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1. Introduction

1.1. Motivation

Lithium-ion batteries are used in multiple
applications, ranging frommobile consumer
devices (e.g., cellphones, laptops) to
electric vehicles (EVs). The electromobility
sector alone contributed 60% of the total
200 GWh worldwide demand for batteries
in 2019.[1] Given the urgency to meet climate
targets and provide the decarbonization of
the transport sector, recent studies forecast
for the European market a 10- to 15-fold
growth in demand for lithium-ion batteries
between the years 2020 and 2030.[2,3] A sus-
tainable future for the production of lithium-
ion batteries and the transport sector,
with lower environmental impacts and high
profitability, depends on environmental and
economically efficient production and high-
performance batteries.[4]

Battery cells are manufactured in a
process chain with highly specialized
and strictly interlinked processes. As a
consequence, process alterations (e.g., in

Lithium-ion batteries are used in a wide range of applications, with the elec-
tromobility sector being the main contributor to the increasing demand predicted
for the next decade. Although batteries play an important role in decarbonizing
the transportation sector, their production includes energy-intensive processes
that hinder a more sustainable production. Moreover, the production processes
are characterized by a manifold of parameters leading to complex cause–effect
relations along the process chain which influences the battery cell quality.
Therefore, a sustainable future for battery production and the electromobility
sector depends on the environmentally and economically efficient production of
high-performance batteries. Against this background, this work presents a dig-
italization platform based on the coupling of mechanistic models to digitally
reproduce the battery cell production and provide a deeper understanding of the
interdependencies on the process, production, and product levels. In addition to
a description of the individual models contained in the platform, this work
demonstrates their coupling on a use case to study the effects of different solids
contents of the coating suspension. Besides providing a multilevel assessment of
the parameter interdependencies, considering quality, environmental and eco-
nomic aspects, the presented framework contributes to knowledge-based deci-
sion support and improvement of production and battery cell performance.
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processing times, scrap rate) affect the entire production.[5,6]

Moreover, each process is defined by various parameter interac-
tions, leading to a manifold of cause–effect relations along the
production chain which influence the battery cell performance.[7]

Battery cell production is divided into three main phases (elec-
trode production, cell assembly, and cell conditioning), whereby
aspects such as cell format, material, and process technologies
may vary from manufacturer to manufacturer. Electrode produc-
tion usually starts with the batch-wise mixing of active materials,
additives, binder, and solvent into a slurry that is coated onto a
metallic substrate. The wet coating is dried and the resulting elec-
trode is pressed between two rolls during the calendering pro-
cess. Commonly, a final drying takes place before the foil is
cut into single electrode sheets. The next phase, cell assembly,
takes place in a dry room and is characterized by single-unit pro-
cesses. For the pouch cell format, the anode, cathode, and sepa-
rator are stacked and contacted before being inserted into a
pouch bag. Finally, the pouch cell is filled with electrolytes
and closed before being conditioned. Outside the dry room,
the battery cell goes through the formation and aging processes
in the last production phase.[4] The processes of drying and cal-
endering present high power demand for a short processing time
while formation presents long processing times with short power
demand. These energy-intensive processes together with the dry
room contribute to high energy demand in battery cell produc-
tion, which not only leads to high potential environmental
impacts (e.g., emissions) but also affects the economic competi-
tiveness of the manufacturer.[8,9] Previous works have shown the
influence of process parameters (e.g., duration, temperature) on
the energy demand and how different configurations may con-
tribute to a more energy-efficient battery cell production.[5,10]

Process parameters also influence the electrode structure, and
therefore are directly related to the cell performance at the
end of production.[4,11,12] The establishment of a more sustain-
able battery cell production and high-performance cells depends
on a deep understanding of these cause–effect relations between
process, production, and product levels. Thus, there is a need for
a methodology that enables a multilevel assessment of parameter
interdependencies along with the battery cell production under
consideration of quality as well as environmental and economic
aspects to provide knowledge-based decision support and
improve production and battery cell performance.

1.2. Existing Model-Based Approaches

Modeling presents a promising approach to identifying parame-
ter interdependencies and overcoming existing challenges in bat-
tery cell production, such as improving battery cell performance
and increasing energy efficiency.[5,10,11] It is also applied to digi-
tally represent existing or planned production systems as well as

their dynamic behavior over time by using models of the individ-
ual elements (e.g., product, processes) of a battery cell fac-
tory.[6,12,13] As a result, modeling of production systems
circumvents high costs for real experiments while providing
quick and quantitative results. In general, modeling approaches
can be divided into mechanistic models, based on validated equa-
tions to describe a system, and data-driven models, based on
mathematical algorithms to fit experimental data.[14,15]

Mechanistic models provide deeper knowledge of the
cause–effect mechanisms within a system without depending on
collected data, and therefore can be extrapolated to new systems.[13]

Consequently, mechanistic models are better suited for reproduc-
ing products and processes across a wide range of scenarios, thus
being the focus of this work. Current publications addressing the
individual elements of battery cell production can be categorized
into three levels of observation: process, production, and product.

Models on a process level focus on the physicochemical mech-
anisms and interactions between process and structural param-
eters within a single process. Since battery cell production is
composed of highly specialized processes, there are several het-
erogeneous approaches tailored to best model each one of them.
Starting with mixing, Lischka and colleagues deploy a discrete
element method (DEM) simulation to investigate the behavior
of nanoscaled carbon black (CB) aggregates for the dispersion
process.[16] Lombardo and colleagues simulate the additive
migration during drying using a 3D model that observes the
effect of drying rate on the final electrode mesostructure.[17]

Another modeling approach for the drying process is introduced
by Lippke and colleagues, in which DEM is used to describe the
formation of electrode structure during drying, focusing on the
active material framework and the interparticle effects.[18]

Sangros et al. propose a DEM approach for the calendering pro-
cess to model the mechanical properties of LiNMC particles with
an elastoplastic contact model as well as the mechanical behavior
of the additive-binder matrix via a bond model.[19] Also for the cal-
endering process, Meyer et al. developed a compaction model
based on the Heckel equation.[20] Besides individual process mod-
els, there exist a few approaches focusing on their coupling to gen-
erate a process chain. For example, Ngandjong et al. introduce a
multiscale simulation platform linking the electrode fabrication
process with a coarse-grained molecular dynamics approach for
electrode fabrication and a 3D continuum performance model.[21]

Besides considering processes, models on a production level
also focus on material and energy flows between the production
steps as well as other profitability-related indicators, e.g.,
machine availability. Weeber et al. present a simulation-based
methodology considering machines, processes, and technical
building services (TBS) to assess production throughput,
machine availability, and process-specific energy demand in bat-
tery production.[5] Silva et al. present a combination of discrete
event and agent-based approaches to simulate the impact of dif-
ferent scrap rates on energy demand and production costs.[6] This
work shows that the effects on a process chain are not propor-
tional to the alterations in scrap rate and, with that, highlights
the importance of process chain simulations to dynamically ana-
lyze the interactions between machines and processes. The work
by Schönemann et al. lies at the intersection of the process and
production levels and proposes a multiscale simulation approach
in which models for different factory levels (product units,
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processes, machines, technical building services, and the building
structure) are integrated, and used to support production plan-
ning.[22] While the developed framework is able to describe the
process and process chain levels, the use cases displayed focus
exclusively on the investigation of lead times and energy demand.

Finally, an extensive number of models on a product level with
a focus on the electrochemical performance of battery cells can
be found in the literature. Mechanistic battery cell models are
separated into lumped-parameter equivalent circuit models,
Doyle–Fuller–Newman models, and electrochemical full 3D
models. The model types vary in complexity which also results
in differing computation times (from a few milliseconds to
hours). The Doyle–Fuller–Newman models present a good com-
promise regarding a sufficiently detailed abstraction of the elec-
trochemical processes in the cell and adequate computation
times. The Pseudo-2D (P2D) model is widely used and continu-
ously extended in the literature.[10,11,23]

There are existing approaches that combine two levels: process
and production or process and product. Thomitzek and col-
leagues present a digitalization platform consisting of a mecha-
nistic process chain and a battery cell model to investigate the
propagation of uncertain parameters along the process chain
and into the final battery cell. The platform concept consists
of containers for individual process models that can be coupled
via the structural parameters. While the existing approaches
allow in-depth insight into the cause–effect relations within
the respective subsystem (i.e., process or product), battery cell
production equally requires deep knowledge of the interaction
of all three levels. When producing high-performance battery
cells in large-scale factories, it is mandatory to understand
how different performance indicators, such as quality
(process chain and product level), throughput or energy demand
(production level), influence each other. Against this back-
ground, this work proposes an approach to couple mechanistic

models on the process, production, and product levels by extend-
ing the digitalization platform proposed by Thomitzek and col-
leagues. Next to the process and product quality aspects
approached in the previous version, this updated and extended
framework provides a more comprehensive analysis of the
cause–effect interactions between the elements within the battery
cell production by also considering economic and environmental
aspects, e.g., production throughput and energy demand.

The remaining article is structured as follows: Chapter 2
presents the extended version of the digitalization platform,
including detailed information on the modeling approaches
and parameters of each model. Chapter 3 focuses on demonstrat-
ing the coupling of models on the process, production, and prod-
uct levels as well as on the application of the presented
framework in a use case. Lastly, the conclusion and outlook
are presented in Chapter 4.

2. Model-Based Digitalization Platform

The proposed digitalization platform is based on the coupling of
mechanistic models to reproduce the battery cell production, con-
sidering cause–effect interactions and parameter interdependen-
cies on the process, production, and product levels. The
framework presented in Figure 1 is an extension to the previously
published work in ref. [13] and consists of fourmodules: 1) process
chain model; 2) battery cell model; 3) data storage; 4) analysis.

The main characteristic of the framework is its modularity
which allows the models to be used either individually or in com-
bination. In the first module, individual process models can be
coupled into a process chain model, resulting in a fully charac-
terized battery cell as output. Building on,[13] the process chain
model is extended by a production-oriented model which runs
parallel to the individual mechanistic models and reproduces
the material and energy flows along the process chain.

Figure 1. Framework of the modular digitalization platform to reproduce the battery cell production and assess parameter interdependencies on the process,
production, and battery cell levels. Adapted under the terms of the Creative Commons CC BY license.[13] Copyright 2022, the Authors. Published by MDPI.
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The characterized cell from the process chain model can be used
as input to the battery cell model, which consists of the structural
surrogate and electrochemical models. The input and output
parameters of each simulation are stored in the data storage mod-
ule, being available to be used in further models or by different
analysis functions. These analyses include, for example, robust
optimization[24] or identification of production tolerances.[25]

As shown in Figure 1, parameters provide the connection
between models and modules. Structural parameters, which rep-
resent the characteristics of the intermediate or final products
(e.g., mass loading and coating density), enable the coupling
of individual mechanistic models. The electrode structure is
affected by the processes and their parameter configuration
which leads to a variation of the structural parameters along
the process chain (e.g., porosity before and after calendering).
Process parameters (e.g., line speed and temperature) connect
the process and production-oriented models and, in turn, affect
the material and energy flow on a production level. Lastly, struc-
tural parameters resulting from the simulated process chain pro-
vide the connection between modules 1 and 2. Similar to the real
production system, each process model is defined by a manifold
of parameters that interact and affect each other. By coupling the
models, this complexity is expanded to the entire process chain,
as shown in Figure 2, which presents the parameters considered
in each model.

As shown in Figure 2, the current version of the digitalization
platform is composed of eight selected processes of cathode pro-
duction and cell assembly, and covers a large number of param-
eter interdependencies. Since models are a partial representation
of a system, not all parameters of the real production system are
taken into account and there are still white spots, i.e., relations
not yet modeled. The wet mixing process, for example, is mod-
eled with a population balance approach and provides the particle
size distribution of the CB as output, which is not yet considered
in any of the following process models. However, its coupling
with the drying process is under development.

The study of the cause–effect relations along the battery
cell production is based on the concept of process–structure–
performance relationships: the battery cell performance is
influenced by the structure of the individual electrodes, which
in turn are determined by the processes along the process chain.
This reproduces the interdependencies between process and
product levels, allowing, for example, a deeper understanding
of how different process parameters affect the battery cell perfor-
mance.[11,13] Starting from the battery cell model, it also enables
the definition of process parameters based on the desired battery
cell performance.[24] Due to the strictly interlinked processes and
the parameter interdependencies, variations in process parame-
ters lead to impacts on the entire process chain, altering the
material and energy flows. Via the coupling of the process
and production-oriented models, it is possible to analyze the
interactions between process and production levels, such as
the effect of different process configurations on the energy
demand per produced cell. Finally, the process parameters con-
sidered in the process-oriented models provide a bridge between
the product and production levels and the coupling of the
process-oriented, production-oriented, and battery cell models,
as shown in Figure 3.

A more detailed explanation of further functionalities of the
digitalization platform and its modules can be found in ref. [13].

2.1. Process Chain Model

The module “process chain model” is composed of process-
oriented and production-oriented models, presented in the fol-
lowing subsections.

2.1.1. Process-Oriented Models

Mechanistic models focused on process and structural parame-
ters can either be used individually or in combination in a
process-oriented approach. This methodology can be applied
to simulate all the processes involved in electrode production
and cell assembling. The current platform version is composed
of eight process-oriented models, six of which are related to cath-
ode production (from dry mixing to post-drying) and two of
which relate to battery assembly (stacking and electrolyte filling),
as shown in Figure 4. Further information on the modeling
approach and parameters of each individual model is described
in the following.
Dry Mixing: The first process in the production of lithium-ion
batteries is dry mixing, which aims to form a homogeneous mix-
ture of the main components of the electrode materials and, if
needed, de-agglomerate the CB additive. This can be achieved by
different mixing devices which themselves are characterized by
the energy transferred to the mixture materials. High energy
mixing devices like intensive mixers (e.g., Eirich-type mixers),
or annular gap mixers (e.g., Hosokawa) apply a high shear force
to the materials which break the binding forces between the CB
agglomerates and form smaller aggregates. The overall perfor-
mance of the produced battery cells is, among other things, deter-
mined by the resulting size of the CB aggregates that are formed
during mixing.[26–29]

The developed model allows us to better understand the
mechanics of the dry mixing process, giving answers on how
long and with which intensity the dry mixing process should
be performed to form a homogeneous mixture of active material
and de-agglomerated CB. Furthermore, it can then be applied for
simulating up-scaled devices or different mixing devices, e.g., an
intensive mixer. The model takes as input the CB content and the
rotation of the high-speed stirrer. As an output, the resulting mix-
ing behavior over time can be studied regarding its degree of
mixing, de-agglomeration of the CB material defined by the
resulting particle structures during mixing, and the optimal mix-
ing parameters like intensity and mixing duration. For this, the
DEM is applied to simulate the particle motion of active material
particles (here spherical NMC-622 particles) and agglomerated
Super C-65 CB particles. The DEM method is an established
simulation technique that allows the calculation of particle
movement and interaction by accounting for all acting forces
and contacts of each individual particle.[30] Since the particle
sizes of the modeled materials are in the range of a few micro-
meters,[31] a coarse-graining approach (coarse-grain factor of
100–200) is applied to increase the diameter, leading to a reduced
total number of particles in the simulation and, consequently, to
lower simulation times. To accurately describe the movement of
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Figure 2. Parameter matrix to consolidate the parameters and interdependencies considered in the digitalization platform. The parameter configurations
used internally by the models are not represented.
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the coarse-grained particles, calibration measurements and
simulations were performed in an RST-01 Schulze ring shear
tester and a rotating drum with a diameter of 60mm. The
calibrated materials were then used to simulate the mixing
and de-agglomeration behavior in a small lab scale 40mm
cup with a 30mm high-speed stirrer (dissolver disk).

Wet Mixing: Wet mixing consists of adding solvent to the dry
electrode materials and is an important step in the production of
electrode slurry, as the solvent ensures wetting of the particulate
components and good solubility of the binder. The formed net-
work of the binder (e.g., polyvinylidene fluoride) with the conduc-
tive additives (e.g., conductive graphite and/or CB) and the active
materials within the cathode electrode have a significant effect on
the electrochemical performance. Moreover, the solid mass frac-
tion within the slurry also influences the dispersion process as well
as the coating ability and drying behavior. The distribution and
size of the CB agglomerates/aggregates in the suspension deter-
mine, among other things, the electrical and ionic conductivity.
Since wet mixing and its process parameters influence the size
distribution of the materials used as well as the homogeneity
of the slurry, it also plays a role in the mechanical and electro-
chemical properties of all subsequent process steps.[32–34]

The presented model is based on population balance method
(PBM) to reproduce the distribution as well as temporal changes
in particle size of aggregates and agglomerates particles during
wet mixing. Based on the work of Finke,[35] an existing model of a
Z-double-shafted kneader is adapted to a planetary mixer with a
CB size distribution as input. The model output is the distribu-
tion of the CB aggregate and agglomerates at the end of the wet
mixing. Using the slurry recipe and the output data, a represen-
tative generated structure of the slurry is created. Parameters
such as viscosity, CB strength, or shear rate distribution of
the mixer must be known in advance. The data used for calibra-
tion were obtained from.[31] The PBM is based on a discretized
CB size distribution: for example, the division of an entire parti-
cle size range of about 10 μm into equal 100 nm large classes
results in 100 particle size classes. Classes of 1 nm would lead
to a better numerical solution, however, such an exact resolution
leads to high computational efforts. In addition, the model is lim-
ited to temporal changes and takes particle size into account. Due
to the assumption of a homogeneous distribution within the
mixer, the explicit local resolution of the mixer device is omitted.
The particle quantity in a specific particle size class changes due
to inflows and outflows of the considered particle which

Figure 3. Coupling of models and parameters that enable the analysis of interdependencies at the product, process, and production levels.
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Figure 4. Overview of the processes and process-oriented modeling approaches integrated into the digitalization platform.
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reproduces the breakage of CB aggregates or agglomerates. For a
successful breakage event, the fracture condition must be ful-
filled, i.e., the acting force must be greater than the calculated
ultimate strength of the particles, which is determined according
to Raasch’s model.[36] The breakage event is calibrated with a
fracture probability function as well as a function of dispersion
time and particle size.

Coating: The slot-die coating process is an industrial pre-
metered application method for electrode processing in which
the electrode slurry is applied onto the substrate (i.e., the current
collector).[37–42] In this process, a slot die guides the liquid slurry
through two lips onto the substrate and establishes menisci that
generate a uniform coating across the entire coating width. The
flow of the liquid slurry is pre-metered and determines the film
thickness in the cross-web direction in addition to the web
speed.[43] Coating defects that occur outside the process window
set the limitations for achievable film thicknesses at given pro-
cess parameters. Possible defects are swelling, air entrainment,
and low-flow streaks. Swelling occurs if the pressure inside the
coating bead is high enough to push the liquid out of the gap
between the slot die and substrate in the counter web direction.
Low-flow streaks and air entrainment occur if the pressure inside
the coating bead is low enough for air to break the menisci and
leave voids in the coating.[44]

A process window predicts the appearance of coating defects
based on an analytical solution of the pressure balance in the
coating gap for given process parameters (e.g., web speed and
pumping speed).[43–47] Schmitt et al. extended the process
window to highly viscous and particle-loaded Li-ion battery coat-
ings.[38] This process window is integrated into the simulation
platform as a quality gate, to assure physically meaningful pro-
cess conditions. The input parameters for the process window
are the solids content, mass loading, density of the solids and
solvent, coating speed, viscosity of the dispersion, and surface
tension of the solvent. The output of the model is the information
on whether the particular parameter set yields a stable coating.
Furthermore, the expected coating defects (e.g., low-flow limit)
can be identified.

Drying––Dryer-Oriented: The dryer-oriented model replicates
the interaction between the dryer and the wet electrode film
subsequent to the coating process. The drying of porous goods
traverses through various phases until it is considered dry. The
first phase poses the shrinkage of the wet film due to solvent
evaporation, the consolidation of the porous structure, with a
more or less constant drying rate.[48–50] The second phase starts
as soon as the porous structure affects the kinetic of the solvent
evaporation. Eventually, during the third drying stage, residual
solvent desorbs from the structure.[51] Hereby, the system param-
eters of the dryer influence the drying speed of an electrode as
well as the physical properties of the solvent and the film.
Kumberg et al. explained, modeled, and validated this complex
interaction for graphite-based anodes with a water-soluble binder
system.[52,53] This model is adapted to the material system of
N-methyl-2-pyrrolidone (NMP)-based cathode by implementing
respective material properties. The physical properties of the
solvent NMP along with the thermal material properties of the
solids assure the adequate representation of the cathode slurry
in the drying model. The heat transfer coefficient and the tem-
perature of each dryer segment in the multi-stage dryer represent

the influence of the dryer on the drying process. The dryer con-
sidered in this study is a three-stage convective dryer with a
length of 3� 2m. The model is based on a mass and enthalpy
balance of the drying electrode film, discretized over the time by
finite differences. The output of the model is the time-resolved
drying rate that considers individual dryer segments as well as
multiple mass transport resistances that change as the film dry-
ing propagates.

Drying––Microstructure-Oriented: The second drying model
focuses on the formation of the active material structure using
a DEM simulation.[54] The active material particles are explicitly
modeled according to their particle size distribution, while the
CB particles are combined into monodisperse CB agglomerate
particles to reduce the computational effort. In addition, different
dispersion and dry mixing processes can be mapped by setting a
higher CB porosity,[26,55] which manifests itself in a changed
number of CB agglomerate particles or by coating CB onto
the active material particles. In the future, it is aspired to deter-
mine this information directly from the dispersion model. First,
the particles are randomly placed along the wet film height
according to their fractions in the formulation. The wet film
thickness depends on the solvent content of the suspension,
desired areal loading, and formulation used. The interparticle
interactions are mapped using Van der Waals interactions.[56]

All fluid effects in the suspension are imposed on the particles
by appropriate surrogate models. These include hydrostatic buoy-
ancy force, fluid friction forces, lubrication force,[57] and capillary
force of the fluid level.[58] This avoids the need for a computation-
ally expensive coupling with a computational fluid dynamics
(CFD) simulation. The fluid surface decreases with a constant
sinking rate,[59] which is derived from the dryer-oriented model.
At the end of the simulation, the particles form a self-supporting
particle framework. Based on the particle alignment, the coating
thickness and porosity can be determined. Furthermore, the
resulting exact particle structure may be handed over to the cal-
endering simulation.

Calendering: The structure development of the electrode dur-
ing the calendering process is modeled using the calendering
model of Sangros and colleagues based on DEM.[19,60] The active
material is represented explicitly, while the inactive material is
represented by solid bridges. These solid-state bridges are
capable of transmitting not only forces but also torques. The
mechanical properties of these solid-state bridges (e.g., stiffness,
strength, and damping) are determined by means of a calibration
process via the overall mechanical behavior of an electrode dur-
ing calendering since these are not directly accessible experimen-
tally and are also subject to many model assumptions.[19]

The active material structure from the drying simulation
(microstructure-oriented) is used as the starting structure. The
electrode is compacted by means of a vertically sinking plate until
the desired calendering stress is reached. The calendering gap
achieved is compared with the experimentally achieved gap size
and will be used as a calibration or validation criterion. Vice
versa, the simulation can also be gap-controlled. Subsequently,
the direction of movement of the plate is reversed and the elec-
trode undergoes elastic recovery. Analogous to the drying simu-
lation, structural parameters such as layer thickness and porosity
can be derived from the resulting structure.
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Post-Drying: The vacuum post-drying process provides the
final moisture removal prior to cell assembly[61,62] and is impor-
tant as the amount of moisture inside a cell affects the lifetime
and performance of a battery.[61–63] This batch process takes place
in an oven that facilitates a low relative humidity by heating the
drying good and periodically flushing the chamber with dry inert
gas.[62] During post-drying, moisture desorbs from the individual
components of a cell and is removed from the dryer’s environ-
ment. The sorption behavior of battery components depends on
the component as well as the process steps faced by the
electrodes.[51,62–66] Furthermore, some battery components
express a hysteresis in the sorption behavior with water.[51,65]

These circumstances demand a well-adjusted and -designed
post-drying process.[62] A low relative humidity inside the dryer
triggers this desorption of the water. After the post-drying pro-
cess, the cell components are exposed to dry-room conditions
(controlled dew-point and temperature). Due to the increase
in relative humidity compared to the post-dryer, the components
resorb water to a certain extent. The amount of resorbed water is
lower compared to the initial water content prior to post-drying
due to the hysteresis in sorption behavior.

A model based on the finite difference method (FDM) is devel-
oped to investigate the water content inside an electrode over
time inside the post-dryer. The FDM discretizes a simulation
domain into a mesh and solves equations along it considering
differences between mesh points. For the post-drying simula-
tion, the water mass balance is discretized over the electrode
width and time and solved numerically with a partial differential
equation (PDE) solver. The input parameters are the initial
water content, system parameters of the dryer (e.g., temperature
and pressure), and structural parameters of the electrodes
(e.g.porosity and tortuosity). The outputs of the simulation are
the time-resolved water content inside the electrode and the
moisture content after drying.

Stacking: In stacking, a precise overlap of the anode and cath-
ode is an important factor in ensuring optimum ion exchange.
Especially in Z-folding with single sheets or single sheet stack-
ing, accuracy is a significant quality parameter to be ensured in
the stacking process. In addition, the homogeneous density
of the stack is an important aspect of the subsequent filling of
the cell. FEM is suitable for simulating the stacking process
and the mentioned parameters, since the behavior of the entire
electrode in interaction with the adjacent machine elements is of
interest.

The FEM model presented in this work reproduces the single
sheet stacking and is divided into two sub-simulation models.
First, the alignment and pickup of the tolerance-impaired elec-
trode sheet are simulated, whereby the electrode geometry has
a significant influence on the accuracy of the pickup.[67] For that,
the main input parameters are the geometry of the electrode such
as length, width, and corrugation, the initial position of the elec-
trode as well as material data such as Young’s modulus or friction
coefficients. The result of the simulation is the relative position
of the electrode sheet to the gripper. In the second simulation
model, the actual stacking takes place. For this purpose, the
result of the first simulation, i.e., the gripper with a gripped elec-
trode, is imported into the second model. The electrode is then
placed with the gripper on the stack and the electrode and the
existing stack are fixed with the blank holders. This process is

iterated for the anode, cathode, and separator, so that a stack
is built. The limiting factor is the computing time. The stack
accuracy is determined by the relative position of the corner
nodes of the mesh at the cathode or anode after finishing the
simulation. Further, the stack geometry can be extracted to assess
the homogeneity of the stack.

Electrolyte Filling: Once the cells have been stacked, contacted,
and packaged, a liquid electrolyte is introduced into the cell dur-
ing the filling process, which enables the transfer of lithium ions
within the battery cell. The process consists of dosing (i.e., filling
the void volume surrounding the cell stack) and subsequent wet-
ting (i.e., absorption of the liquid into the pores of the cell com-
ponents). The process duration and cell performance are
significantly influenced by the process parameters[68] and cell
properties.[69] Dosing and wetting are of great importance for
the industrial production of battery cells since their process times
generate a significant cost point.[70] Additionally, the filling pro-
cess is located at the end of the production chain where most of
the value has already been created, increasing the impact of pro-
duction errors.

One approach to model the filling process is using CFD, i.e., a
numerical analysis of liquid and gaseous fluid flow. While the
process duration of the dosing takes a few seconds to minutes,
the wetting takes a few hours, which is a challenge for the model-
ing due to the different time and size scales. To overcome this
challenge, the dosing and wetting are split into two partial mod-
els. For the wetting simulation, a small 3D section of an NMC
cathode with a width of 25.15 μm is used to study the flow of
electrolytes through and into the porous electrode microstruc-
ture. The structural parameters such as the overall porosity, pore
size distribution, and particle arrangements can be varied based
on the structures simulated in previous production steps such as
calendering. As a result, data such as pressure drop, electrolyte
mass flow, and permeability of the porous region are exported
from the wetting simulations and applied in the simulations
of the dosing. To do this, the geometry of the cell housing
and the cell stack are imported and process parameters such
as the electrolyte temperature, dosing pressure, and gassing pres-
sure are defined in the simulation environment. Via the interac-
tion of the dosing and wetting simulations, the effect of varying
electrode properties on the electrolyte filling process times can be
studied without costly experimental studies.

2.1.2. Production-Oriented Model

The production-oriented model runs parallel to the process-
oriented models presented in Figure 4. Based on production
parameters (e.g., power demand and material input) and selected
process parameters (e.g., web speed and temperature), this
model reproduces the material and energy flows between pro-
cesses within the electrode and battery cell production, as shown
in Figure 5.

The model combines discrete event and agent-based modeling
approaches and consists of four generic entities: 1) process;
2) buffer; 3) machine; 4) product. The first three entities are
defined by the user during the simulation initialization and
are personalized by defining the production and process param-
eters. The product entity, on the other hand, is generated during
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the simulation and passed from one process to the other along
the process chain. The development based on generic entities
provides an easy adaptation of the process chain, facilitating
the addition of new machines or integration of alternative
processes.

In the discrete event simulation, changes in the entities
(e.g., processes, machines, and buffers) are triggered by events
(e.g., presence of input material or machine failure) at discrete
points over time.[71] This approach reproduces the interaction
and dependencies between entities, the material and energy
flows as well as the complexities of real production systems.
As shown in Figure 5, three entities are considered in the dis-
crete event model: 1) process; 2) buffer; 3) machine. At the sim-
ulation start, the number of machines at each process as well as
the inputs (e.g., intermediate product, input materials) and out-
puts (e.g., final product, waste) are defined. Each process has at
least one machine and one buffer for input material. A buffer can
either store input or output resources. In the case of input resour-
ces, the buffer level is defined at the simulation start. For output
resources, the buffer maximum capacity is defined. Machines
can also act as buffers and temporally store finished materials.
Lastly, each machine entity may present five states: off, ramp-
up, idle, processing, and failure. At the beginning of the simula-
tion, every machine is turned off and goes into ramp-up when
input material is available. The idle state can be further divided
into idle due to starvation (i.e., the machine is waiting for input
material) or blockage (i.e., the processing is over, however, the
final material can be neither stored in the buffer or handed over
to the next machine). The state changes are triggered by timely
defined events (e.g., process time is over) or events related to
material availability. Moreover, average power demand is
assigned to each machine state which generates a machine
electrical load profile, as demonstrated in Figure 5. The focus
of the agent-based approach is on representing the product entity

(i.e., intermediate and final products). For that, an identification
code is assigned to each product (e.g., batch, electrode, and bat-
tery cell) and product-specific information during processing
(e.g., material quantity and energy demand) is stored. The depen-
dencies between the product entities are also considered: many
electrodes are produced from one batch, and one battery cell is
composed of various electrodes. Furthermore, the product entity
enables the coupling of the two modeling approaches in the
production-oriented model, since a product is either in a buffer
or in a machine. In addition, changes in the product location
trigger, for example, changes in the machine states.[6]

The simulation results comprehend key performance indica-
tors related to the production, such as throughput, machine uti-
lization as well as material and energy demand from product to
process chain level. Additional information on the changes in the
machine state and process duration over time is also provided.
These results enable a better understanding of dependencies
between processes in addition to information on material and
energy efficiency. Previous works based on the production-based
model assessed the production bottlenecks with a focus on an
energetic perspective[72] and the effect of different scrap rates
on the process chain.[6]

2.2. Battery Cell Model

The battery cell model, the second module of the presented
framework (Figure 1) is used to evaluate the electrochemical per-
formance of the digitally manufactured electrode. It consists of
two submodels: the structural–surrogate model and the electro-
chemical model. The former consists of surrogate polynomials
for a 3D structure model, which was introduced by Laue and col-
leagues.[73,74] It receives input parameters for the composition
and structure of the electrode, e.g., volume fractions of each
active material and conductive-binder-matrix, porosity, and the

Figure 5. Modeling approaches and entities of the production-oriented model to reproduce the material and energy flows in the battery cell production.
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limits of the particle size distribution. Subsequently, the model
generates 3D voxel-based microstructures following a stochastic
distribution of particle sizes. The generated microstructure is
afterward converted into a resistance network and the effective
electrical conductivity and effective tortuosity are determined.
Furthermore, the active surface area is computed by counting
all the voxel faces which are not in contact with any other faces.
In comparison to the commonly implemented Bruggeman
approach,[75] this model takes into account the composition of
the solid phase and the spatial distribution of particles. Thus,
it can deliver a more accurate representation of the relationship
between the electrode structure and its effective transport
properties.

The output of the structural–surrogate model, i.e., the active
surface area as, the effective tortuosity τeff, and the effective
electrical conductivity of the solid phase ks,eff, as well as further
electrode structural parameters (i.e., porosity and thickness)
serve as inputs for the electrochemical model. This model is a
Doyle–Fuller–Newman-type cathode half-cell pseudo-2D model,
parameterized using experimental discharge curves, as described
by Thomitzek and colleagues.[13] With the electrochemical
model, discharge simulations can be carried out to determine
the achievable capacity based on the given structural parameters,
from which then the volumetric energy density can be calculated.
Furthermore, the model allows the investigation of concentration
profiles during discharge, which contributes to a deeper under-
standing of the physiochemical interactions taking place.

3. Use Case

The digitalization platform is used to reproduce the battery cell
production in a parameter study considering three solids con-
tents (50, 60, and 70%) for the cathode formulation. Existing
works have demonstrated the effects of increased solids content,
such as alterations in the electrode structure and electrochemical
performance as well as reduction in drying time and energy

demand.[4,33,76,77] Different from these works with a focus on
individual effects, this use case analyzes and quantifies a variety
of aspects. For that, the battery cell model, production-oriented
model, and three selected processes of the process-oriented mod-
els (coating, drying, and calendering) are considered. Figure 6
presents the models, process chain as well the structural and pro-
cess parameters considered in the use case. Due to white spots,
i.e., interdependencies between processes that are not yet mod-
eled, as discussed in Chapter 2, the processes of wet mixing,
stacking and electrolyte filling are not considered in this use case.

The structural and process parameters used in the process-
oriented and battery cell models correspond to the reference cath-
ode of the ProZell competence cluster, also shown by Thomitzek
and colleagues in the previous application of the digitalization
platform.[13] For all three scenarios, material-intrinsic parameters
(e.g., particle density), demanded mass loading (14.3 mg cm�2),
and demanded coating density (3.01 g cm�3) remain constant.
For the production-oriented model, the considered production
(e.g., power demand) and process (e.g., duration) parameters
were gathered in the pilot line of the Battery LabFactory
Braunschweig during the production of pouch cells with 10 com-
partments, as presented in ref. [7].

3.1. Process Chain Model

3.1.1. Process-Oriented

Coating: Within the digitalization platform, the coating model
considers the coating thickness of the wet film as a function
of the coating width, web speed, and suspension volume flow
as well as the physical boundaries (e.g., air entrainment) regard-
ing the coating step for the electrode production. The simulated
coating window predicts film stability during the application of
the cathode slurry onto the current collector (substrate) via slot-
die coating, as presented in Figure 7 for the 50% solids content.
The results of the coating window for the three scenarios and
respective solids contents are listed in Table 1.

Figure 6. Overview of the models and parameters considered in the use case.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2022, 2200801 2200801 (10 of 16) © 2022 The Authors. Energy Technology published by Wiley-VCH GmbH

 21944296, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202200801 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [23/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.entechnol.de


As shown in Table 1, the wet-film coating thickness changes as
the solids content varies to achieve a constant dry mass loading.
The increase in particle content caused by higher solids contents
increases the viscosity as well, narrowing the process-parameter
window in which a stable coating can be established. The differ-
ence between the minimal stable wet-film height (hmin) and the
maximal stable wet-film height (hmax) also decreases for higher
solids contents. The change of the solids content and, therefore,
solvent content affects the viscosity which, in turn, influences the
coatings stability window of the cathode slurry. A higher viscosity
fluid leads to higher pressure in the coating system, making the
process susceptible to coating defects. Thus, the process param-
eters need to be adjustedmore precisely compared to lower solids
contents. Lastly, the coating thickness of the wet film is trans-
ferred from the coating process to the drying simulation as a
structural parameter.

Drying: The stable, defect-free wet film obtained from the slot-
die coating is passed to the drying model. The dryer is a three-
zone convective dryer with an adjustable heat transfer coefficient
and temperature in each zone and a total length of 6 m. The sim-
ulation of the drying step is subdivided into dryer-oriented and
microstructure-oriented models. The FDMmodel focuses on the
interaction between the dryer and the drying electrode as the
DEM elucidates the microstructure formation. Bothmodels com-
plement each other to provide a holistic description of the drying
process, as shown in Figure 6. The results of the dryer simula-
tions are listed in Table 2.

Initially, the interaction between the dryer and the wet elec-
trode is considered. The settings regarding heat transfer coeffi-
cient and temperatures at each zone (80, 100, 120 °C) of the dryer
remain constant throughout the case study and the web speed is
maximized to optimize the spatial efficiency of the dryer. An
increase in the solvent content while maintaining the mass load-
ing of the dry electrode results in an increased amount of solvent
that needs to be removed during the drying step. Consequently,
the achievable web speed decreases as more solvent needs to be
removed during the drying step. Economically, this variation in
drying speed affects the overall capability of the production line
and reduces the electrode yield per time. Detailed information on
the effects of different web speed rates on the production level is
discussed in the Subsection Production-oriented.

The variation of solvent content also affects the drying profiles
in the dryer segments. The film settling rate over time is an out-
put parameter that is required by the subsequent DEM drying
model. Additionally, a time-resolved evaporating rate is an
output of the simulation. This evaporation rate provides further
information about the mechanism inside the electrode film while
drying and could be coupled with additional simulation models,
e.g., for binder diffusion.

In the DEM drying model, the influence of the solvent content
is taken into account in two ways. On the one hand, higher
solvent content rates lead to an increase in wet film thickness.
On the other hand, a higher solvent content is expected to result
in a lower suspension viscosity and thus a less intensive disper-
sion process. According to Bockholt et al.,[32] a lower dispersion
intensity results in a lower porosity of the CB binder network of
the dried electrode. This effect is represented in the DEM
simulation by a lower porosity of the CB. For a solids content
of 70 wt%, a CB porosity of 75% was calibrated from preliminary
experimental work by means of calibration simulations. Since no
experimental data were available for the calibration of the lower
solid fractions, CB porosities of 77.5% and 80% were assumed to
demonstrate the basic functionality of the setup. It was found
that higher CB porosities result in higher coating thicknesses,
as shown in Table 2. A CB porosity of 70% results in a coating
thickness of 58.1 μm. For CB porosities of 77.5% and 80%, coat-
ing thicknesses of 60.0 and 61.29 μmwere achieved, respectively.
The film settling rate was determined by repeated iteration
with the dryer-oriented drying simulation: the dryer-oriented
model requires structural parameters such as porosity, which
are determined by the microstructure-oriented simulation. The
microstructure-oriented simulation, however, requires the film
settling rate of the dryer-oriented simulation.

Calendering: The structures generated in the drying step
are transferred to the calendering simulation. First, all CB

Figure 7. Coating window for the slot-die coating of the 50% solids
content cathode.

Table 1. Wet film properties of the simulated cathodes after slot-die
coating.

Solids content [%] hwetfilm [μm] hmin [μm] hmax [μm]

50 173 104 242

60 127 79 160

70 93 88 113

Table 2. Structural information of the simulated cathodes after the
complementary drying simulations. Thickness and porosity represent
the values after the drying process.

Solids content [%] Web speed [mmin�1] Thickness [μm] Porosity [�]

50 3.5 61.68 0.46

60 5.0 60.38 0.45

70 7.0 58.47 0.43
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agglomerates are removed and solid bridges are formed, accord-
ing to the representation of the inactive material presented in the
model of Sangros et al.[60] The volume fraction of the solid
bridges corresponds to the volume fraction of the inactive mate-
rial in the solid mixture. Mechanical bond parameters stiffness
and damping were kept constant, since the influence of the
different solids contents and the induced dispersion intensity
on the mechanical properties of the CB-binder-matrix was not
known. Calibration of the mechanical bond parameters was per-
formed using the data set of Diener et al.[78]

The goal of the calendering process was to achieve an electrode
density of 3 g cm�3. For that, the coating thickness was varied at
the point of maximum compaction (corresponding approxi-
mately to the calender gap minus the substrate thickness).
The layer densities, porosities and thicknesses achieved and
the gap size required for this purpose are shown in Table 3.

Table 3 presents slight variations in gap size and, conse-
quently, in the minimum thickness during calendering. Since
the influence of the solvent content on the mechanical properties
of the inactive material matrix was not taken into account, a dis-
cussion of these slight variations is not appropriate.

Lastly, the electrode structures obtained with the calendering
simulation can be transferred to the CFD simulation of the elec-
trolyte filling as an Stl-file. However, this coupling is out of the
scope of this use case. The coating thicknesses and porosities
determined based on these structures are transferred to the elec-
trochemical simulation.

3.1.2. Production-Oriented

The production-oriented model is applied to assess the effects of
different solids contents on the production level by considering
the alterations in the material and energy flows. From a material
perspective, the solvent quantity needed in the wet mixing pro-
cess is lower for higher solids contents. As described in Table 2,
lowering the solvent contents allows increasing the web speed in
the coating and drying processes to 3.5, 5.0, and 7.0 mmin�1.
The web speed at the calendering process is also adjusted
for the three scenarios since the processes in the electrode pro-
duction are strictly interlinked. From an energetic perspective,
the average power demand (W) of the machines is mainly
affected by the process temperature and not by the different
solids contents and web speeds. As discussed by Thiede and col-
leagues,[79] web speed does not belong to the parameters with the
highest influence on the power demand in the drying process.
Since the process temperatures during drying and calendering
are constant for the three scenarios, the average power demand

also remains constant. However, due to higher web speeds, the
process duration is reduced, leading to changes in the energy
demand (Wh) per batch.

Cathode and anode are manufactured in separate production
lines which converge in the battery cell assembly line, as repro-
duced in Figure 6. Formation is the only process with more than
one machine. Buffers for finished materials are added at the end
of electrode production (capacity of ten batches) and cell finish-
ing (unlimited capacity). The process chain capacity as well as the
process and production parameters considered in the simulation
derive from data gathered in the BLB pilot line. The simulation
period covers 1 year of around-the-clock production. For all three
scenarios, no scrap rate and a machine availability of 95% during
processing are considered. Since the individual process-models
focus on cathode production, the parameters for the anode pro-
cesses remain constant. The aspects related to the material and
energy flows resulting from the production-oriented model are
summarized in Table 4.

As shown in Table 4, the throughput of the electrode and cell
production increases for higher solids content and web speed.
Although the higher web speeds lead to shorter production times
in the cathode production, the amount of produced anode and
cathode batches remained almost the same in every scenario,
since electrode production is limited by its buffer capacity as well
as by processes of the cell production (e.g., tempering and for-
mation). Furthermore, the presented throughput growth causes
an increase in the average machine utilization rate (i.e., share in
processing state). The average rate from mixing to formation
grows by 1% and 9%when the solids contents are increased from
50 to 60% and from 50 to 70%, respectively.

From an environmental perspective, increasing the solids con-
tent and web speed leads to a reduction in the total and specific
energy demand. Between the scenarios with 50% and 60% solids
content, the total energy demand was reduced by 3%. From 50%
to 70% solids content, the total energetic reduction represents
9%. These values are based not only on the energy demand asso-
ciated with processing but also on idle states. The calculation of
the specific energy demand considered every produced part,
including the ones stored in intermediate buffers at the end
of the simulation. The values for specific energy demand pre-
sented in Table 4 vary from known values for pilot lines.[8]

This difference can be explained by the high energy demand

Table 3. Structural information of the simulated cathodes after
calendering. Porosity represents the value after the calendering process.
Gap size represents the value during compression deducting the
thickness of the current collector.

Solids content
[%]

Thickness
[μm]

Density
[g cm�3]

Porosity
[�]

Gap size
[μm]

50 47.55 3.01 0.302 27.4

60 47.58 3.01 0.302 26.3

70 47.42 3.02 0.300 29.0

Table 4. Throughput and energy demand for the three simulated
scenarios with increasing solids contents and web speeds. The quantity
of produced electrodes stored in the buffers is also considered in the
calculation of specific energy values.

50% – 3.5
[mmin�1]

60% – 5.0
[mmin�1]

70% – 7.0
[mmin�1]

Throughput Anode [batch] 185.00 187.00 198.00

Cathode [batch] 185.00 187.00 197.00

Cell [tsd. cells] 10.74 10.89 11.57

Energy
demand

Total (excl. dry room)
[MWh]

202.24 199.12 197.94

Specific [WhWh�1] 799.97 776.64 728.29

Specific [Wh cell�1] 17.20 16.70 15.66
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associated with nonproductive machine states. Limitations in the
production capacity, typical of a pilot line, combined with low
utilization rates lead to a large share of the total energy demand
caused by idle times due to starvation and blockage.

Finally, a closer look at the process level shows the coating and
drying process as the main contributor to the presented reduc-
tion in the energy demand. Moreover, considering the share of
machine states at each process, the idle times of the electrode and
cell production are mostly caused by the limiting buffer capacity
(i.e., blockage).

3.2. Battery Cell Model

The battery cell model receives as input values the porosity and
layer thickness passed by the calender model as well as informa-
tion about the formulation and the simulated structure of the
cathode. Discharge simulations are subsequently carried out
to determine the achievable capacity and energy density. As

mentioned in the calendering results, the cathodes were proc-
essed to a density around 3.0 g cm�3 for all three solids content.
Consequently, the porosity and coating thickness are almost
identical for every scenario, as can be seen in Table 5.

Thus, a comparison of the discharge properties of the three
points would yield similar results. For this reason, an analysis
of the C-rate dependency was carried out instead, using the aver-
age porosity and the thickness from the three scenarios. The
results of this analysis are presented in Figure 8.

In Figure 8a, three discharge curves are presented, which were
simulated at three different C-rates (C/2, 1C, and 2C) to represent
different types of applications. It can be seen from this graph, that
increasing the discharge current density leads to a lower achiev-
able areal capacity due to the increased transport resistances at
higher C-rates. To analyze the robustness of the achievable volu-
metric discharge energy density against uncertainties in its struc-
tural parameters, an uncertainty analysis was carried out. Herein,
a normal distribution was generated for the porosity and coating
thickness using a standard deviation of 2%, as shown in Table 5,
and a sample size of 2,000. These distributions were then passed
to the battery cell model to compute the energy densities, in a sim-
ilar fashion to Schmidt and colleagues.[11] It was assumed that the
ratio between the amounts of active material and the conductive-
binder-matrix remained constant. The result of the uncertainty
analysis shown in Figure 8b shows that the width of energy density
distribution increases with increasing C-rate. This implies that the

Table 5. Mean and standard deviation used to produce the normal
distributions of porosity and coating thickness for the uncertainty analysis.

Structural parameter Mean Standard deviation

Coating thickness [μm] 47.516 0.950

Porosity [�] 0.303 0.006

Figure 8. Results of case study with the battery cell model: a) discharge curves and b) uncertainty analyses at different C-rates.
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Figure 9. Consolidation of the use case results on the process, production, and product levels.
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sensitivity of the energy density against uncertainties in the
porosity and the coating thickness increases for higher discharge
current densities.

Figure 9 consolidates the use case results and presents
how structural, process, and production parameters as well as
performance properties are affected by the three solids contents
(50%, 60%, and 70%).

The results show that process, production, and product levels
are not equally influenced by a variation in the solids content.
While some parameters (e.g., coating windows and thickness
(wet)) present a strong variation towards increasing solids
content, others parameters (e.g., thickness (dry) and porosity)
present smaller variations. In other cases (e.g., final property
and energy density), the results remain constant for the three
scenarios. Therefore, Figure 9 demonstrates the importance of
multilevel analysis to deeply understand the cause–effect rela-
tions along the process chain.

4. Conclusion and Outlook

This work presented a digitalization platform to support the
environmentally sustainable production of battery cell produc-
tion with low battery cells under consideration of quality, envi-
ronmental and economic aspects. For that, the framework
proposed by Thomitzek and colleagues,[13] composed of
process-oriented and battery cell models, was extended to a produc-
tion level with amodel focused on reproducingmaterial and energy
flows. The coupling ofmechanisticmodels on the product, process,
and production levels took place via the exchange of structural and
process parameters. Thereby, the platform allowed a digital repro-
duction of the battery cell production and a comprehensive analysis
of the parameter interdependencies along the process chain.

The individual models and their modeling approaches were
described, followed by a matrix that consolidated the parameters
of each model and highlighted their interdependencies. The cur-
rent platform version allows to investigate a large number of
cause–effects mechanisms between the parameters of six pro-
cesses of cathode production and two processes of cell finishing.
Since the models are a partial representation of the considered
systems, there are relations not yet modeled that will be consid-
ered in the next platform versions.

As a demonstration of the multilevel coupling of the models,
the framework was applied to a use case to identify and quantify
the impact of three different cathode solids contents (50, 60, and
70%) on battery cell production. This application comprehended
the coupling of four process-oriented models (i.e., coating, dryer-
oriented and microstructure-oriented drying, and calendering) as
well as the production-oriented and battery cell models. For each
formulation, the process-oriented models simulated the effects
on the electrode structure (e.g., porosity, coating thickness, den-
sity) and process parameters (e.g., web speed). The analysis on
the process level allowed to investigate the electrode quality and
the cause–effect relation between processes. The three web speed
values were then passed to the production-oriented simulation
which provided an analysis of the environmental and economic
aspects, including throughput and energy demand. The analysis
on the production level enabled not only to study the influences
on the processes directly affected by the varying web speeds, but

also to understand how these changes affect the entire process
chain. Furthermore, results such as idle times and machine uti-
lization contributed to the identification of limiting elements of
the production. Finally, the structural parameters resulting from
the process-orientedmodels were passed to the battery cell model
in which the effects on the performance properties were simu-
lated. Since the final coating thickness and porosity for all three
solids contents were similar, the model resulted in similar
battery performance properties (e.g., areal capacity and energy
density). In addition, discharge curves and uncertainty analyses
for three C-rates rates were simulated. The results showed that
the sensitivity of the energy density against uncertainties in the
porosity and the coating thickness increases for higher discharge
current densities.

In general, the results showed different trends toward an
increase in the solids contents at each level of investigation.
Although the structural parameters (e.g., thickness, porosity)
for the coating and drying processes as well as the window
for the coating stability presented variations, the final parameters
related to the electrode structure were similar for all three sce-
narios due to the constant density in the calendering process.
Consequently, the battery cell model resulted in similar perfor-
mance properties, however, the uncertainty analysis indicated
how sensitive battery performance is to variations in electrode
structure for different applications. Lastly, the results on the
production level presented a reduction of energy demand for
increased throughput and lower machine utilization rates. The
complexity of the results highlights the importance of multilevel
analysis to deeply understand the mechanisms behind the
parameter variations. The proposed digitalization platform rep-
resents, therefore, a valuable tool for comprehensive decision-
making under consideration of multiple evaluation criteria
and their cause–effect relations. This is critical for planning
and improving battery cell production, as it helps to increase bat-
tery cell performance and support more environmentally sustain-
able and economical production.

The presented methodology can be applied to investigate alter-
native process technologies and battery materials. Future works
will focus on the further development of the digitalization plat-
form and the integration of new processes and parameter inter-
dependencies. For that, other aspects such as the microstructure
after calendering will be closely investigated. Further activities
also focus on the validation of the entire process chain and bat-
tery cell models. Furthermore, further analysis will investigate
adaptations to process parameters and production configurations
to increase the battery cell performance, production profitability,
and energy efficiency.
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