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B “Consistent digitalization can significantly

' accelerate development processes and is
therefore a crucial factor for the

competitiveness of cell manufacturers.”

- Marcus Fiege, Capgemini
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1. INTRODUCTION

Interest in electric mobility is continuously increasing,
largely due to the growing awareness of
sustainability, established CO, reduction targets, and
the ongoing electrification in the transportation
sector. Due to increasing demand, particularly from
the electric vehicle sector, lithium-ion batteries are in
high demand. Additionally, alternative cell
chemistries like sodium-ion batteries are gaining
traction due to improved raw material availability and

potential cost benefits.

Figure 1 shows the expected global demand and
announced capacities for lithium-ion and sodium-ion
batteries by region according to the Battery Monitor
2023. It is forecasted that by the year 2030 the global
demand will comprise 4,917 GWh. In comparison,
the total announced capacity including
announcements without a specific timeline amounts
to 10,959 GWh. However, it is crucial to approach
these numbers with caution, as many of the capacity
expansions have only been verbally announced, with
concrete plans yet to be established. Particularly,
China takes a leading role as the primary exporter of
battery technologies, while North America, through
initiatives such as the Inflation Reduction Act (IRA),

as well as Europe, are striving to catch up.t

China demand [l China announced cap.

As a result in Europe, numerous gigafactories
currently are either in planning stage or being
constructed. Efficiency is a key factor for success
and the combination of product and process risks
often postpones start of production (SOP) dates.
Throughout the development process, there are
various challenges and opportunities that can

potentially shorten the time to market of battery cells.

The following publication will initially outline these
challenges and opportunities. In a second step, a
potential solution through an improved development
approach for battery cells is presented. The
publication is a collaborative work within the

“Technology Cluster Battery Cell”.

TECHNOLOGY CLUSTER BATTERY CELL

The “Technology Cluster Battery Cell” is a cooperation of
Capgemini, the Chair of Production Engineering of E-Mobility
Components (PEM), PEM Motion GmbH and the Fraunhofer
Research Institution for Battery Cell Production (FFB). The
goal is to bring together research institutions and industrial
players to catalyze Ecosystem Innovation, generating new
methods and toolchains to accelerate the end-to-end process
of battery cell development through to scaled battery

production.
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Figure 1: Announced global capacity vs expected d

emand by region for Li-ion and Na-ion batteries [GWh]*



“Processes for developing and producing
new battery cells are currently too slow
and prices are too high.”

- Prof. Achim Kampker, PEM | RWTH Aachen University



2. CHALLENGES AND POTENTIALS OF
BATTERY CELL ENGINEERING

To analyze the development process, it is crucial to
first examine the current state of the art in the
development process of a battery cell, as well as to
identify  the and potential

key challenges

opportunities.

The number of available publications stating the
development times or ideal development roadmap is
limited. The development time of lithium-ion batteries
is estimated up to 10 years based on articles and
expert knowledge. As an example, the development
time is clustered in research and development
(5+ years), pre-A-Sample (1-3 years), A-, B-, and
C/D-Sample (1-2 years each).? Often these phases
also overlap. In addition to that reference, the cell
development process can also be estimated to take
up to 4-6 years based on the authors' industry
experience. Figure 2 summarizes a standard

development process in the industry based on

literature timelines in addition to PEM expertise.

2.1 CHALLENGES OF BATTERY
DEVELOPMENT

During the engineering process of lithium-ion
batteries, one is confronted with many challenges.
The high complexity of both the product and the
production process results in lengthy lead times in
development, production planning, and ramp-up
phase. There is a scarcity of publicly available data
and standardized procedures which leads to a lack

of transparency in the process chain.

Pre-development

12 — 36 Months

A-Sample

6 — 12 Months

B-Sample

6 — 12 Months

Furthermore, unclear interfaces between
development, production, and other departments
within a company lead to disjointed processes.
Departments may develop and plan without

considering others' requirements, causing
inefficiencies and a competitive disadvantage,
particularly in fast-paced industries like the battery
where innovation is a crucial

industry, rapid

competitive advantage.

2.2 POTENTIALS OF BATTERY
DEVELOPMENT

There are also several potentials to address these
challenges. Savings in development time and costs
can be realized, for instance, through targeted
production planning and the shortening or
simplification of the ramp-up process. It is important
to have an early interface between development and
production planning. Additionally, reducing
complexity by streamlining and defining standard
processes is another area of potential. Data
transparency and the consistency of data, as well as
requirements management throughout the complete

development cycle, are also significant.

Subsequently, an approach will be demonstrated to
address these potentials and enhance the efficiency
of the development process. In summary, there are
two core factors that this work aims to address:

* Reduction of the time-to-market

* Transparency and traceability

D-Sample *
6 — 12 Months 3
)

C-Sample

6 — 12 Months

Figure 2: Estimated state of the art development duration



3. IMPROVED DEVELOPMENT APPROACH TO
REDUCE TIME TO MARKET

The proposed development approach aims to reduce
the time to market by providing a comprehensive
overview of both the product development and
production processes and highlighting the crucial
linkages between them. By focusing on the seamless
transition from identifying challenges to formulating
and implementing solutions, we aim to streamline
the entire development lifecycle, ensuring a more

efficient path from concept to commercialization.

3.1 PRODUCT DEVELOPMENT
PROCESS

The product development process visualized in
figure 3 will be further explained by using phase
definitions, sample definitions, and workstream
definitions. The focus of this paper is the engineering
process. Business development and other
organizational departments are not part of this

consideration.

3.1.1 PHASE DESCRIPTION

The overall product development process can be
broken down into the overarching phases of
initiation and cell engineering. These are followed
by iterations of cell engineering for various samples
(ranging from A- to C-Sample), along with the pre-
series and ramp-up phases. The following sections

will explain each phase in detail.

During the initiation phase, preparation for cell

engineering occurs, involving defining key use case

requirements. This  entails teardowns and
benchmarking to analyze existing products,
requirements management to prioritize
specifications, and patent analysis to ensure

innovation and prevent infringement. Initial process
requirements and concepts are also established,
along with supplier pre-screening to identify potential

partners and materials for the development phase.

Cell engineering

Project phases

Iterations &

. Ramp-
pre-series p

up

) Cell concept )) Product development )) Prototyping )) Validation )

Quality &
sustainability

Mech., therm.
and electr.
development

Electrode
development

Simulation &
testing

Data & analytics

. Workstreams |

@

@ A 2

X-Sample concept X-Sample CAD & BOM X-Sample prototype

(A-, B-, C-)

(A-,B-, C-) (A-,B-, C-)

Figure 3: Product development process of battery cells



In the cell engineering phase, the core

development takes place. Based on the

requirements, concepts are developed and

compared, which evolve into mature products

through various sample iterations. Due to the
extensive scope of this phase, the focus in the
sections  will

following primarily be on cell

engineering, with particular emphasis on the
A-Sample phase. This phase targets the initial
product concept and represents the most complex
part of the development process. In the pre-series
phase, the cells are produced on a series scale. The
focus is on a detailed review of all relevant product
factors. The phase ends with the start of production
(SOP).

capacity is increased, and the quality of the products

In the ramp-up phase, the production

is continuously monitored.

3.1.2 SAMPLE DESCRIPTION

During the development process, various sample
phases are distinguished. In industry common
samples are from A- to C-Sample. The proposed
innovative development process is based on three
sample phases, which are explained in more detail in
the following. Within each of these sample phases,
there are sub-phases that include cell concept,

product development, and prototyping (see figure 4).

Cell engineering (A-Sample)

Cell concept

Definition: Definition of a basic cell
concept (format, dimensions,
chemistry, ...)

Product development

Definition: Detailing of the cell
concept and assembly of the first
test sub-components

In the A-Sample phase, the first samples are
produced with laboratory-scale equipment. The focus
is on functional and independent component tests.
The A-Sample represents the end of the
development phase and does not yet focus on the
service life and durability of the cell components.
Usually, up to 500 A-Samples are produced. The
B-Samples are produced using laboratory or pilot-
scale systems, with a typical production volume of
10.000 to 20.000 units. The tests carried out include
installation and functionality tests on test benches.
The aim here is to confirm the function and predict
the reliability. In addition, based on the B-Sample, a
fundamental decision is made regarding in-house
production or external procurement of the cells. The

C-Sample with more than 20.000 samples is

manufactured using pilot plants or near-series
production plants. The cell design
(e.g. surface quality) is designed for series

production. The scope of testing places particular
emphasis on overload conditions as well as

functionality and durability at a higher system level.

Each of the sample phases is complemented by a
validation phase, which begins during the prototyping
phase and transitions into the cell concept phase of

the subsequent sample phase

> A-Sample validation >

Prototyping

Definition: Realization of the cell
concept in a functional prototype

> A-Sample validation >

Cell concept

Definition: Adaptation of the cell
concept based on validation
results / change analysis

Cell engineering (B-Sample)

Product development

Definition: Detailing of the sample
level

> B-Sample validation >

Prototyping

Definition: Prototype production of
the sample level

> B-Sample validation >

Cell concept

Definition: Equivalent to B-Sample

Cell engineering (C-Sample)

Product development

Definition: Equivalent to B-Sample

> C-Sample validation >

Prototyping

Definition: Equivalent to B-Sample

Figure 4: Sample description



As part of the validation, the functionality of the
prototype or its components is tested, and necessary
modifications for the following sample phases are
derived. In this publication, our focus is particularly
on the development of the A-Sample, highlighting its
pivotal role in the iterative process of improvement

and refinement.

3.1.3 WORKSTREAM DESCRIPTION

Each described phase of the development process is
addressed through various so-called workstreams. In
the context of this approach, the five distinct
into

workstreams are divided requirements &

quality, mechanical, thermal, and electrical
development, electrode development, simulation
& testing, and data & analytics. To provide a better
understanding, an overview will be given in the
context of describing the procedures, key results and
milestones, and key challenges and potentials.
Further details can be found in figures 5-7. As
already mentioned, the focus of this publication is on

cell engineering of A-Sample battery cells.

In the cell concept phase, the complex solution
space that arises from the requirements for the
battery cell product and the communication between
different areas represents a fundamental challenge
for all workstreams. For this reason, early
assessment of requirements fulfilment offers great
potential for reducing the solution space.

As part of the cell concept phase, general
requirements for the battery cell to be developed are
derived from the initial customer requirements or
specific end-use cases in the requirements & quality
workstream. The initial framework for requirements
management and the sustainability evaluation
concepts and product characteristics for the basic

cell design are defined as key results.

The mechanical, thermal and electrical development
workstream is fundamentally focused on the
development of the core cell design and a basic
safety concept. As part of developing these two initial
design concepts, the complex interactions between
cell design and safety and the given requirements
pose a particular results and

challenge. Key

milestones in the cell concept phase for this
workstream represent a first version of the CAD
model, the bill of materials (BOM), and the cost
model in addition to the initially defined product

properties.

Electrode development involves supplier screening
and evaluation, which results in a supplier long list. A
key challenge here is the consideration of material
quantities for individual tests and prototypes. In
addition, supply chain risks and second sources are
also considered. In addition, the cell chemistries,
electrolytes, additives, and binders as well as the
electrode dimensions are preselected. On this basis,
initial electrode target parameters are also
calculated, such as the specific area capacity and

mass loading.

In the simulation & testing workstream, the entire
simulation and testing scope is defined, and initial
and
The

basic (mechanical, thermal, electrical,
electrochemical) simulations are created.
challenge arises from the limited availability of highly
material-specific data, which can potentially lead to
high inaccuracies and complicates the evaluation of
deviations of developed models from reality. Despite
this, the development of initial simulations of the cell
using data from teardowns offers great potential to
accelerate the entire development process. The
early development of such simulation models makes

it possible to further develop the existing model in



later development phases and, if necessary, to
develop detailed models that deal with specific
safety-related issues or new design decisions.

The data & analytics workstream involves the
definition and initial provision of relevant tools and
databases for product development. In addition, the
state of technology is evaluated based on publicly
available data and cell tests carried out in-house.
However, the often-limited public database and
imprecise customer requirements pose a challenge
here. There is potential in ensuring a high level of
data transparency, traceability and consistency. The
definition and, in the subsequent phases, further
development of a consistent end-to-end toolchain is
a key result of this workstream, which is examined in

more detail in chapter 4.

From the product development phase onwards, an
early coupling of product and production process
development across workstreams offers great
potential to meet the challenge of the high overall
complexity of product development up to the start of
production. Coupling product and process simulation
offers the opportunity to align product and process

requirements at an early stage (see chapter 3.3).

As part of the requirements and quality workstream,
the existing suppliers are evaluated in this phase
regarding defined evaluation criteria. In addition, a

final specifications sheet is defined for the A-Sample

and the strategic decision regarding in-house
production or external procurement is made.
In  electrode development, specific material

performance evaluations are carried out by setting
up various test carriers with different initial electrode
formulations. Electrode recipes are iterated and

optimized for performance and producibility based on

10

these results. Core challenges here include the lack
of reproducibility of coin or laboratory cells and the
in the

lack of consideration of reproducibility

production process on a series scale.

The simulation and testing workstream builds on the
existing simulations, by carrying out tests with the
developed test carriers and the data generated from
them, and simulates further electrical, thermal, and
structural chemical parameters. Furthermore, the
development of initial performance models is started
to simulate further quality properties of the final cell,
such as capacitance and internal resistance. In
addition, the initial coupling of product and process
simulation mentioned above is a key result. This

procedure is examined in more detail in chapter 3.3.

In the prototyping phase, initially defined key
results are finalized and defined regarding the cell
prototype for the A-Sample. Based on the BOM, the
LCA approach is recorded as part of the

requirements & quality workstream, and a
specification sheet is defined through the final
alignment of the A-Sample requirements. In
mechanical, thermal, and electrical development, the
BOM, the CAD, and detailed component drawings
with detailed tolerances are recorded, while in
electrode development the electrode design is
finalized. The simulation and testing workstream
focuses on the physical testing of the A-Sample
prototypes in terms of performance, lifetime, and
functional safety. In addition, the existing simulation
models are refined and validated with the new data
obtained. In particular, the initial estimation of
production process parameters by coupling the
product and process models represents a high
potential for evaluating processability on a series
scale. To this end, the data and analytics stream is

developing an evaluation tool for processability.



+ Potentials:

+ Challenges:

+ Early assessment of requirements fulfillment to reduce

+ Complex solution space for requirements

the solution space

+ Interfaces/communication between the individual

Adualsisuod ereq +

Aljiqeaden pue Aouasedsuel ereq +
s[enualod +

sjuawalinbai

J1o} @deds uonnjos xajdwo) +

sluawalinbal 18woIsnd ajeinddeu| +

siseq eyep a|qe|reAe Apignd paywi +
sabuajeyd +

-

sumopuea) ybnoiyy indur uonenuis +
waw|iny Juswialinbal jo uonewnsy +
|9pow |32 8y} JO suoneNWIS [emu| +
‘s|jenualod +
Annigejrene eyep oyioads [eLayelN
Aeas wouy
S|9poW JO UoneIASpP 3y} JO uoirenjens
sabuajreyd +

-

(s921n0S puz pue ysu ureyd Alddns
‘sadA10101d 10} Ainuenb euarew
JO UOITRIBPISUOI Ul UoNIIILS Jalddns +
sjuauodwod apotidala
Y1 usamiag-ui sanljiqedwo) +
sabuajeyd +

uonewnsa 1s0 +
sjuswalinbal pue 1dasuod
Aayes 190 ‘ubisap |99 usamiaq
-ul salpuspuadaplaiul xajdwo) +
sabua|rey +

(@2ueuaiurew ‘BuipAoal ‘aoud ¢QD)
uononpal 1s09 Burouanjjul sioyoeH
s[enualod +
elBIID Aljiqeurelsns
pue Alenb 109jj09/ubissy +
|9A3] |99 8y} 0}
sjuawsaiinbal walsAs umop Bupjealg +
sabuajeyd +

areas

srenualod pue sabua|eys Aoy

S)NsaJ uoeINWIS [eniu| +
|00} Buuoisuawip |80 +
ueld Bunsa) pue uopeNWIS +

S)NsaJ uoneNWIS [eiiu| +
1001 Buluoisuawip 18D +
ue(d Bunsal pue uoneNWIs +

suoIsuswip apoJids|g +
Japuig +
SIAIPPY +
21Aj0109|3 +
Ansiwayd |80 +
:pa1d8|esald +
Ausuap eale oi10ads parewnsy +
181] Buo Jayddns +

[Spouw 1092 pue NOJ [emu] +
[spow @vO [emu] +
suonenwiIs [eniu| +
1daou0d A1ajes (18D +
ubisap |99 aIseg +
:Uo paseq
payoads sjusuodwod pue sainyea) 1onpoid Aay| +

pauyap ubisap |82 dISeq Jo} Sainjes) 1oNpoid +
1daouod uoneneAs Aljigqeureisns +

paynuenb sjuawsalinbai
Aoy pue yiomawrely sjuswalinbas remu| +

SBU01Sa|IW SA\ pue s)nsal Ao

(8)dwes-y) aseyd 1daouo9 |80

[eol103|3 pue [ewsay] +

sisAjeuy eleq

ABojouy9al Jo alels ay) Jo uoienjens
sumopJea] / bupjrewyosuag

saseqelep papasu pue S|00] Jo uonulad

(reaiwayo0.199)9 ‘rewiayy
‘[ealueydaw) S|apow uoienwis JIseq [emu] +
©elep uoneplieA +
uonepifen Joineyaq |80 +
uonezialoeleyd loineyaq |90 +
:adoos
Bunsal pue uonenuwis Jo Huluue|d pue uoniuyaqg +

sle1owered
196.1e) 9p0J193J8 By} JO UONE|NI[ED [elu] +
lapuiq ‘seAnippe
‘914]01109]8 ‘AnsIWaY? |99 J0 UoNd8Iasald
uoneneAs pue Bujuaaias Jayddns +

4

Slelarew % SadlAap

Aayes anissed +
ubisap

uonoauuod/ge] +
suoisuawip |80 +
yewloy |90 +
ubisap |92

aIseq Jo Juawdojanag +

uone|osl

sjuan Alafes +
uononpal Juaung +
uondnuiaiul JuaunD +
1daou0d A1oyes

1199 Jo Juawdojanag +

1dasu09 [|92 2Iseq Joj 1dadu0d uonenjens
Aujiqeureisns pue siaaweled Ajrenb jo uoniuyeq +
uolelauab Juswsalinbal [eisuas) +

91Npadolid

sonAreue
® eled

Bunsal
® uole|nwis

juswdojanap
9p0.199|3

juswdo|anap
"1109|9 pue
“wIayl “yossn

Avenb
siuawalinbay

Figure 5: Cell concept phase (A-Sample)

1



+ Potentials:

+ Challenges:

+ Early assessment of requirements fulfillment to reduce

+ Complex solution space for requirements

the solution space
+ Early product and process coupling

+ Interfaces/communication between the individual

juswdojanap
Ansiwayd 1o} |00} paseq |V 0 asn +
100}
uonen|eAd apoJ1dale paziplepuels +
AoualsIsuod eleq +
sfenualod +
saseqelep a|gejrene Ajpignd panwi +
sabua|reyd

Es

||I92 uI02 Ag uonepIeA [eled +
uoneaonoads Jajaweled

sanoidwi 3onpoud/ssadoid Buidnod +

s[enualod +

s|09030.d 159 Buoj Ajfened +

S|gpow uonenwis ay} Jo Aljigeess +

erep 1sal ay) Jo Auengd +

sabua|reyd

ok

Buiidnoo ssadoidponpoud
JO JUBWISSASSE [RIIWBYD +
sfenualod +

9|eds Sallas e uo sassadold
uononpoid JO UoITeIaPISUOD JO YIe] +
S||92 U109 3y} Jo Alpigronpolday +
sabua|reyd

Es

Buidnoo ssasoidnonpoud
JO JUBWISSASSE [BJIUBYIBIN +
s[enualod +
sjuawalinbal pue 1daouod
Aayes |90 ‘ubisap |22 usamiaq
-u1 salouapuadapiaiul xajdwo) +
sabus|rey +

(e2ueusiurew ‘BulpAoal ‘aaud ¢QD)
uonanpal 102 Buduanyul sioloe +
sfenualod +
e8I Aljiqeureisns
pue Ajrenb 199)j09/ubissy +
[9A8] |12 8y} 0}
syuswalinbal waisAs umop bBupjealg +
sabuajeyd +

areas

sjenualod pue sabuaj|eyd Aoy

(wuawdojanap Ansiwayd 1o} S|00) pue |y pauuaq) +
sia1awered ssasoid uononpoud reniuf +
e1ep Bunsal Jalled 1sal Jo uonippy +
Blep [elarew paloajj09 Jo UonIppY +

saseqelep pajreiad +

parepieA Ajfeniul s|ppow uoenwIS +

paulap uoneNwis uononpoid/Aloloe) feniuj +
(-~ *@ouelSISal [eusaiul ‘ADQ ‘Auoeded

Jo uonewnsa) dn 18s [spow aduewlouad [enu] +
(peasds/uonngiisip

ainresadwial) 1IN0 paLLeD UOHRINWIS [eWIBY) [eniu] +
pajuawinaop

pue 1IN0 palued SIalIeD 1S3} JO SASed 1S9 +

suone|NWIo) 9poda|8 paulad +
uonenfeas souewiolad [eusiep +

sassaooud
uononpoud ay) uo paseq suonausal ubisaqg +
S89oueIg|0] +
1dasu09 A1ayes pue ubisap |92 pajrelaq +

s)nsal yO [emu] +

 (Ang-10-axew) s||92 a8y} Jo Juawaind0id [eulalxa Jo
uononpoud asnoy-ul Buiprebal uoisioap [ealbarens +

a|dwes-y ay) 40} 198ys uoneandads feulq +
uolen[eAs 1s09 Juauodwod /jeudre|N +
uoneneAs asuewlopad Jusuodwod /feusrelN +
uoneneAs Aljigeureisns jusuodwod/elsren +
810 uonenfeAs Jalddns +

SBU01Sa|IW S\ pue s nsal Aoy

(a)dwes-y) aseyd 1uswdojanap 19npoid

L

(uawdojanap Ansiwayd

10} S|00] pue |V Jo uoneloge|s pue BuiuaaIds)
|00} UoieNnjens

9p0.193|9 paziplepuels e jo uswdojaraq
suone|nwWIS 1ayuny 1oy

uonesaualb elep pue sfeusrew Jo uonezialoereyd

uonenwis uononpoJd/Aioioe) reniuj

[spow aouewlopad feniui jo uswdojaned
Bunse) JaLed 1891

SjuUsWISSasse

Aapes pue swinayl| [eniul Jo UoNINPUOD
uoneziislaweledal pue uoneolioads

UO SN0} Ylm sialawered [ealwayd [einionns
pue [ewJay) ‘[eo1193]3 JO Uone|NWIS Jayun4

uole|NWJIo} 8p0J1d3| PaloAe) B JO Uoleulwlalad
s||22 yonod Jake| ninin +

s|199 yonod Jake| a|buls +

S||90 UI0D +

suolre|nwJoy

9p0J1938 [enul 8y} Joy uononpoid Ialied 1sa |
Buluaalos aouewlopad [elalew e Jo uoldNpuoD

sjuauodwod

[enpiAlpul jo uonisinboy/Buunioenuely
suonalsal ssasold uononpoud

[ea1uyoa] uo paseq ubisap ayl Jo UONLZNBIdU0D +

SaoueIa|0] AQ UoISUaIXT +

1daou0d

Kiayes ||90 pue ubisap (90 [eniul 8y Buljrelsg

Alreusaixa s|1@9 ayi aindo.id 0} Jo asnoy-ul
2onpo.d 0} uoisioap [ealfarells ay) Jo uonenfens
suawalinbal ssado.ud uononpoud

[enmul apnjoul 0} sjuswalinbas ay) Jo uoisualxg
uolrenfeAs 1so02 Jaliddns e jo uononpuod
Buiuaalos Aljiqeureisns

pue aouewJopad [elalew e Jo uoldNpUoD
B8O uoirenfeas Jalddns jo uonulag

91NpPadoid

+

Es

Es

+
+

+ o+

sonAeue
¥ eled

Bunsal
® uolre|nwis

juswdo|anap
9p0J199|3

juawdojanap
"1109]8 pue
‘wIayl “yossn

Aurenb »
siuswalinbay

Figure 6: Product development phase (A-Sample)
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3.1.4 PHASE MILESTONES

To better understand the various phases, milestones
are assigned to track development progress. These
milestones act as checkpoints, highlighting
significant achievements or transitions, ensuring the
process stays on schedule and aligns with project
goals. Each cell engineering phase includes three
distinct milestones: "Sample concept”, "Sample CAD
& BOM", and "Sample prototype" as illustrated in

figure 8.

Sample concept: The A-Sample concept represents
the completion of conceptual development and the
preliminary selection of the production process. This
development covers key aspects such as selecting
the production chain to define manufacturing steps,
gathering relevant data and methods for guiding
development, defining product features to outline
capabilities and functionalities, establishing basic
mechanical design and safety parameters, and
choosing chemical and material parameters. Battery
parameters are also set based on current technology
and teardown insights. Unlike the A-Sample, the B-
and C-Sample concepts evolve based on feedback

from previous validation phases.

Sample CAD & BOM: For the A-Sample, this
milestone is marked by a detailed cell concept
supported by a fully developed CAD and a
comprehensive BOM, incorporating all necessary
data and methods for precise design, including

safety parameters with specific tolerances and

considering production process-related product
limitations. The B- and C-Samples aim to refine the

sample to a level ready for prototype production.

Sample prototype: In the A-Sample phase, the

prototype is a functional model designed for
validation and real-world testing. It includes frozen
product features specific to the A-Sample,
documented in a product feature database and CAD
formats. The BOM is also finalized, ensuring
consistency in materials and components. The
development and validation of the prototype are
informed by testing results, ensuring functionality
and reliability. The B- and C-Sample phases focus
on prototypes that demonstrate the sample level,

prepared for more testing and refinement.

Furthermore, these milestones also serve as defined
points in the development process to exchange
information and results from preceding phases with
other areas, such as production planning. Similarly,
information from these other areas can be gathered
as input for

upcoming development phases.

Accordingly, requirements and information from
production planning can also be gathered here as
input for upcoming product development phases. A
coupling of product development and process
planning will be further explored in chapter 3.3. The
following chapter will examine the production
processes of lithium-ion battery cells to give an
insight into the complex production chain, which
poses a fundamental

challenge for production

planning.

Project phases

. . Iterations & Ramp-
Cell engineering .
pre-series up
) Cell concept ) ) Product development ) ) Prototyping ) Validation
2 2 4

Phase milestones

X-Sample concept
(A-, B-, C-)

X-Sample CAD & BOM

X-Sample prototype

(A-,B-, C-) (A-,B-, C-)

Figure 8: Phase milestones
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3.2 BATTERY CELL PRODUCTION
PROCESS

The production process for lithium-ion battery cells is
a combination of a wide variety of production
technology/engineering processes, resulting in a
complex process chain. This results in a large
number of interdependencies between information
and parameters of the production process and the
(intermediate) product itself, most of which are not

fully understood.34

The conventional production process for lithium-ion
battery cells can be divided into three overarching
sections: electrode manufacturing, cell assembly and
cell finalization. Each section can be further divided
into several processes. Depending on the selected
cell format, the production process steps in cell
assembly differ in particular. Figure 9 shows an
example of the production process for a pouch cell,

which is explained in more detail in the following.>:

Electrode manufacturing usually takes place on two
separate lines for the production of anodes and
cathodes. First of all, the corresponding active
materials are mixed with solvents, binders and other
additives during the mixing process and processed
into the electrode slurry. The slurry is then coated on
both sides of a current collector foil. Copper foil is
usually used for anodes while aluminum foil is
preferred for cathodes. The coated foils are
subsequently dried to remove solvents. The dried
electrodes are then compressed by rotating pairs of
rollers during calendering to achieve the defined final
layer thickness and porosity of the electrodes. During
slitting, the large electrode coils are then separated
into smaller coils whose size depends on the defined
electrode and cell design. Finally, these smaller coils
are stored in vacuum furnaces to remove the

residual moisture. 56

In cell assembly, the defined shapes and sizes are
separated from the electrode coils. Subsequently,
the individual cathode and anode sheets are stacked
alternately with a separator film in between. The
number of layers to be stacked depends on the cell
design. Then, the uncoated current collectors of the
individual stacked electrode sheets are cut to size
and welded to a metallic tab. The cell stack is then
placed in deep-drawn pouch foil and partially sealed.
Finally, electrolyte is injected into the pouch foil with

a dosing lance, and the pouch cell is finally sealed.>¢

Cell finalization represents a highly variable process
stage in which the sequence and number of sub-
process steps to be carried out can be highly
individualized. Optionally, at the beginning, a pre-
treatment of the cells can be performed to accelerate
the distribution and penetration of the electrolyte into
the pores of the electrodes and separator. For
example, cells may be stored at defined pressures or
temperatures for this purpose. As part of the
formation process, the initial charging and
discharging of the cells are carried out according to
defined current and voltage profiles. This forms the
solid electrolyte interface layer, which acts as a
boundary layer between the electrolyte and the
anode. During the initial charging process, gas is
generated, which is collected in a gas pocket in
pouch cells and then removed. While prismatic cells
are typically degassed via the temporarily closed
filling opening, this step does not usually take place
with cylindrical cells due to their size and therefore
small amount of formed gas. In the subsequent
aging process, the cell is monitored for its electrical
properties and potential defects under specific
environmental conditions. Finally, the cell undergoes
End-of-Line  (EOL)

properties

testing to evaluate its

performance and categorize it

accordingly. 56
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Understanding the intricate interdependencies in-
between the intermediate products, the final product,
and the various influences of the production
processes is crucial for an efficient design of the
battery cells as well as the corresponding production
processes. These relationships  encompass
multifaceted dynamics that influence critical factors
such as quality, costs, and lead times. There is
potential for improvement in battery cell production in
all of these areas. In this context, the use of
simulation and data-based approaches represents
an opportunity to better understand and describe the
complex relationships. In this context, the use of
simulation and data-based approaches represents
an opportunity for discerning patterns and
correlations and thus, to better understand and
describe the complex relationships. The acquisition
and structuring of relevant information is a
fundamental step for the use of these approaches,
providing a structured framework, for comprehending

the intricate correlations. 478

Structural parameters: All quality parameters of
used materials and components, as well as
intermediate products, that represent their physical
properties and therefore influence the performance
parameters of the final cell (e.g., particle size

distribution, wet layer thickness, porosity).

Performance parameters: All quality parameters,
that define the performance of the final battery cell

(e.g., self-discharge rate, energy density).

Process parameters: All machine parameters that
can be directly adjusted during the production
processes in order to impact the structural properties
of the (intermediate) product (e.g., mixing speed,

coating web speed, and drying temperatures).

Equipment feature: All machine parameters that
can not be changed on short notice and are defined
by equipment or tool design (e.g., mixing tank

volume, slot die width, and length of the drying line).

Ambient parameters: All parameters that define the
conditions prevailing in the production process
environment are ensured by room conditioning

systems (e.g., humidity, ambient temperature). 478

Electrode manufacturing Cell assembly Cell finalization
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Figure 9: Production process of lithium-ion battery cells
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3.3 PRODUCT AND PROCESS LINKAGE

In the previous chapters, the product development
process and the production process have already
been explained in detail. Now, the linking of product
and process is introduced. The interconnection is
crucial to prevent delays during ramp up due to
production challenges that were previously
overlooked. The general methodology visualized in
figure 10 is explained with focus on the process
steps coating and drying with specific examples of

the linking strategy.

Milestones serve as critical checkpoints to ensure
the seamless integration of product development
demands with production timelines for battery cells.
These are not just markers of progress but as
opportunities for synchronization and alignment

between the envisioned product and its
manufacturability. As already mentioned before the
relevant milestones are sample concept, sample
CAD & BOM and the sample prototype. Each

milestone for the cell engineering phases from A- to

C-Sample. For each milestone, performance
parameters are derived from the product
requirements. However, the performance

parameters can also necessitate an adjustment of

the product requirements.

Based on the performance parameters, the
respective structural parameters of the full cell that
are required to achieve these properties can be
derived. These structural properties of the full cell in
turn define the target for the production process
chain. The process parameters of the highly coupled
process steps must be selected in such a way that
they lead to the desired structural parameters of the
individual process steps and ultimately along the
entire process chain to the specified structural

parameters of the full cell.

Innovative is the early addition of simulations to
conventional testing to determine both the structural
parameters of the full cell, as well as the structural
and process parameters along the process chain. By
using simulations, the extent of the conventional
testing can be reduced, thereby shortening the
interactions can be

development time. Simple

directly linked without simulation and testing.

The actual product/process coupling takes place via
the structural parameters, which in turn depend on
the process parameters. While the structural
parameters of the full cell serve as input and
therefore as connection between the process chain
and the product model, the structural parameters of

the intermediate product connect the individual

Project phases

. . Iterations & Ramp-
Cell engineering .
pre-series up
) Cell concept )) Product development )) Prototyping ) Validation
Phase milestones
Product P X-Sample concept|
requirements 1 o@A-B,Cc) |
Simulation models Simulation models
Performance /\ Structural Product / process Process m Ambient parameters
parameter parameters linkage parameters Equipment features

Conventional
Testing

\ 4

Process
requirements

Conventional
Testing

Figure 10: Product and process linkage
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process steps. The relation between input and output
structural parameters of each process steps at this is

determined by the process parameters.

Simulations can also reduce the effort required to
derive ambient and equipment features from process
parameters on the production side of the linkage.
Finally, process requirements can be derived from
the equipment features, as well as ambient and
process parameters. These additional process
requirements can be incorporated into the upcoming
production planning phase. Likewise, the coupling
can define new product requirements based on
process requirements, narrowing the solution space

early on.

An example of the simulation-based coupling of
product and process requirements for lithium-ion
battery cells is explained below, focusing on
electrode production resulting from the coating and

drying process.

A key performance parameter derived from customer
requirements for battery cells is the target energy
density. The coating layer thickness of the electrode
slurry on the current collector film significantly
influences energy density and serves as a critical
quality characteristic of the intermediate product
electrode. Early simulation model development
during the cell concept phase allows estimation of
the necessary layer thickness using knowledge from
literature and in-house

teardowns, minimizing

reliance on conventional test data. During the
product development and prototyping phase, the
results from the test carrier and prototyping test runs
can be used to continuously improve the simulation

models.

18

Achieving the desired layer thickness during coating
is crucial and depends greatly on the electrode
slurry's volume flow and the web speed during
coating and drying. Production process simulations,
based on coating thickness values and initially
selected formulations can be used to approximate
the dependency of relevant process parameters on
targeted structure parameters. The early use of
physical models is particularly useful to substitute
physical production runs. Further detailing of
production process models is then carried out using

pre-series and ramp-up production runs.

Process requirements also influence the production

process design, affecting application system
selection and equipment design like slot dies. Using
production process simulations improves equipment
feature decision-making, imposing new demands on

the production planning processes.

Early derivation of production planning requirements’
influence on product design is vital. For instance,
drying section length may be constrained by
available space, impacting web speed, volume flow,
and electrode layer thickness, potentially affecting
not only electrode quality but also overall cell design.
Understanding and optimizing interdependencies
between parameter types are crucial for effectively
tailoring battery cell designs and production

processes,  ensuring  performance  targets,

maintaining  product quality, and enhancing

production efficiency.



4. DIGITAL END-TO-END TOOLCHAIN
TO SUPPORT CELL DEVELOPMENT

4.1 DEFINITION AND OVERVIEW

An efficient approach to reducing time to market is
an end-to-end toolchain to support the process
digitally. An end-to-end toolchain is a set of digital
tools that are linked together in such a way that a
seamless transfer of necessary data and information
along the complete cell development process,
including the manufacturing process chain, is
possible by clearly defining the individual interfaces
between the applications. This includes, for example,
simulation and analytics applications, databases or
software for product life cycle management. Such a
holistic approach enables a defined determination
and transfer of the necessary information for the

coupling of product and process simulations.

Figure 11 shows an example of a linked toolchain
during all project phases from the initiation phase up
to ramp up. The tools can be clustered into different
categories. The graphic shows an excerpt of the
most important tools to provide an understanding of
the methodology. It distinguishes between lifecycle
management, databases, simulation, and analytics.
The various tools have defined input and output

parameters so that the coupling of multiple sub-

Cell engineering

models are possible without any issues. Simulation,
for example, uses data from different databases to
build up the knowledge base of the models. Such a
toolchain enables a highly transparent approach to
have a clear structure of available data and data
transparency throughout the whole process. With a
focus on the presented methodology, it is possible to
define performance and process parameters and link
them together at the defined milestones in early
phases of product development. In doing so, not only
product data but also process data (especially for the
transfer from A-Sample to series production) are

considered.

4.2 DEEP DIVE: END-TO-END THERMAL
SIMULATION

The end-to-end use and further development of a
digital toolchain along the product development
process is considered in more detail below using the
example of thermal simulation, which is illustrated for
the A-Sample in figure 12. The cell heating behavior
description can be based on data driven,
electrothermal or electrochemical approaches. In
practice the user needs to decide on a phase

specific approach in relation to available input data

Project phases

) Cell concept

)) Product development ))

Iterations & Ramp- —~
pre-series up &
Prototyping ) Validation

Lifecycle management LCA

Benchmarking
Thermal Mechanical

Al tool for chemistry development

Analytics Data analysis tool

Figure 11: End-to-end toolchain
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and computational resources. Based on the general
customer requirements from the initiation phase, the
key requirements for thermal safety and thermal
design can be derived: These generally include
maximum permissible temperatures, maximum
temperature gradients, maximum C-rates and the
service life of the battery. Optionally, requirements
for the cooling system to be used in the battery
system can already be specified here.

As part of the cell concept phase, the core
requirements are supplemented with information
from the other workstreams that run in parallel to the
simulation and testing stream. In addition to the initial
design decisions regarding mechanic cell design and
cell safety, databases based on literature values and
information from teardowns are used. Based on the
information available so far, the electrothermal

simulation and testing scope is defined first.

This corresponds to the specification of which
simulation models are to be set up in addition to the
overall cell model to examine individual components
in depth regarding their thermal design.
Subsequently, initial simulation models are set up
according to the defined scope. The simulation result
support concepts decisions such as stack
orientation, mechanical component dimensions or

optimal cooling strategies based on cell geometry.

An example of a typical electrothermal simulation
result during concept phase is shown in figure 13
where the optimal cooling strategies are analyzed in
parallel to different mechanical cell configurations
(6 tabs, 8 tabs and tabless design) for 4680 cells.
Based on the initially created electrothermal
simulation models, the first virtual thermal validation
of the initial cell design regarding temperature profile

and charging capability is carried out. This allows for
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the derivation of terminal positions, maximum
electrode losses, and optimal cooling approaches for

the battery cells.

The second virtual validation takes place during the
Product development phase. The initial simulation
models are supplemented by cell design behavior
parameters (e.g., thermal stack heat conductivity,
electrical direct current resistances for various
conditions). Additionally, these tests yield specific
electrode formulations and production planning
constraints, aiding initial product process planning as
part of the first milestone. Newly acquired data
refines initial simulation models, validating design
decisions for the first product sample. Deeper
examinations may focus on subcomponent models
or address specific thermal issues; for instance,
losses in electrodes can create hot spots within the
battery cell. Manual adjustments via testing trials are

time-consuming and costly compared to simulations.

Physical thermal validation is now carried out in the
prototyping phase. Here, the simulation results
created are validated by physical tests using the
prototype of the A-Sample. Furthermore, the coupled
product and process models can be further detailed

using the findings from the physical tests.

Simulations are also used for load cases that cannot
be carried out physically or only with great effort. For
example, the number of high-current tests can be
reduced using simulations. Finally, the validated
thermal simulation models are obtained in this
phase, as well as further optimization potentials for
the cell design, which are based on the physical
tests and final simulation results. The results also
serve as input for models from module and system

development.

In further iterations of the cell engineering process
for the following cell samples, focused design
guestions and iterations can be again supported via
electrothermal simulation, and the module and pack

development and simulation can be supplied with

input data.

Bottom wall cooling
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Figure 13: Comparison of bottom and sidewall cooling for steady state results for 3C continuous charging and identical
cooling loop efficiency?®
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5. CONCLUSION AND OUTLOOK

Batteries are and will remain an essential success
factor for electromobility and climate protection
through sustainable energy supply. In the industry,
there is a high demand for optimization and
enhancement of efficiency in the development of
battery cells. The Technology Cluster Battery Cell as
a cooperation within industry and research has set
itself the task of exploiting potential and identifying
new approaches. The overarching goal is to reduce
the time to market and decrease costs. Within the
scope of the publication, challenges and potentials in
development were initially presented, followed by the
introduction of an innovative approach that
addresses these issues. The approach is mainly
based on a structured product development process
with a continuous linkage to battery manufacturing
processes. Beside the structure itself an approach
for an end-to-end toolchain is presented with a deep
dive in thermal simulation. It shows the potential of
digital tools within the product development of
battery cells. In summary, four key impacts to reduce
time to market and cost could be identified. These

are also summarized in figure 14.

Standardized procedures enable

process between departments.

efficiency improvements and simplify the

1. Standardized procedures: In industry, currently,
many different approaches are used for cell
definition of the

Often

development without a clear

interfaces between departments. series
development models are used with a lack of
validation in early development stages. This often
leads to unexpected delays in project progress and
inestimable scopes for necessary changes. The
overall complexity of product development can be
reduced by means of a predefined product
development process with specific milestones. In
addition, the specification of concrete key results
helps to exchange information between individual

departments and reduce delays in development.

2. Early coupling of product and process: The
collaboration between development and production
is not yet established in the early phases of
development. This leads to unnecessary delays and
lack of synchronization. The implementation of early
coupling helps to align product and production
process requirements and reduce the complex
solution space at an early stage. In particular, the
use and coupling of different simulations offers great

potential in this field.

Early simulation allows validation during
development even without prototypes.

Key Impacts
to reduce time to market and cost

enables integrated development and

process errors and further iterations.

Early coupling of product and process

avoids later necessary adjustments due to

Consistency and transparency of data
and requirements enable targeted
development with standardized
procedures and avoid unnecessary
repetitions and adjustments.

Figure 14: Key impacts to reduce time to market and cost
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3. Early simulation: Early simulation allows

validation during development even without

prototypes: Early use of simulations for partial
validation of concepts allows for the elimination of
prototypes, reduction of testing scope, and the
optimization of early design ideas during product
development. Furthermore, the coupling of different
simulation models such as product and process
simulations offers a great potential to reduce the

complex solutions space to fulfill all requirements.

4. Consistency and transparency of data and
requirements: Enable targeted development with
standardized procedures and avoid unnecessary
repetitions and adjustments: Consistency and
transparency are often lacking because various
stakeholders use different data sources and there is
no single source of truth. Data that would provide
early transparency of the concepts are frequently

missing.
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