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Abstract: In order to meet consumer demands for electric transportation, the energy density of
lithium-ion batteries (LIB) must be improved. Therefore, a trend to increase the overall size of the
individual cell and to decrease the share of inactive materials is needed. The process of electrolyte
filling involves the injection of electrolyte liquid into the cell, as well as the absorption of the electrolyte
into the pores of the electrodes and the separator, which is known as wetting. The trend towards larger-
format LIB challenges the electrolyte filling due to an increase in wetting distance for the electrolyte
as well as a decrease in the void volume of the cell. The optimization of the process via numerical
simulation promises to reduce costs and ensure quality during battery production. The two models
developed in this study are based on a commercial computational fluid dynamics (CFD) program to
study the effect of process parameters, such as pressure and temperature, on the filling process. The
results were verified with neutron radiography images of the dosing process and a feasibility study
for a wetting simulation is shown. For all simulations, specific recommendations are provided to set
up the electrolyte filling process, based on which factors generate the greatest improvement.

Keywords: lithium-ion cells; battery production; electrolyte filling; computational fluid dynam-
ics; simulation

1. Introduction

Due to the current transition from fossil fuels to alternative energy storage systems,
lithium-ion batteries (LIB) have emerged as a crucial technology due to their potential for
long service life and high energy density [1]. Although LIB have been well-established in
consumer electronics for over two decades, their growth in recent years is mainly driven
by the electric vehicle market [2]. One approach to increase the energy density of LIB is by
reducing the share of inactive materials such as the separator, the housing and the current
collector foils. This can be achieved by producing larger cell formats [3,4] or by a thicker
electrode coatings [5]. However, decreasing the void volume while increasing the electrode
size poses a challenge for the electrolyte filling process [6].

Before the cell can be charged for the first time, which is known as the formation, all
cavities and pores of the anode, the cathode and the separator must to be filled with an
electrolyte [7]. During this process, the solid electrolyte interphase (SEI), a protective layer
on the surface of the anode active material composed of electrolyte solvent components and
lithium, is formed [8]. If the formation begins prematurely, it could lead to inhomogeneous
SEI development, capacity loss or partial layer detachments due to current fluctuations.
Instead of acting as a protective layer, an inhomogeneous SEI would block the transfer
of ions within the cell and decrease the capacity and lifespan of the cell [9]. Hagemeister
et al. have shown the effects of a premature formation, detailing that a wetting degree of
at least 98% is required before first charging the cell [10]. The mentioned trend towards
a higher number of electrode layers and thicker coatings increases the surface area that
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needs to be covered with electrolytes during wetting [6]. Since the void volume in the
cells is limited, it may require several dosing steps to fill the entire electrolyte volume
into the cell. This is especially true for larger prismatic or cylindric cells, which results in
process times of up to three weeks [11]. The facilities and handling steps required for the
dosing, wetting and formation sub-processes of cell finalization represent an additional
cost factor during large-scale LIB production [11]. Decreasing the wetting time of LIB is one
method to reduce the overall production costs [12], which is commonly done by inducing a
lower-than-atmospheric pressure, such as 100 mbar, in the cell [13].

The wetting degree is defined as the ratio of the electrolyte infiltrated by the cell stack’s
pores to the total available pore volume. In industrial cell production, the amount of excess
electrolyte is minimized since the unnecessary electrolyte decreases the specific gravimetric
energy density and increase production costs [14]. Additionally, multiple dosing steps
may be required to fill the entire amount of the electrolyte due to the limited void volume,
especially in large-format prismatic cells [15], which motivates the optimization of each
dosing step. Knoche et al. visualized the process of electrolyte filling and cell wetting by
neutron radiography (NR) [16]. Electrochemical impedance spectroscopy (EIS) is another
way to measure wetting [17] and could be potentially used as an inline measurement of the
wetting degree of LIB [18].

Although experimental studies of the electrolyte filling process have been performed
for several years, research based on a simulative approach is less common. Knoche et al.
developed a process model to describe interdependencies and cause-and-effect relations,
which provides a qualitative overview of the process but provides few quantitative re-
sults [19]. Another approach for modeling the electrolyte filling process is using analytical
relationships such as the Lucas –Washburn equation to describe the capillary forces acting
in the porous battery electrode [20,21]. An application of this approach has been explored
by Günter et al. [22]. Sauter et al. [23] analytically modeled the separator gas entrapments
and their effect on the ionic conductivity.

Another way to model the flow of liquid through a porous structure is by using
computational fluid dynamics (CFD). The filling process is well suited for the application
of CFD to simulate the electrolyte flow. One such approach is using the Lattice Boltzmann
model (LBM), as first described by Lee et al. [24] and later applied to describe the effect on
the electrochemical performance of the cell [25]. The simulation of laminar flow through
porous media, as shown by Piller et al. [26] is applied in a variety of fields. Neumann et al.
studied liquid displacing gas in thin porous layers [27] and later applied it to the electrolyte
filling process of LIB [28]. Shodiev et al. [29] were the first group to apply the LBM to offer
direct insights into the effects of structural parameters like porosity and share of active
material on the wetting rates of LIB. The CFD work performed by the various research
groups focuses almost exclusively on small sections of the porous battery components
without taking a macroscopic perspective of the cell design, the dosing step or process
parameters such as pressure or temperature into account. The objective of this work is to
study the effects of process parameters on the electrolyte filling of LIB with a simulative
approach.

2. Experimental Setup

The filling process, as detailed in the introduction, is split into the dosing and the
wetting processes. Within the scope of this work, the designation of macro refers to the
process of dosing the electrolyte liquid into the cell housing, and the designation of micro
refers to the wetting of pore structures with the electrolyte. Due to the different time and
size scales, two distinct models are set up for the simulations, respectively.

2.1. Concept of the Model

In order to develop a model of the electrolyte filling process, factors such as the
cell format, material system and process parameters are considered. Figure 1 shows an
overview of the concept for the model. This includes how the data for the geometries



Batteries 2022, 8, 159 3 of 15

and material properties are acquired and processed, as well as the parameters considered.
First, the initial situation is assessed: the cell geometry of the housing, cell stack and
spacer as well as the material properties of the electrodes, the separator and the electrolyte.
These are often determined by the cell design and are therefore handled as given from a
production perspective. In the following step, the initial conditions are converted into a
computer-aided design (CAD) model. In the macro environment (dosing), it is the empty
cell volume not occupied by the cell stack. For the micro approach, the pore structure of a
cathode active material is modeled. Once the geometry is set up, boundary conditions are
applied and a mesh is generated. Suitable simulation parameters are determined for the
dosing and wetting simulations. Since the time scales of the macro and micro simulations
are significantly different (seconds vs. hours) [13], the simulation runs are carried out
independently of one another. For the macro simulations, wetting is neglected and the
electrode is considered a black box. For the micro simulations, the dosed volume provides
an electrolyte reservoir for the micro environment. These are called the source and the sink
within the simulations, as shown in Figure 1.
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Figure 1. Overall concept of the model showing how the macro and micro scales are built and
connected to represent the entire filling process.

2.2. Data Acquisition and CAD Model

The macro and micro models were created with different types of data. In the case of
the macro model of the void volume within the cell, normed specifications of a standard
cell format were used. In this case, a plug-in hybrid electric vehicle (PHEV) cell according
to DIN91252 [30], known shorthand as PHEV1, was the basis for these studies. The outer
dimensions of the can are roughly 173 mm × 85.7 mm × 21 mm. For the macro simulation
the size and location of the void volume was needed, which was determined by the cell
stack, the spacer and the current collectors. A detailed overview of the cell components has
been shown by Günter et al. [15]. The geometry for the corresponding void volume was
then created based on the size and position of the various components.

For the geometry used in the micro simulations, X-ray micro-computed tomography
(micro-CT) images were taken as a basis to virtually reconstruct the pore volume and
generate a 3D model from it. Although 3D-tomography is characterized by being time-
consuming and requires advanced equipment, the benefits of this method far outweigh
stereological procedures [31]. The particle arrangement of an electrode takes on a unique
form during the production process, which is why there is no defined norm for the structure
of an electrode usable for the micro simulation. During processes such as coating and
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calendering, the electrode particles shift and arrange themselves in a random manner,
varying the particle and pore structure throughout the electrode [32]. The electrode chosen
to represent the cell stack is based on raw tomography data from Ebner et al. and was
segmented to a control volume of 8.88 µm × 25.16 µm × 25.15 µm [33]. It is based
on a cathode with 96 wt.% LiNi1/3Co1/3Mn1/3O2 (NMC111) and a porosity of 45% [33].
Modeling the entire stack, which consists of an anode, cathode and separator, would require
additional CT-scans as well as significant computational power. For this reason, existing
open-source data for the cathode material was used within the scope of this work with the
potential for future expansion. In the case of a PHEV1 cell with electrode width of about
135 mm, this represents about 0.026% of the entire electrode width. For the simulation and
experimental work, an LP572 electrolyte (BASF, Germany) consisting of a solution of 1 M
LiPF6 in a mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (ratio of
3:7) with 2 wt.% vinylene carbonate (VC) was used. The material properties for the LP572
electrolyte and nitrogen remain constant between the macro and micro simulations, for
which the values are shown in Table 1.

Table 1. Material properties of the electrolyte (LP572) [34] and nitrogen [35] for the micro and macro
simulations.

Quality Unit Electrolyte Nitrogen

Density ρ kg/m3 1190 1.138
Molar Mass M g/mol 105.76 28.01
Dynamic Viscosity η kg/ms 0.0025 1.663 × 10−5

Reference Temperature Tre f
◦C 20

Surface Tension σ mN/m 30
Contact Angle θ ◦ 45

The material properties for nitrogen were chosen based on the ANSYS database. For
the studies of varying temperature, the values for the material properties were adjusted
according to Tables A1 and A2 in Appendix A. The values for dynamic viscosity were based
on experimental studies, whereas the surface tension was calculated based on the material
properties of the various electrolyte components [34]. The contact angle was calculated
according to the method proposed by Davoodabadi et al. [36].

The boundary conditions for the micro simulations were adjusted based on the geo-
metrical limits of the CT scan of the NMC cathode structure. Since the goal is to study the
effect of the capillary forces of the porous electrode, the force due to the initial pressure
(pgauge) was negated, as shown in Table 2. This was done by setting the pressure on both
sides of the porous structure to zero, which meant that no forces acted on the electrolyte
due to an initial difference in pressure. Any fluid flow could therefore be attributed to other
factors, such as the capillary forces. The outer boundary conditions (cx, cy and cz) were also
set to zero so that fluid can only flow through the defined in- and outlet (ctangential). For the
macro simulations, the wall and symmetry boundary conditions were the same as for the
micro simulations. Due to the variations in process parameters of the dosing, the boundary
conditions for the pressure inlet and pressure outlet were set according to the experimental
setup.

Table 2. Boundary conditions for the micro simulations.

Boundary Conditions Region Setting

Pressure inlet Flow in pgauge = 0
Electrolyte Backflow = 100%

Pressure outlet Flow out pgauge = 0
Wall Pore surface cx = cy = cz = 0
Symmetry edge surface ctangential 6= 0
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2.3. Meshing of Fluid-Carrying Volumes
2.3.1. Macro Scale: Void Volume of the Can

The goal during meshing is to find a good tradeoff between accuracy and reasonable
calculation times. To achieve this, mesh complexity is added in critical regions such as the
inlet port of the macro simulations. The mesh of the entire can void volume is shown in
Figure 2a. A rectangular mesh was used for most of the volume, with the exception of the
filling inlet port. At this specific point, the shape of the mesh was adjusted to better suit
the cylindrical port, as well as increase the resolution, because this is a critical component
during the fluid flow. A detailed view of the mesh in this area is shown in Figure 2a. An
in-plane symmetry axis was assumed for the entire macro simulation since the void volume
of the can is symmetrical, which allows for the visualization of the wetting degree within
the cell.
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A convergence study was performed to determine the quality of the generated mesh.
The goal of this study was to find the minimum number of mesh elements, after which
the quality of the simulation no longer significantly improves with more elements. This
method aims to find the trade-off between high resolution and reasonable calculation time.
The results of the convergence study are shown in Figure A1 in the appendix. Roughly
40,000 elements are sufficient to model the dosing of a PHEV1 cell on a macro scale, and
additional elements do not significantly increase the quality of the simulation results.

2.3.2. Micro Scale: Void Volume of a Porous Electrode

Although the micro simulation is physically much smaller than the macro simulation,
the intricacies take a larger role in appropriate meshing. Whereas critical regions in the
macro simulation could be identified and detailed quite easily, the entire micro environment
is a network of cavities through which the electrolyte flows evenly. A uniform mesh with
approximately 550,000 elements was chosen based on convergence studies such as those
used for the macro simulation. Figure 2b shows the meshed control volume for the micro
simulation, as well as a comparison with a scanning electron microscope (SEM) image of
an electrode. The larger spherical regions represent the cathode active material particles,
as captured by the CT scan, since the meshed area between particles represents the void
volume in which the electrolyte can flow. Finally, the empty white regions characterize
the contact area, either between particles or between a particle and the outer boundary
condition.
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2.4. Parameter Variation for the CFD-Simulation

Before the dosing begins, the cell undergoes a series of evacuation and flushing
cycles [22]. A pressure difference between the void volume inside the cell and the filling
port acts as one of the main driving forces during the dosing step of the electrolyte filling
process. In the first process parameter study, the effect of a pressure variation was studied
using the macro simulation. The absolute dosing pressure was set to either 1000 mbar or
2000 mbar and the absolute evacuation pressure was varied between 40 mbar and 400 mbar.
The process parameters for the evacuation and gassing pressure were based on previous
experimental studies, published by Günter et al. [22]. During the experimental filling
process, the pressure applied to the cell causes elastic deformities to the housing of the
cell. For the simulations within this work, the cell was assumed to be completely rigid to
keep the computational complexity manageable. In the second study, the temperature of
the liquid electrolyte and gaseous nitrogen was varied in a range between 0 ◦C and 50 ◦C
based on the same experimental studies [22]. The volume fraction of the electrolytes was
monitored throughout the simulation runs and is defined by the volume occupied by the
electrolyte as a fraction of the total void volume of the cell. Next, the macro simulations
were verified using NR images. NR works because the hydrogen in the chemical structure
of the electrolyte absorbs the neutron beam and all other cell components allow the beam
to pass through. By evaluating the greyscale values of the recorded images, the location of
the electrolyte, and thus the wetting progress, was shown. Reference values from Günter
et al. were used for both the simulative and the experimental setup [15]. Finally, the micro
simulation neglected the process parameters pressure (p) and temperature (T) to show the
effect of capillary forces acting on the porous electrode. These four studies are detailed in
the following section.

3. Results and Discussion

The developed model was used to study the effects of pressure and temperature
during the filling process. In the first step, the dosing of the electrolyte into the void volume
of the can was examined.

3.1. Macro Simulation: Effect of Pressure and Temperature on the Dosing of Electrolyte

Figure 3 shows the simulation results of the dosing of the electrolyte into the void
volume of a PHEV1 cell in selected time steps. The filled-in colored areas represent the
regions where the electrolyte has taken up the void volume of the cell. The electrolyte
enters the cell due to a pressure difference between the void volume and the cell inlet. The
absolute pressure of the void volume (pinit) was set to 50 mbar and the absolute pressure at
the inlet (pinlet) was set to 300 mbar. Thus, a pressure difference (∆p) of 250 mbar promoted
the electrolyte into the cell. At t = 0.05 s, the electrolyte has entered the cell and begins to
flow around the top-left corner of the cell stack. The electrolyte continues to flow through
the filling port located at the top of the cell. After 0.40 s, more of the electrolyte continues
to enter the cell and begins to accumulate at the bottom. Even after 1.00 s, the electrolyte
continues to enter the cell as shown, which indicates that the dosing is not yet complete. At
that point, the fluid has completely taken up the bottom of the cell and begins to surround
the cell stack. The remaining gas in the cell, originating from the macroscopic void volume,
flows to the top of the cell while the fluid continues to take up the void space. This becomes
visible through streaks of the space previously occupied by the nitrogen. After 15 s, the
desired electrolyte volume has been dosed into the cell and settles at the bottom of the can
and the process is finished.
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Figure 3. Results of the macro simulation showing the electrolyte flow through the cell after dosing
during time steps (a) 0.05 s, (b) 0.2 s, (c) 0.4 s, (d) 0.6 s, (e) 1 s and (f) 15 s of dosing time. The initial
pressure in the void volume (pinit = 50 mbar) and dosing pressure at the cell inlet (pinlet = 300 mbar)
generated the pressure difference (∆p = 250 mbar) for the electrolyte dosing. The temperature of the
cell and of the electrolyte were set to 25 ◦C.

The time scale of the dosing process is consistent with values found in literature such
as by Günter et al. [15]. Small gas entrapments are still visible at the bottom of the cell,
which are caused by the fluid rushing in and compressing these pockets. These observations
are consistent with experimental studies and are shown in the validation with NR images
in Section 3.2. Small gas entrapments are still seen at the bottom of the cell, which are
caused by the fluid rushing into and compressing these pockets. Nonetheless, most of the
residual gas accumulates at the top of the cell, as expected for this multi-phase system of gas
and liquid. This type of simulation was performed for various pressure and temperature
scenarios, of which the results are shown in the following sections.

3.1.1. Influence of Pressure

As shown by Weydanz et al., one of the governing factors during the filling process
is the pressure difference between the mostly evacuated cell and the filling port [13]. The
qualitative analysis, as shown in Figure 3, presents the fluid flowing through the cell void
volume with fixed process parameters. In this study, the evacuation and dosing pressure
were varied to analyze the effect on the mass flow and volume of the electrolyte filled into
the cell. The evacuation pressure varied between 40 mbar and 400 mbar and the dosing
pressure between 1000 mbar and 2000 mbar, as detailed in Section 2.4.

Figure 4 shows the mass flow through the filling port and electrolyte volume fraction
in the void volume of the can over time. The solid lines show the electrolyte mass flow.
For both cases (1000 mbar (a) and 2000 mbar (b)), the mass flow increases as the evacua-
tion pressure decreases, which is reasonable since a larger pressure difference causes an
increased flow speed. The total dosed volume was taken as the integral of the mass flow
and is shown by the dashed line. Figure 4 shows that, in regard to the total dosed volume,
a similar observation is made; higher pressure differences (meaning lower evacuation
pressure) lead to a higher electrolyte volume fraction.
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The overarching goal for the dosing process is to decrease the machine occupancy time
of the cell while increasing the electrolyte quantity dosed in one single step. Decreasing
process times will increase the production throughput and lead to a decrease in the fixed
costs per cell. Figure 4 shows significant differences in the electrolyte volume fraction as
an effect of varied evacuation and gassing pressures. By reducing the evacuation pressure
from 400 mbar down to 40 mbar, the electrolyte volume fraction dosed was improved from
57% to 94%, respectively, with a gassing pressure of 1000 mbar. If the latter is increased to
2000 mbar, the described decrease in evacuation pressure leads to an improvement from
78% to 98%, respectively, with regard to electrolyte volume fraction. Based hereon, the
right process design leads to a decrease in the number of required dosing steps. Even in
cases where the overall number of dosing steps cannot be reduced, knowledge of which
process parameters are required to fill a desired electrolyte quantity significantly helps to
optimize the overall process design.

Furthermore, the relationship between the evacuation and dosing pressure was ana-
lyzed regarding the process design. By decreasing the evacuation pressure from 400 mbar to
40 mbar in the simulation (Figure 4a), the electrolyte volume fraction increases by roughly
40%. Conversely, if the evacuation pressure is set to 40 mbar and the gassing pressure
varied from 1000 mbar to 2000 mbar, the electrolyte volume fraction increases by only
4%. These results are consistent with those of experimental process studies from previous
works [22]. Achieving a low evacuation pressure is essential, while adding a gassing
pressure provides a marginal improvement in the electrolyte volume fraction. Therefore,
it is recommended to prioritize the evacuation pressure when choosing manufacturing
equipment or defining a set of process parameters for electrolyte filling in LIB production.
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3.1.2. Influence of Temperature

Another critical parameter is the temperature of the cell and its components during
the filling process. Not only does the average temperature play an important role, but
the temperature gradients between the nitrogen and the electrolyte do as well. This
interrelationship was examined in Figure 5. The parameters used for the study were
a gauge pressure of 1000 mbar, an evacuation pressure of 100 mbar and an initial gas
temperature of 25 ◦C. The results of the study in Figure 5 are shown based on the electrolyte
volume fraction shown on the left axis.

Batteries 2022, 8, x FOR PEER REVIEW 9 of 15 
 

only 4%. These results are consistent with those of experimental process studies from pre-
vious works [22]. Achieving a low evacuation pressure is essential, while adding a gassing 
pressure provides a marginal improvement in the electrolyte volume fraction. Therefore, 
it is recommended to prioritize the evacuation pressure when choosing manufacturing 
equipment or defining a set of process parameters for electrolyte filling in LIB production.  

3.1.2. Influence of Temperature 
Another critical parameter is the temperature of the cell and its components during 

the filling process. Not only does the average temperature play an important role, but the 
temperature gradients between the nitrogen and the electrolyte do as well. This interrela-
tionship was examined in Figure 5. The parameters used for the study were a gauge pres-
sure of 1000 mbar, an evacuation pressure of 100 mbar and an initial gas temperature of 
25 °C. The results of the study in Figure 5 are shown based on the electrolyte volume 
fraction shown on the left axis. 

 
Figure 5. Electrolyte volume fraction as a function of gas and electrolyte temperature. Dosing pres-
sure (1000 mbar), initial evacuation pressure (100 mbar) and an initial gas temperature (25 °C) are 
constant. 

The results of this hypothetical study show an increase of the electrolyte volume frac-
tion as the temperature of the liquid electrolyte decreases. When the electrolyte tempera-
ture increases relative to the gas temperature, the amount of dosed electrolyte decreases. 
At a first glance this seems counterintuitive, since the literature shows that an increase in 
temperature increases wetting speeds. This is because previous studies only focused on 
an increase or decrease of the temperature of all components, while this study examines 
temperature differences only between the liquid and gaseous phases. When the liquid has 
a low temperature (e.g., 0 °C), it will cool down the gaseous nitrogen, which causes it to 
contract and leave more space for the liquid. Conversely, if the temperature of the electro-
lyte is elevated (e.g., 50 °C), then the temperature of the gas will increase, and the volume 
of the gas will consequently expand as the quantity of the dosed electrolyte decreases. The 
optimum parameters of the study are at the system limits when the temperature differ-
ence between the electrolyte and gas is the greatest (0 °C and 50 °C respectively), which 
results in a volume fraction of 89.4%. Beyond the studied temperature limits, a similar 
trend of the electrolyte volume fraction is expected but could damage the electrolyte and 
pose safety concerns, which needs to be assessed for each application individually.  

These observations follow the temperature dependencies based on the ideal gas law. 
Additionally, the overall effects of temperature variation during dosing seem to be less 
significant than pressure variations. While an optimization of the filling degree through 

Figure 5. Electrolyte volume fraction as a function of gas and electrolyte temperature. Dosing
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are constant.

The results of this hypothetical study show an increase of the electrolyte volume frac-
tion as the temperature of the liquid electrolyte decreases. When the electrolyte temperature
increases relative to the gas temperature, the amount of dosed electrolyte decreases. At
a first glance this seems counterintuitive, since the literature shows that an increase in
temperature increases wetting speeds. This is because previous studies only focused on
an increase or decrease of the temperature of all components, while this study examines
temperature differences only between the liquid and gaseous phases. When the liquid has a
low temperature (e.g., 0 ◦C), it will cool down the gaseous nitrogen, which causes it to con-
tract and leave more space for the liquid. Conversely, if the temperature of the electrolyte
is elevated (e.g., 50 ◦C), then the temperature of the gas will increase, and the volume of
the gas will consequently expand as the quantity of the dosed electrolyte decreases. The
optimum parameters of the study are at the system limits when the temperature difference
between the electrolyte and gas is the greatest (0 ◦C and 50 ◦C respectively), which results
in a volume fraction of 89.4%. Beyond the studied temperature limits, a similar trend of the
electrolyte volume fraction is expected but could damage the electrolyte and pose safety
concerns, which needs to be assessed for each application individually.

These observations follow the temperature dependencies based on the ideal gas law.
Additionally, the overall effects of temperature variation during dosing seem to be less
significant than pressure variations. While an optimization of the filling degree through
temperature variation leads to an increase of roughly 2.5% (Figure 5), properly setting
up the process parameters for pressure has the potential to improve up to 40% (Figure 4).
From a production standpoint, it is beneficial to focus on pressure optimizations as a first
step, rather than vary the temperature, to improve the dosing step of the electrolyte filling
process.



Batteries 2022, 8, 159 10 of 15

3.2. Verification of the Macro Simulations Using Neutron Radiography Measurements

The qualitative simulations of the filling process, as shown in Figure 3, illustrate how
the electrolyte enters the cell through a filling port. In order to verify these simulations, the
filling process was recorded using NR to highlight the areas of the cell that are filled with
the electrolyte liquid. This approach is detailed by Günter et al. [15] and has been applied to
the images shown in Figure 6 in order to compare the simulations to the experimental filling
data. The goal of the study was to verify if the observations from the simulation correspond
to experimental studies, for which the qualitative comparison is the most appropriate at
the current stage.
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steps (a) before dosing, (b) 0.25 s after dosing and (c) 15 s after dosing. The initial pressure (pinit = 50 mbar),
pressure difference (∆p = 250 mbar) and temperature (T = 25 ◦C) are set as process parameters.

The empty cell is shown at a time of 0 s in Figure 6a. The simulations show that no
fluid has entered and the NR image is completely white, which indicates the same. At a
time of 0.25 s in Figure 6b, the dosing has begun and the electrolyte begins to flow into
the void volume of the cell. The areas with the highest electrolyte concentration, such as
the filling port and bottom corners, are shown in red in the simulations. Similarly, the NR
images show the electrolyte concentrations that are indicated by the darker areas, which are
seen in the same regions as the simulations proposed (filling port and bottom left corner).
Finally, Figure 6c shows the cell after the dosing has finished and the electrolyte is settled,
after roughly 15 s. Both the simulation and NR image show similar patterns regarding
the location of the electrolyte liquid. Moreover, similarities in the areas where the excess
gas accumulates are shown, which verifies the validity of the simulations. It is important
to note that this is a qualitative check of the simulation results of the images captured
in-operando while filling a battery cell. Further tests such as NR or X-Ray tomography,
which produce 2D images, are required to validate the model.

3.3. Micro Simulation: Modeling the Capillary Forces during Electrolyte Wetting

After dosing the liquid into the void volume of the cell, the wetting begins immediately.
This is the most time-consuming part of the electrolyte filling process and it takes up to
multiple hours based on factors such as cell geometry [15] and process parameters [22].
Due to the large size of the cell compared to the small pore volumes, a simulation of each
individual pore throughout the entire wetting of an entire cell is not yet possible with
current models. Therefore, a small section of electrode material has been chosen as a
sample to simulate the flow of the electrolyte through the porous active material. In this
work, the rendering stems from a CT scan of an NMC111 cathode, as detailed in Section 2.4.
This 25 µm wide section represents approximately 1/5000th of the entire cell width. The
simulation results of the liquid flow through the porous channels are presented in Figure 7.
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Figure 7. Micro simulation results of the electrolyte flow during the wetting of the cell during time
steps (a) 0.0 s, (b) 3.9 × 10−5 s, (c) 2.5 × 10−5 s, (d) 1.0 × 10−5 s, (e) 1.6 × 10−5 s and (f) 2.5 × 10−5 s
of filling time. Each section represents a small section (3 × 10−5 m, or 30 µm) of the battery electrode.
Fluid starts on the left side of the cell and slowly enters the gas-filled pores. Process parameters such
as pressure and temperature are neglected, and the fluid moves purely due to the capillary forces
acting on the porous media.

As the electrolyte flow progresses through the porous media, the electrolyte shown
in red takes up the space of the nitrogen in blue. A small flow front is evident where the
phases interact (visible in green in Figure 7). Since the pressure difference was set to zero,
gravitational forces were neglected and there was no initial velocity, thus the capillary
force was the only one causing the fluid to move throughout the volume. The balance
of the forces then resembled a capillary rise effect, which causes fluid to flow through a
tube without the effect of pressure or inertia [37]. In this case, the tube is modeled by the
pore network of a battery electrode through which the electrolyte can then flow, as shown
in Figure 7. The high resolution provides insight into the gas entrapments and acts as a
baseline for further investigations of the effects of pressure and temperature on a micro
scale. These results show that, due to the visualized gas entrapments, a wetting degree
of 100% is almost impossible on the cell level. The feasibility of the approach is verified,
but further scale-up and the implementation of process parameters are required to provide
insight on realistic wetting conditions. For example, information such as flow speed can
be used to scale up the wetting simulation by end users depending on the individual cell
size, the wetting direction or the material system. The setup of the micro simulation shows
that it is possible to model capillary forces acting on an electrode during electrolyte wetting
using the commercially available Software ANSYS Fluent.

4. Conclusions

The electrolyte filling, as a bottleneck within the process chain of battery production,
is characterized by long throughput times and a high cost of experimental studies required
to ramp up stable and optimized processes. Additionally, there are limited visualization
possibilities for studying the fluid flow through and into the porous cell components.
Within this work, sub models for dosing and wetting were set up using CFD simulation for
both processes.

During the first part of the filling process, the electrolyte is dosed into the void volume
of the cell and surrounds the cell stack. Previous studies focused almost exclusively on
wetting, though the dosing is a crucial part of the filling process. As new cell concepts
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decrease the void volume of the cell, which is necessary for dosing the electrolyte liquid, the
dosing step will continue to gain importance. Any improvement to the dosing will increase
the production efficiency and decrease the manufacturing costs. Therefore, the effect of
pressure and temperature on the dosing process was studied in detail using the developed
macro simulation. It was shown that a low evacuation pressure and a high dosing pressure
are conducive to the dosing process, which was consistent with experimental findings
in the literature [22]. Furthermore, process studies of the evacuation pressure provide
a greater improvement to the dosing than increasing the gassing pressure. The studies
of temperature showed that a low electrolyte temperature and a high gas temperature
marginally improve the amount of the electrolyte that can be dosed due to the expansion
and contraction of the respective phases. Finally, images from NR were used to verify the
results of the model, which showed a consistency between the simulation and experimental
studies. As depicted throughout the work, the developed partial models were applied
to accelerate and improve the electrolyte filling process by choosing appropriate process
parameters for the given cell system. As next steps, the two sub models will be combined
to create a unified filling model, which allows for the performance of simulation studies
and ultimately helps to further decrease the cost of ramp-up phases and series production
of LIB.
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ANSYS Engineering simulation software
BMBF German Federal Ministry of Education and Research
CAD Computer aided design
CFD Computational fluid dynamics
CT Computer tomography
DIN German standards agency
EC Ethylene carbonate
EMC Ethyl methyl carbonate
LBM Lattice Boltzmann methods
LIB Lithium-ion batteries
NMC Lithium-Nickel-Manganese-Cobalt-Oxide
NR Neutron radiography
PHEV Plug-in hybrid electric vehicle
SEI Solid electrolyte interphase
SEM Scanning electron microscope
VC Vinylene carbonate
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Appendix A

Table A1. Temperature dependent on the dynamic viscosity of the electrolyte.

Temperature in ◦C Dynamic Viscosity in kg/ms

50.0 0.000821
37.5 0.001184
25.0 0.001767
12.5 0.002745

0 0.004464

Table A2. Temperature dependent on the surface tension and contact angle of the electrolyte.

Temperature in ◦C Surface Tension in mN/m Contact Angle in Degrees

50.0 36.49 41.36
25.0 33.54 35.26

0 30.59 26.45
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