sarial tolarances and dimensioning suitahle for measuring and process.
contrel.

100% serial material from serial source and location cut of serlal tooling

All parts with 100% serial production tooling - "0ff Tool” at seral production or toclmaker location

Sarlal intent assembly, sarial production processes @ sarial location or @ fooling / aquipment supplier. Piiot assembly ne as wall 26 manual
nssembly s poasible.

100 % serial production suppliers {"off tool”)

100% of funetions Incl. diagnastics, ssfery, EOL atc. Fully Implamanted & varifiad;
from here on only bug-fixing. with this HW stage, callbration will be completed

Validation of product with facus to sign off final product with off tool components

Public road tests capability limited
Use on publlc roads is possible with a special parmit and ance street clearance has heen granted by the compstent autharity

| | PT1Vehicle/ PWT 1/ Gen1/

Purpose

Description

Component Gesmetry
Materinls

Tooling

Procass

supplier

Functional Capability
Testing Capability

Use on Public Roads

Development Protatype:

with full "Serial Intent Design” to prove Concept and Serial Design, Quality and Industrialisation

Focus on functional development and testing under test bench and vehicle driving conditions,

Change Management Process of targets and requirements implemented {at latest), Change Management Process of desian implemented
heginning with TA/CA.

First Serial Design

“Serial design intent”: 100% Simultaneous Enginesring fulfilment: All DM, DFA, DFS, DFQ, Cost Down measures and preventive actions [
Lessens Learnt Implqmenmd. Full representative SERIAL design, package requirements 100% tulﬂlled full CAE validation In several
aptimization leops.

"Serlal Intent” materlal - mechanical properties as close as possible to sedal materfal

Prototype tooling

(for selectedl durabllity relévant parts serfal technalogy “soft tooling” / "production intent toaling”™ may he necessary =.g. farging, casting,
powdar siataring)

Prototype manufacturing - ("seral production intent® tachnology may be nacessary .. forging, casting, powder sintedng for selectad
durability refevant parts); For selected PT tachnologles tradecff between tooling and parts cost has to be found (velume drivan).

Main sub-systems (=AVL Cat 18 11}/ components ust be from serfal supplier; other parts from protatype sup plisrs

Full functional capability for functional devalopment, test bed and In-Vehicle tesking; diagnectics limitad to main functions

Serial design validation and durability testing on sub-system and system level - test bad and In-vahicke.

Public road tests capability imitad.
Use on oublic roads is oossible with a special oermit and once stréet clearance-has bean aranted by the compatent authority

| |Psvehide/Ps/Genab/ |

Purpose

Description

Component Geometry
Matesials

Toolng

Process

Supplier

Functienal Capability
Testing Capability

Use an Public Roads

Pre-Prosuction /Pre-Scrics

100% "off tool"” and 100% "off process” parts to validate Serial Processes and Loaistics

Focus on final validation of 100% serial processes. All parts, companents and systems must be produced under full serial conditions Including
raquired maximum process speed, production transfer linking and serial packaging and conservation. 100% PPAR/ Initial Sampling of
Supplisd Parts is mandatory, Completion of PV Testing {Production Validation)

Like Gen 3a / C-Sample, in addition
100% final serial design
1009 sarlal material from serial sourca and Incation out of sarfal toling under 100% sexdal conditions.

All parts with 100% serial production tooling 100% at serial production location in serial production envionment

100% serial production & assembly incl. all serial processes & logistics In s=risl process cycle Hme and assembly takt time- "0
Process™

100% "off process” at supplier
100 % PPAP / Initial Sampling status “green” confirmed, RMR passed

100% Bug-fixing completed, Calibration verification & valldation

Final validation of 100%: serial conditions.

Final durability tests with "off process” parts/componentsfsystems usually finishad several months after S0P, Start of fleet testing with
selected end customers feasible,

Type approval sample for approval by a reglstration office
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