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.y Battery cell manufacturing is growing, but challenging

s

Automotive sector employs 2.5 million people in manufacturing and 7 % of total GDP in EU

+ more parts
+ more moving parts

61% manufacturing labor needed
compared to Diesel alternative
(inc. battery value chain)*

* Galgoczi, Béla On the way to electromobility —
a green(er) but more unequal future? 2023

Twin Transition

Sweet Spot

where Digital amplifies Sustainability

Diesel, 7.7%
PHEV, 9.5%

HEV, 38.6%

BEV 19.4%

Petrol, 22.6%

EU car sales, Q1 2026 (ACEA)
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Source: www.battery-atlas.eu; abstract, no claim to completeness
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s Cell manuracturing systems — overview
o% %m
Processes
Coating and drying Notching Cell assembly  High temperature Degas + Room temperature Finished
" i storage final sealing storage warehouse
aw material inventory  Slurry mixing i i indi
Calendering Stacking/winding Electrolyte Pre-char9e+ Capacity Inspection
\ | filling Formatlon gradmg + packagmg
1 i I i ' ' '
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Intermediate products
| =
Continuous process manufacturing Discrete manufacturing Batch manufacturing
Characteristics
« Capital intensive * High level of automation
» Scale of manufacturing system * Mixed process / discrete manufacturing

« Converging + diverging material flows — matrix production * Energy intensive



Cumulative net present value

Need of Cell manufacturing ramp-up proficiency

Ramp-up delay risk

\

manufacturing
capacity
planning

design
exploration

pduction efficiency

verify system

performance
years

Lower material cost
Lower equipment cost
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Selected fundaments of systems’ understanding

LCA and cost models

Systems Engineering Proceess

Input: -
Needs / objectives / : Cathode H H 4 H 100% $94.5 64.5 kgCOzeq 4.0x 10"
requirements i active * : : :
0 = H N H = Other
L?.rlput req:\Breﬁnls i material ¥ FElectrode & Cell ¥ cell : - lmaterials.
o : synthesis § production i production i conditioning 3 5
o g = Systems Analysis : f prosuesen | condtioning
s and Controlling 100.0: : : : : @ Anode Other material
: : : i H Other materia 3 75% 1 B eectoiyte
4= H H H H 2
Requirements Loop > I 875 : : et : . Electrolyte < e Separator
risk analysis, : H H : : [ 1 S
Functional Analysis process management 75.04 3 i e : eparamor ® [ Copper
and Allocation : :_: : : . Copper g — Graphite
- H H H H H p ] . Aluminum
£ 6257w " " " w Graphite S 50%-
\ = : : : : : S Cathode Lithium
Design Loop E : H—-—H : : . Aluminum £ B covart
_ ) % 50.07% :_: : : Lithium 5 Nickel
Verification Synthesis 2 a75li - : : : . Cobalt 2 Building
“  — Nickel § Il Eaupment
. . Outcome: 25.0+ E E E E E Building g . Electricity
"Primary process functions” system architecture, : : ; ; i _ 3 Heat
Development, Production/Construction, Verification, Deployment, Operations, f;“:r'ﬁ:‘r':"pf L e 12544 : : i i Il Eavipment
Support, Training, Disposal. Sisciicon dalabiad of '-' : : : B Eecriciy
"System Elements” decisions — 007 i R i Heat
Hardware, Software, Personel, Facilities, Data, Material, Services, Techniques ' N ) ) ) ° T — —
Cost Global warming  Environmental
potential impact
»Call for Innovation” Heatmap of Li-lon Cell Manufacturing Continuous processing within
Time Costs Sustainability Quality slurry mixing for more process
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Elextiohia Flng - -
washn
Format
i Terp Aging
Room Temp Agh

EOLTesting
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High-speed Stacking

Manufacturing of composite foils via
lamination / gluing

Improved monitoring of electrolyte
filling / wetting processes

2 3 4 s 6

Req. floor space (! 6whia]
) 0 a0 co a0 1000 12
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Time-accelerated quality analysis for
cell aging process via, e.g., Pulsed-EIS
Development of time and energy-
optimised formation programmes

[

Serap-Rate )

0 2 6 3

Validation of cell
production in
mini-
environment
operation

control
Use of advanced, in-line-capable
analytics

Energy-efficient drying
technologies / combination of
different technologies (convection,
IR, laser,...)

Electrode dry coating

Continuous vacuum drying

Selected innovation
approaches addressing

challenges within battery
cell production




Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.
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e Coating and drying Notching Cell assembly  High temperature Degas + Room temperature Finished
storage final sealing storage warehouse
Electrolyte | Pre-charge + | Capacity @ Inspection

Cost + Energy

System

Variation

Raw material inventory  Slurry mixing \ Calendering Stacking

y :‘ )
"
T Continuous process manufacturing Discrete manufacturing
Clean & dry room:

-/ 4 4 | | | ]
Equipment CAPEX : L | I

Building + utility CAPEX : e
Energy intensity : ]
Labor intensity :

Shelf-life material output : _—
Material storage practicality : [

Allows forstopand go: [ N

Material flow intensity
Material flow complexity
Availability + uncertainty :
Performance + uncertainty :
Quality + uncertainty :
Flexibility, new cell design :

| | filling Formation grading
I | | i

+ packaging
—
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[ Line balancing, buffer dimensioning and identification of decoupling points ]

High room design + ASRS

Peak power
[ WiP material flow design, validation } harmonization

and optimization of layout

Warehouse + Internal logistics
validation and optimization
[ Matrix production dispatching

flexibility in conveyor system
[ Automation validation ]

and optimization

1 [ WMS material flow traffic control }

[ What-if scenario new product }
recipe
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LCA
Maximize long-term ROI PBCM, Process based cost modelling
Industry 5.0 objectives Domain expertise
» Social and environmental Empirical production data
Sustainability from “open source” DES models, Objectives and scope set by AD
* Robustness industrial sized machine Examples:
* Flexibility equipment * Line balancing
. * Throughput analysis
"/ Axiomatic design (methodology used for manufacturing system decomposition) \\l * Material flow design and factory layout
i , i Simulations:
| ST El FEeE Problem space SIOIVISORSICEI | \anufacturing system designs |
i ambiguity ambiguity i |
| 710\, |
N ] Functional requirements | __Design parameters = b O |
- lenEnas) € Simulation decomposition
K (efficient exploration of solution space) ’

1 Physical solution
Simulated system performance, design alternatives for
sub-systems might add on new functional
requirements due to need for interoperability.




E Precision Engineering | Manufacturing Machines Human-Robot Svstems Enablers of Production Production Circular Manufacturing
o and Metrology and Processes y Advanced Production Logistics Management Systems

VETENSKAP
28 OCH KONST 2%

I

Inspection and Metrology | ;_ ~ Intelllgent Robotics
- In-line monitoring - of quality w// e - module and pack assempbly
= advanced analytics,-ML for QA / A T - safe disassembly

Productlon Systems Engineering > <A A E,,_ , Battery Circularity
- capacity and system optimization g N \ - Information management
- planning and«control < R - s traceablllty and reverse Ioglstlcs

Battery Cell Cell Forming Cell to Module to Pack to System System in Reverse .
Recycling

materials concepts ST assembly and ageing module pack system integration use logistics
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Thank you for the
attention!

Johan Olofsson, joolofs@kth.se
Magnus Wiktorsson, magwik@kth.se
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