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Production process in short



MIXER
Cathode and anode
slurries are made.

Battery cell production process

COATING
Slurries are coated onto
the current collector

STACKING

Assembles battery components

ROLL PRESSING
Electrodes are CUTTING ' into a cell structure
flattened evenly Cutting the electrode to the .

required dimensions

CELL ASSEMBLING

Mw'hNB!NGd : Layering cathode, separator,
et ob'ss used for and anode sequentially for
assembly cell assembly

ELECTROLYTE -
FILLING

Injecting electrolyte
into the cell

SLITTING AND NOTCHING
Electrodes are cut into
battery-size pieces

FORMATION AND
AGING

Batteries are charged,
discharged, and stabilized

CALENDERING

Compresses electrode
material to desired thickness.

TESTING AND SORTING
Modules with connected cells are
placed in the pack and then connected

Image from: https://www.digitimes.com/news/a20240605PR200.htm|&chid=9
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Battery cell production process

1. electrode manufacturing

Clean room Dry room :
Y Temperature  Annotations

class (dew point)
m The electrode
SO manufacturing takes
place under clean
semi-dry room conditions,
o ) A o since foreign particles
(>°C 1o -5 22k 27C in the coating cannot
Calendering be removed in the
later process by
cleaning methods
B (e.g. suction).
1SO 8
Dry
(0°C to -30°C)

Image from: Lithium-ion Battery Cell Production Process, 2019, VDMA Battery Production,ISBN: 978-3-947920-03-7,  https://www.researchgate.net/publication/330902286_Lithium-ion_Battery_Cell_Production_Process
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Battery cell production process
2. cell assembly, 3. formation

Clean room Dry room :
4 Temperature  Annotations

class (dew point)
. Dry
Separation (-25°C o ~35°0)
The cell assembly
. must be carried out
Sta_CkIr_]g / ) under dry conditions,
Winding min. Dry as water inside the
o o 22 +2°C cell leads to strong
: SO 7 (-40°C to -50°C) quality losses (service
Packaging life) and to a safety
risk (formation of
hydroflucric acid).
Extra dry
(-50°C to -70°C)
22+3°C Cell finishing takes
; place in a normal
DeQaSSl L environment. Since
the cell is already
o sealed and degassing
/ / 30°Cto takes place in a

50°C vacuum chamber,
there are fewer
requirements for the
particle environment

99 13 °C and humidity.

Image from: Lithium-ion Battery Cell Production Process, 2019, VDMA Battery Production,ISBN: 978-3-947920-03-7,  https://www.researchgate.net/publication/330902286_Lithium-ion_Battery_Cell_Production_Process
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Motivation for Al modelling in
battery cell production



=== High costs

* For a giga factory of capacity
40GWh/year = scrap costs per year
are around 10M<€ after the process is
stabilized [Dahmen et al. 2024]

* Goal: Optimize production process
parameters in order to minimize
scrap costs.

e Challenge: Several thousand process
parameters.

Reported Scrap Rates over Time

100%
—96,1% mes Morrow (2023)
= Gaines et al. (2023)
=== \/olta Foundnation Battery Report (2022)
80%
s Confidential
Roland Berger AABC (2024)
VisiConsult (2023)
o)
§0& Average
~ 40%
2
)
=
©
(-3
o
o
S 20%
0%
SoP 1 2 3 4 5
Years of
Operation

Image from: Dahmen C, Degen F, Eckstein MC, et al. Mastering Ramp-up of Battery Production. Published online October 16, 2024. doi:10.24406/PUBLICA-3727

- 86%

Reported Scrap Rates Ranges
[no time context]

30.0% 30.0%

19.1%
153% 15.2%

10.0%
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https://doi.org/10.24406/PUBLICA-3727

Complexity



== Most important production steps

 Mixing and coating are considered to be the
processes of highest importance for the quality
of battery cells. [Dahmen et al. 2024]

* Coating process > due to its high relevance

regarding the final cell quality as well as the
many challenges during ramp-up.

r Production Output —

Image from: Dahmen C, Degen F, Eckstein MC, et al. Mastering Ramp-up of Battery Production. Published online October 16, 2024. doi:10.24406/PUBLICA-3727
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[Haghi et al. 2023]

Haghi S, Hidalgo MFV, Niri MF, Daub R, Marco J. Machine Learning in Lithium-lon Battery Cell Production: A Comprehensive Mapping Study. Batteries & Supercaps. 2023;6(7):€202300046. doi:10.1002/batt.202300046

Resistance (output)

| Capacity at different C-rat

['] Volumetric capacity

‘ Cycle life

Gravimetric capacity

J Capacity after formation
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https://doi.org/10.24406/PUBLICA-3727

The coating process



https://www.youtube.com/watch?v=0tHkkZEQDpg&ab_channel=TheWheelNetwork
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https://www.youtube.com/watch?v=0tHkkZEQDpg&ab_channel=TheWheelNetwork

12



We have made an extrensive literature survey



Literature survey

* An extensive literature survey was done on WoS and Scopus (+IEEE) with the following

search terms in various combinations:

Battery Production

Battery Manufacturing

Battery Cell Production

Machine Learning
Neural Networks
Deep Learning

Data Mining
Predictive Modeling

Prediction

Process Parameters

Production Optimization

Quality Control

Identification ]

[

]

Screening

Records identified through
database searching (n = 503)

Additional records identified
through other sources (n = 14)

}

Records after duplicates removed

(n = 335)

A4

Records Screened
(n=232)

I

> Records excluded
(n =103)

Full Text articles assesed for
eligibility
(n=119)*

v

[ Included ] [

Included in this presentation
(n=55)*
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=== Literature survey

* An extensive literature survey was done on WoS and Scopus (+IEEE) with the following
search terms in various combinations:

Battery Production
Battery Manufacturing
Battery Cell Production
Machine Learning
Neural Networks

Deep Learning

Data Mining

Predictive Modeling
Prediction

Process Parameters
Production Optimization

Quality Control

Cell design from reviewed papers:

pouch: 14 (24,6 %)

Battery pack/module: 11 (19,3 %)
electrodes: 10 (17,5 %)

all: 7 (11.7%)

not specified: 8 (14 %)

coin: 5 (8,8 %)

prismatic: 5 (8,8 %)

ASSB: 2 (3, 5 %)

TSl 2 15,5 ) Main (pre)conclusion — there

is @ minor number of papers
dealing with cylindrical cells
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Predictive models for production of cylindrical
battery cells



Development of an initial prediction model

* Given the extensive review of the field and inhouse know-how (BMW Group and
UNIZG FSB team), a model for prediction of surface loading in electrode
manufacturing (coating) has been developed.

* The coating process is crucial for high quality battery cells = minor defects can
affect subsequent production stages.

* To optimize throughput and yield, careful control of parameters like slurry
viscosity and coating speed is essential.

* A thorough understanding of the underlying cause-effect relations is needed.

» Coating and drying processes need to be coordinated effectively.
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=== Importance of predictive models - coating

Dimension Example Description

Potential Cause

Surface Defects

Agglomerates

Closely packed
clusters of the
solid components

Point Defect

um range

Insufficient
slurry mixing

Pinholes Contaminations

Tiny holes or missing
spots in the
electrode coating

Impurities include all
foreign substances

Point Defect Particle Size
{m range um/cm range
- Insufficient clean room
Insufficiently

conditions, metallic bra-

degassed slurry sion or impure materials

Inhomogeneous
Coating Load

Inhomogeneous
coating application

B d

Area Defect

Length: m range
Width: cm/m range

Incorrectly adjusted slot

die or irregular pump flow

rate; viscosity of slurry

Image from: Dahmen C, Degen F, Eckstein MC, et al. Mastering Ramp-up of Battery Production. Published online October 16, 2024. doi:10.24406/PUBLICA-3727

I
Heavy Edges

Influence of the
cavity of a slot die on
the cross-web profile

Line Defects

Length: m range
Width: mm range
Height: pm range

Inner slot die geometry
impacts volume flow and
gap between slot die and

substrate
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https://doi.org/10.24406/PUBLICA-3727

=== Electrode coating process in battery cell production

+ ol o
IEA

Images from: https://autotech.news/dry-manufacturing-process-offers-path-to-cleaner-more-affordable-high-energy-ev-batteries/  https://www.advancedcopperfoil.com/battery materials.php
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https://autotech.news/dry-manufacturing-process-offers-path-to-cleaner-more-affordable-high-energy-ev-batteries/
https://www.advancedcopperfoil.com/battery_materials.php

=== Jntermediate ,,product”

© Fraunhofer ISE

© Fraunhofer IWS

Images from: https://www.greencarcongress.com/2019/06/20190607-iws.html
https://www.ise.fraunhofer.de/en/business-areas/electrical-energy-storage/production-technology-for-batteries/wet-and-dry-electrode-manufacturing-and-thin-film-technology.html
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https://www.greencarcongress.com/2019/06/20190607-iws.html
https://www.ise.fraunhofer.de/en/business-areas/electrical-energy-storage/production-technology-for-batteries/wet-and-dry-electrode-manufacturing-and-thin-film-technology.html

=== Coating and drying process

Sensor Data
Acquisiton

K

Surface Loading
Before Drying
Model

Pump Rotation
Speed Model

Data
Preparation

Model
Optimization

Unified
Prediction
Model

Graphical User
Interface

Image from: Samardzi¢ Tin, Development of a prediction model for the electrode coating process in battery cell production, University of Zagreb, FSB, Master thesis, 2025.

MACHINE PARAMETERS:

Coating speed
Nozzle width

Distance between the nozzle and
the current collector (copper foil)

Bottom side temperature
Top side temperature
Bottom fan speed

Top fan speed

INPUT PRODUCT PARAMETERS:

Slurry density
Slurry viscosity

Slurry solids content
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=== Surface loading measurements

Top View

N

>

@ Electrode

() Current collector

Upstream Lid

Coating Width

—,

h

wet
ckstein MC, et al. Mastering Ramp-up of Battery
ed online October 16, 2024. doi:10.24406/PUBLICA-3727

Traversing
frame

Sensor

Sensor path

l Surface loading before drying

Surface loading after drying

Preparation phase

,Surface loading of the electrodes may vary
according to the application, for graphite
electrodes 6-9 mg/cm?.” [Dammala et al. 2023]

v

Elapsed time
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=== Surface loading

@ Electrode  ( Current collector

Traversing
frame

Sensor

Sensor path

Surface loading before drying

Surface loading after drying

Preparation phase
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https://doi.org/10.24406/PUBLICA-3727

=== Prediction model

Prediction model goal »  Predict the pump rotation speed in order to achieve the desired value
of surface loading after drying.

Due to the nature of available data the model is divided into two parts:

\ 4

1. Surface loading before drying

v

2. Pump rotation speed

1. Model . ,
Desired surface loading after drying » Surface loading before drying 2. Model » Pump rotation speed

crtal B, &) o= wues :
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=== Prediction model

. Lasso Coefficients vs Lambda
1. Feature correlation heatmap 2

T
1
1
'
Feature Correlation Heatmap :
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2. Dimensionality reduction - Using VIF (Variance Inflation Factor) to identify multicolinearity.

3. After multiple features have been removed > check the feature importance to further reduce the dimensionality.
Evaluation methods: k-fold cross validation, Leave-one-out cross validation (LOOCV), Bootstraping

4. Developed prediction models based on LASSO regression, XGBoost, Decision Tree, Random Forest.
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Initial results

1. Model 2. Model

Desired surface loading after drying » Surface loading before drying > Pump rotation speed
Implementation on the Test set: Accuracy
> 95%

Coatlnfg> preparation phase 40 min
reduction

Once implemented in production the developed

model has a potential to reduce the following:

\ Material reduction for ~ 10%
o

preparation

Future steps > Small improvements and implementation of the model in the production.
INSIGHT crtal ENp =@ Rouskowc 26
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