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Knowledge of the local electrode potentials within the battery cell is essential for a safe and optimal operating
window, as well as innovative fast charging strategies of lithium-ion batteries. Three-electrode test cells facilitate
measuring the individual electrode's behavior during operation. However, transferring test cell results to large-
scale commercial (pouch) cells is not straightforward. In this paper, we investigate the comparison of an auto-
motive 60 Ah pouch cell with three-electrode cells built out of extracted electrodes from the pouch cell and
standard components for the separator and electrolyte, using a commercial test cell housing. We found that the
measured voltage behavior of both cell types differs significantly for C-rates higher than C/4 and fast changing
current loads, such as pulse profiles or Worldwide Harmonized Light Vehicles Test Procedure cycles. This
discrepancy hinders the direct transfer of test cell results to large pouch cells. To address this issue, we intro-
duced an equivalent circuit model that incorporates an ohmic correction factor to bridge the experimental data
and pouch cell behavior. The model's parameters are derived from the half-cell impedance data measured,
enabling the investigation of local potentials at the anode and cathode within the simulation framework. We
achieved a good correlation and reproducibility for rapidly changing current loads. The methodology presented
demonstrates a good potential for fast and significant parametrization of simulation models by utilizing the
extracted electrode material of the pouch cell and easily obtainable standard separators and electrolytes with a
very high reproducibility.

the electrodes in the context of the full cell behavior. Different formats in
lab scale, such as coin cells [4-14], to which the experimental cells
belong, or single layer [11-13] and multilayer pouch cells

1. Introduction

A profound knowledge of the behavior of both electrodes within a

lithium-ion battery is necessary for a fundamental understanding of the
battery cell's performance. The anode is a limiting factor especially for
certain operations, such as fast charging, due to lithium plating when the
potential at the anode drops below 0 V vs. Li/Li™ [1-3]. The knowledge
of local processes is crucial for the determination of safe and optimal
operating windows on a cell level. The use of simulation models based
on the individual half-cell behavior of the anode and cathode enables an
efficient and targeted optimization process of the battery performance.
Optimized fast charging conditions and loading profiles, for example,
could be derived with a deeper understanding of the local anode
behavior.

There is no simple way to measure the individual electrode behavior
within commercial cells, such as automotive pouch cells, during oper-
ation. Therefore, lab scale cell formats, such as experimental cells (three-
electrode test cells), are useful and widespread tools for investigations of
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[5,9-11,13,14], are used for systematic investigations on the electrode
level. The individual components, such as the electrolyte, active mate-
rials or separator, can be varied easily and, thus, different setups can be
investigated.

The same electrode, electrolyte and separator materials are used for
the assembly of different cell formats, and the performances, consid-
ering the different formats, are compared in many studies [5,10-12,14].
Mostly pristine materials are used for the experimental setup, but in the
case of the electrodes, they can also be extracted from commercial cells
through careful cell opening and preparation. However, regarding
commercial automotive cells, the exact configuration of the electrolyte
and separator are, in most cases, unknown and the replication of these in
experimental setups is not easily achieved. Companies, such as EL-Cell
GmbH, offer cell housings and standardized components, including
separators and reference electrodes, for the reliable and significant
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performance of experimental cells. Three-electrode setups can be built
with these components, the electrodes extracted from the commercial
cell and the behavior of the individual electrodes measured.

Nonetheless, quite high differences regarding the cell area and,
therefore, the capacity as well as the resistance of the experimental and
the pouch cell exist, and the question arises to what extent conclusions
from the experimental cell with a standard separator and electrolyte can
be drawn to the commercial pouch cell.

To the best of the authors' knowledge, a profound comparison of the
behavior of experimental cells to commercial cells and a transfer of the
insights gained for the modeling of the commercial cell behavior on the
basis of experimental cell parameterization can only be found to a quite
small extent in literature. In cases where experimental cells are used for
the parametrization of models of commercial cells, the impedance data
of the experimental cells is simply multiplied by an area scaling factor
[15]. The experimental data is more often used for a direct modeling of
only the experimental cells and not the commercial cell or to gain pa-
rameters of the electrode materials [16,17]. A general experimental
analysis of differences between pouch and coin cells is shown by Son
et al. [14] and, as a result, the difference in the scale of the impedance is
named as the main cause for differences in the rate performance.
However, there is no mention of what consequences this could have for
modeling the pouch cell using the coin cell data. In more cases, a broader
comparison of different cell formats is shown [5,9,11,12], again
comparing only experimental data. Hereby, the coin cells are often used
as a reference and for pretesting the electrodes, and the best variants are
then assembled in pouch cells. The degradation behavior of commercial
cells and coin cells are experimentally compared in some aging studies
[18] but with the result that coin cells are not suitable for the aging
prediction of commercial cells.

Considering either an experimental or a modeling level, but not both
at the same time, is common in all works found. Furthermore, a setup
with standardized components for the experimental cells is rarely used
when considering different formats. Additionally, possible causes and
resulting effects of the differences in the setup of the cells and their
performance are only mentioned to a very limited extent.

In this work, we show a systematic experimental comparison of the
pouch cell and experimental cell behavior. We discuss under which
operation conditions, such as C-rate and temperature, conclusions can
be drawn from the experimental compared to the pouch cell. The
measurement of significant half-cell impedance spectra for the individ-
ual electrodes is presented and it is shown that the combination of the
half-cell impedances resembles the full cell behavior correctly. Thereby,
the inductive loop in the impedance of the individual electrodes of
experimental cell setups, as observed in the literature [19-25], and its
causes are investigated.

Furthermore, we introduce a correction factor to align the behavior
of the experimental coin cell to the automotive pouch cell, which is a
useful tool for the simulation of a pouch cell with half-cell-based data of
the experimental cells. The simulation model developed is described and
the pivotal results are shown and discussed.

The study presented shows the possibility of the simulation of a
pouch cell parameterized with upscaled experimental cell data, which
offers the opportunity to draw conclusions about the individual elec-
trodes in operation and, thus, reveal the respective limitations in
different operating scenarios.

2. Experimental investigations
2.1. Experimental setup — pouch cell

We investigated a commercial automotive pouch cell with 60 Ah
capacity, a graphite anode and NMC cathode (Table 1). The pouch cell
was placed between two individually designed, flowed through, tem-
perature control plates, which are connected to a cryostat (RE1050,
LAUDA Dr. R. WOBSER GMBH & CO. KG) to be able to set the
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Table 1
Specifications of the pouch and experimental cells.

Pouch cell Experimental cell
Capacity 60 Ah 7.49 mAh
Cell Area 20,363.20 cm? 2.544 cm?
Voltage range Umin - Unax 2.5-4.2V 2.5-4.2V

temperature precisely directly on the cell surface. The experiments were
carried out in a VT® 4018 (Votsch Industrietechnik GmbH) climate
chamber to provide a stable temperature environment and safety
throughout the experiments.

The cell was cycled using a CTS and XCTS (BaSyTec GmbH, Assel-
fingen, Germany) battery cell cycler. Electrochemical impedance spec-
troscopy (EIS) measurements were carried out with a Zahner Zennium
(ZAHNER-elektrik GmbH & Co. KG, Kronach, Germany) extended with a
power potentiostat PP241 in galvanostatic mode.

The pouch cell was exposed to 20 CCCV cycles with C/5 at the
beginning of the testing procedure. Afterwards, EIS measurements at
four different temperatures (0, 10, 25 and 45 °C) and various states of
charge (SoCs) (0, 5, 10, 20, ... 90, 95, 100 %) were carried out.

Different temperatures were chosen, because the underlying elec-
trochemical processes like polarization and diffusion are strongly
temperature-dependent and follow mainly Arrhenius law [26].

Additionally, measurements, such as dynamic profiles (Worldwide
Harmonized Light-duty Vehicles Test Procedure: WLTP) and pulses, as
well as constant current charge and discharge cycles were performed.

At the end of the whole measurement procedure, the pouch cell was
discharged with C/10 to the minimum voltage of 2.5 V for preparation of
the cell opening procedure to build the experimental cells.

2.2. Experimental setup — experimental cells

The discharged pouch cell was opened in an argon-filled glovebox
and several anode and cathode sheets were carefully separated and
immediately cleaned with dimethyl carbonate. In a next step, the active
material on one side of each dried electrode sheet was removed using N-
Methyl-2-pyrrolidone. Then, coins with a diameter of 18 mm were
punched out.

The PAT-Cell housing from EL-Cell GmbH [27] is used for all
experimental cells (Table 1) investigated. The commercial set-up from
EL-Cell was chosen because of the minimization of the misalignment of
the electrode with the PAT-Core system and a defined stacking pressure.
The insulation sleeve used has a built-in 220 pm PP fiber/PE membrane
separator and lithium reference ring. An 80 pl standard 1 M lithium
hexafluorophosphate (LiPF6) dissolved in dimethyl carbonate (LP30,
Sigma-Aldrich) was used as the electrolyte.

Regarding the full cells, the cathode was used as the lower electrode
in the setup and the anode as the upper electrode. Accordingly, two
anodes or two cathodes with the same SoC were used for the symmet-
rical cells.

The experimental cells were cycled with a BaSyTec CTS XL Lab and
the impedance spectra were recorded using a Zahner® Zennium PRO
electrochemical workstation extended by a PMUX-S cell multiplexer.

Coin cells in full cell configuration often do not exhibit reliable and
reproducible behavior in the literature [6,8]. To avoid these problems
and achieve significant measurement results, in addition to the careful
assembly, a unified standard cycling protocol was performed with each
cell, so that reproducible capacitances and impedances were achieved.

Afterwards, EIS measurements at four different temperatures (0, 10,
25 and 45 °C) and various SoCs were carried out. Additionally, the same
measurement procedures of the pouch cell (WLTP, pulses, constant
current charge and discharge cycles) were performed with the experi-
mental cells.
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2.3. Measurement techniques

In order to obtain the open-circuit voltage (OCV), C/40 measure-
ments were performed, and the quasi-OCV (q-OCV) gained was used
instead of time-consuming potentiometric measurements.

The cells were stabilized before each EIS measurement until the
voltage gradient was less than 5 mV/h to avoid unsteady conditions. The
time required for this was at least 60 min or, in the longest case, 180
min. The measurements were performed in galvanostatic mode,
whereby linearity was assured by choosing a perturbation amplitude, so
that the resulting voltage amplitude was lower than 10 mV. The fre-
quency range was 100 kHz down to 5 mHz. Eleven steps per decade and
40 measuring periods for frequencies above 66 Hz and five steps per
decade and 4 measuring periods for frequencies below 66 Hz were
chosen for all impedance measurements. These settings led to a mea-
surement duration of 80 min for each impedance spectrum. The chro-
nological order of the EIS measurements of the experimental cells for
each measurement point was: full cell, cathode and anode. Hereby, the
half-cell spectra were measured directly after the previous
measurement.

3. Modeling approach

The pouch cell behavior is simulated with an impedance-based
approach. Therefore, the OCVs and impedances of the anode and cath-
ode of the experimental cells at different SoCs and temperatures are
needed from experimental characterization. Accordingly, a state-of-the-
art modeling approach, consisting of a combination of ohmic resistances
and RC elements, is used, similar to other approaches from literature
[28-30].

Regarding the fitting of the measured impedances, an approach with
ohmic resistance, an RQ element and a transition line model (TLM) is
used for the anode and cathode, similar to established models from
literature [17,31]. The chosen impedance fit accordingly takes into ac-
count the ohmic, polarization and diffusion processes, whereby the
knowledge of the diffusion depends on the selected minimum frequency
of the experimental data. The calculation of the TLM-impedance is
determined with the formula according to Illig et al. [16]:

2
Zrin = ZAVEIN K
sinh (%)

[ €
= 2
. X171+ X2 @

The TLM offers the opportunity to include microstructure properties,
such as porosity, and the electric and ionic conductivity, and is used for
porous electrode structures [16,17,32-34]. These variables are used to
calculate the distributed resistance elements y, and y,, which represent
the electronic and ionic path. The formula used for y; and y, as well as
the parameters utilized are shown in Table 2.

The electrode thickness was measured with a mechanical gauge
(Mahr Micromar 40 EWR with 0.001 mm resolution), and the porosity
was determined from the weight measured, coin area, and electrode
thickness and density. The other values were taken from literature,
whereby the anode tortuosity used was particularly set on a chosen
value, which lies within the range of the very scattered literature values.

Regarding the modeling of the anode and cathode, the only differ-
ence lies in the interface resistance {. The anode has an extra RQ
element, which is due to the SEI [41,42]. This impedance model is based
on RQ elements and the TLM cannot be used straight forwardly for a
calculation of the losses in the time area. Therefore, an RC approxima-
tion is needed for these impedances. A least-square fit is performed for
this conversion, where the difference between the impedance measured

2 2
1 T coth(£> D)
X1+ X2 K
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Table 2

Formulas and parameters for the electronic and ionic path for the TLM model
used. Parameters taken from literature are labeled accordingly. The remaining
values were measured or calculated.

Anode Cathode

Electrode thickness L 70 pm 50 pm
Ton conductivity cion 0.76 Sm™! [16,35]

Electronic conductivity oej e 1000 Sm™! [16,36,37] 29.7 Sm™! [17,35]

Cell area A 2.54 cm?

Porosity ¢ 0.336 0.43

Tortuosity 7 3 [16,38-40] 1.5[17,35,37]

1 L

71'L =Ra = = 0.276 mQ 6.63 mQ

Oeleff A
L =Ry = 21 3280 090Q
X2l = Rion = Gon A . 3

and the impedance calculated with 15 RC elements is minimized. As
closing conditions, the overall resistance as well as the time constants of
the fastest (RQ1) and slowest process (FLW) are used to ensure that the
frequency behavior is equal.

An overview of the equivalent circuit models (ECM) used and the
resulting ECM containing only the ohmic resistance and RC elements is
given in Fig. 1.

The resulting impedances, with Q as the unit, have to be converted
by an area-factor to be able to simulate the voltage behavior of the pouch
cell. Therefore, the cell areas of both cell types as well as the R and C
values are used according to the following equation:

ACoin APouch
, Chew = C———

Pouch Coin

Ruew = R- 3

Due to this conversion, the resulting time constant, which is defined
by the multiplication of R and C, stays equal for each RC element. The
values fitted for each element, depending on the SoC and temperature,
are saved in look-up tables.

For the pouch cell simulation, the time-depending current, fix tem-
perature and starting SoC are needed as input parameter. The model
calculates in fixed time steps the development of the SoC and the
voltage, whereby the according values of the RC elements for each SoC
are calculated during the simulation with an interpolation of the values
in the table. The output of the model is the resulting voltage.

The model described for the simulation of the voltage behavior of the
pouch cell is capable in real-time and was implemented in MATLAB.

4. Results and discussion
4.1. Impedances of experimental cells

4.1.1. Addition of anode and cathode impedance

We compared the sum of both electrodes with the impedance of the
experimental full cell for the verification of the impedances of the in-
dividual electrodes. Therefore, the impedance of the anode and cathode
is added for every frequency point. The comparison of the different
impedances measured at 25 °C for a 10 % SoC can be seen in Fig. 2.

A very good agreement between the combination by addition of both
individual electrode measurements (combined full cell) and the full cell
measurement can be seen. Merely a slight ohmic shift can be observed,
which is consistent over the whole frequency range. This can be seen
directly in the parallel shift of the red curve (full cell measurement) and
the black curve (combined full cell based of the combination of the
anode and cathode) in the Bode plot of the real part in Fig. 2 (c). This
observation is consistent for all measurements under the conditions
mentioned (Section 2.1), thus, only one example is shown here. This
shift is probably due to the measurement of the reference electrode at
the side of the separator and, therefore, not the real geometrical center
of the separator. Nevertheless, this shift is only marginal and does not
dominate the impedance.
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Fig. 2. Comparison of the full cell impedance measured and the sum of the anode and cathode impedance measured for 25 °C and 10 % SoC (a) in the form of a
Nyquist plot, (b) as a Bode plot of the imaginary part and (c) as a Bode plot of the real part.

Due to the individual measurements of the single electrodes, the
contribution of these to the overall full cell performance can be seen and
conclusions can be drawn regarding at which operation point which
electrode is the limiting factor. It is very clear in the results shown that
the cathode impedance is the cause of the main loss process of the full
cell, and, therefore, dominates the impedance for low SoCs.

In summary, these results show that it is legitimate to calculate the
full cell impedance based on the combination of the anode and cathode
impedances, which are measured with the assembly presented. How-
ever, it should be noted that it is not possible to measure quite as high
frequencies in the half-cells as in the full cell configuration without
obtaining artifacts, which is probably due to the Li reference electrode
ring.

This finding leads, as a logical consequence, to the second result, that
it is also legitimate to measure the full cell impedance and only one of
both half-cell impedances and calculate the second half-cell out of both
these measurements. Therefore, only two impedance measurements for
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N
=
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Fig. 3.
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each operating point are sufficient.

4.1.2. Low-frequency inductive loop

A low-frequency loop can be observed especially at anode spectra.
Since this loop causes the imaginary part to become positive in a certain
range, this loop is often called an inductive loop [19-25]. An example of
impedances at 25 °C (a) and 10 °C (b) and different SoCs is given in
Fig. 3.

This loop is pronounced to varying degrees depending on the SoC
and temperature. The proportion of the loop in the total impedance
increases significantly for lower temperatures. The magnitude of the
loop decreases slightly with decreasing SoC and, therefore, a marginal
influence of the SoC can be seen.

This low-frequency loop is observed by many groups and a high
variety of different explanations for it are given. Possible origins, such as
measurement errors due to imperfectly homogeneous electric fields to
the reference electrode [43,44], multistage mechanisms of lithium
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Anode impedances for various SoCs between 20 and 100 % for (a) 25 °C and (b) 10 °C in the Nyquist plot.
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intercalation [45], electrolyte impedance [46] and negative capacitance
effects [47], are given.

As these inductive loops cannot be fitted by typical electrical
equivalent circuit models, the question arises whether physical reactions
are the cause, or only measurement influences are the origin.

At a first glance, the loop is only present in the anode spectra and is
not visible in either the full cell or the cathode spectra. The first
approach in this work was, therefore, to use the measurement of the
cathode and full cell impedance for the calculation of the anode
impedance.

The impedances measured and the anode and cathode calculated can
be seen in Fig. 4.

In Fig. 4 (a) the overview of all impedance can be seen, whereas in
Fig. 4 (b) only the cathodes and in Fig. 4 (c) only the anodes are shown.
It is obvious that the calculated anode impedance also includes the
inductive loop. This leads to the insight that an inductive loop also has to
be present in the cathode impedance. When one zooms in on the area, a
slight loop can also be seen in the cathode impedance, which is usually
not visible due to the higher magnitude of the impedance in contrast to
the anode.

The existence of this loop in the anode as well as the cathode spectra
is a clear indication that it is not an actual physical process of the bat-
tery, but rather a metrological phenomenon of the experimental cell
setup that only shows up when measurements of the lithium reference
ring are performed. The loop is mathematically eliminated by adding the
two spectra and the virtual full cell thus calculated shows, identical to
the full cell directly measured, no low-frequency inductive loop.

Measurements with symmetrical cells were performed for verifica-
tion to check whether the different magnitudes of the anode and cathode
impedances could be the origin of the loop. Therefore, full cells were
built and cycled with the standard protocol mentioned previously. At 50
% SoC, these cells were opened inside the glovebox and the anode and
cathode extracted. These extracted electrodes were then used for the
symmetrical cells.

Only a very slight form of a loop can be seen in the symmetrical cells
with 50 % SoC on either electrode. The charge can be transferred be-
tween both electrodes in symmetrical cells, whereby two different SoCs
of the electrodes can be achieved. With an exemplary shift of 25 %
charge between two electrodes with originally 50 % SoC, one electrode
reaches the 25 % SoC and the other 75 % SoC. Impedances at 0, 25, 50,
75 and 100 % SoC were measured with this method.

The impedances for each SoC of anodes (a) and cathodes (b) are
shown in Fig. 5. The 0, 25 and 50 % SoCs are shown from the lower
electrode in the setup of the symmetrical cell and the 75 and 100 % SoC
from the upper electrode. The scale of the impedance for anodes with 0
% SoC is about five times the impedance at 100 % SoC. The same trend
for the reversed SoC can be observed for the cathodes. A zoom into the
area of the other impedances is shown for the better recognition of the
loop.

The most pronounced loops can be observed in the electrodes with
100 % SoC for the anode and 0 % SoC for the cathode. The opposite
electrodes had the 0 % SoC for the anode and 100 % SoC for the cathode.
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For these cases, the magnitudes of the impedances of the opposing
electrodes differ the most.

The inductive loop can also be observed in symmetrical cells of the
anode and cathode electrodes, whereby the size of the loop increases
with the higher difference of the impedances between the opposing
electrodes. This is an indication that the different magnitudes of the
impedance between the upper and lower electrode is presumably one
cause of the inductive loop, but not the only one.

To sum up these findings, the low-frequency loop is very likely not an
electrode process. We assume that the different magnitudes of the im-
pedances and the geometric position of the lithium reference ring in the
experimental cell setup could be probable origins of this loop. Regarding
the cell investigated, it can be concluded that the cathode dominates the
losses and the visually relatively big inductive loop in the anode
impedance spectra is not significant for the overall impedance behavior
of the full cell.

4.2. Comparison of the impedance and performance of experimental and
pouch cells

4.2.1. Impedance behavior

The measured impedances of experimental coin cells and automotive
pouch cells were systematically compared for different temperatures
and SoCs. As the pouch cell's impedance is strongly influenced at higher
frequencies by the induction of the measurement setup (from the wiring
inter alia), the visual comparison in the Nyquist plot initially leads to the
impression that the impedances differ drastically from one another. The
Bode plots of the real and imaginary part are additionally observed in
order to resolve this.

The Nyquist plot and both Bode plots are shown, and the calculated
differences in the real and imaginary part for every frequency point for
two different SoCs at 25 °C are depicted in Fig. 6.

As mentioned above, the impedance looks very different in the
Nyquist plot for both cell types and SoCs (50 % SoC in Fig. 6 (a) and 10 %
SOC in Fig. 6 (f)). It becomes obvious in the Bode plot of the real part for
a 50 % SoC (Fig. 6 b and d) that the real part has a nearly constant offset
for a wide frequency area. The only exception are the high frequencies,
where the impedance of the pouch cell is dominated by the measure-
ment setup. The imaginary part of both cell types differs only for low and
high frequencies and is identical for frequencies in a range of 0.05-50 Hz
(Fig. 6 c and e). The same trend as described for the impedance data at
SoC 50 % was also observed for SoCs between 30 and 95 % and 25 °C.

The results for decreasing SoC are shown exemplarily for 10 % SoC
and 25 °C in Fig. 6 (f-j). As the SoC decreases, the difference in the
imaginary part increases and is no longer nearly equal to zero (Fig. 6 j).
Additionally, the real-part difference is no longer constant (Fig. 6 i). The
deviation also increases for higher SoCs and temperatures, although to a
much lower extent than for lower SoCs and temperatures. For high SoCs
and temperatures, the contribution of lithium-ion transport in the
electrolyte predominates the losses [16] and is, therefore, leading to the
increasing difference between both cell formats with different
electrolytes.

15 [o mea;. FC ° 'calc. Cacmc -10 "o Ca R 6 [ o Ani “ . f
~ o meas. Ca o calc. An i e | ° ~ measl be,io SLECA
e ‘meas cale [ o Ca I Sl e o An I & o8
S 10| ° meas. An o ° o calc ° [3) calc % % 8
G S 5 G4
E E E=
(b) mn?ﬁwf (c)
10 20 30 10 20 25 2 4 6 8 10 12
Re(Z) / Qcm? Re(Z) / Qcm? Re(Z) | Qem?

Fig. 4. Comparison of measured (meas.) and calculated (calc.) half-cell impedances in full cell (FC) configuration for 25 °C and 50 % SoC: overview of all spectra (a),

cathode (Ca) spectra (b) and anode (An) spectra (c) in the Nyquist plot.
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Fig. 6. Comparison of the impedance in the form of Nyquist and Bode plots from pouch and experimental cells, as well as calculated differences in the real and

imaginary part for 25 °C and 50 % SoC (a-e) and 25 °C and 10 % SoC (f-j).

As the losses increase with decreasing SoC and the characteristic
frequencies of the processes decrease [38,48,49], the differences in the
diffusion behavior, due to the different electrolytes, are presumably
becoming dominant in the impedance behavior, which leads to the
increasing differences of the cells for the lower frequencies.

4.2.2. Correction factor between experimental and pouch cell

The comparison between the impedances of both cell types showed
that a nearly constant ohmic offset exists for medium SoCs and tem-
peratures, which can be easily corrected by a resistance with the value of
the real-part difference. This offset can be explained by the strongly
different thicknesses [50] of the separators of the cells and is subse-
quently physically explicable. This ohmic correction is not quite correct
for lower temperatures and SoCs, as the diffusion behavior particularly
dominates the losses [26] and, therefore, the difference of the electro-
lytes leads to a greater deviation. Nevertheless, this constant factor is a

first step to an alignment of both cell types for these operation points.

The real part of the averaged impedance of each SoC for the fre-
quencies higher than 2 Hz is calculated and the difference for both cell
types is determined for the calculation of this factor. The frequency of 2
Hz is used to ensure that the differences in diffusive behavior are not
included in the calculation in order to obtain a purely ohmic correction
factor. Utilizing this approach, one ohmic correction value is calculated
for each temperature and SoC. This ohmic correction factor can easily be
implemented for the simulation model.

4.2.3. Performance

Different measurement procedures investigating the voltage
behavior were performed for a comparison of the performance of both
cell types. Beside different C-rates for charge and discharge, different
pulse profiles and driving cycles, such as the WLTP, were also per-
formed. Selected examples at 25 °C of these studies for different C-rates
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and one pulse profile are shown in Fig. 7.

Both cell types correlate very well for low C-rates, such as the C/40 in
Fig. 7 (a) discharge shown. Only very small deviations for lower SoCs
can be seen. This is valid for C-rates below about C/4.

The deviations between the cell types increase strongly for higher C-
rates. For the latter, such as the 1C shown in Fig. 7 (b), the overvoltage in
the experimental cells is drastically higher than in the pouch cell and the
charging is stopped at a SoC which is 10 % lower than in the pouch cell.
The existing differences in the separator and electrolyte for higher cur-
rents have a distinctly higher influence and, presumably, the clearly
higher thickness of the separator in the experimental cell is especially
the limiting factor [50]. The electrical contact of the coins is also not
optimal with a planar metallic plunger and might cause higher losses
[2,51].

An extremely large deviation of the cell types can be observed for
dynamic profiles, such as the pulse profile with C/4, C/2, 1C, 1.5C and
2C charge and discharge shown in Fig. 7 (c). This is especially clear for
the ‘drop’ at the beginning of the pulses, which is mainly due to the
ohmic resistance. As shown previously in the impedance comparison,
the ohmic resistance of the experimental cells is higher, and this results
in the higher initial overvoltage of the experimental cells.

The differences between the cells increase, according to the imped-
ance comparisons, with lower SoCs and temperatures. The differences in
the separators and electrolytes in the setup for higher currents, together
with the contacting, become more noticeable and begin to limit the
performance of the experimental cells. This leads to a significant devi-
ation between both cell types in the experimental measurements of the
voltage behavior.

4.3. Simulation results

The model introduced for the simulations is used with the experi-
mental current as the input parameter and the simulated voltage as the
output. The simulation model of the pouch cell is parameterized as
described, based on experimental cell data of the two half-cells' anode
and cathode and the correction factor derived is applied. Four different
cases for exemplary results are shown in Fig. 8.

For the pulses, the simulation case without correction factor is shown
as an example. The strong deviation in the ohmic resistance between
both cell types is distinctly visible for the pulses and it is clear, that the
correction factor introduced is required to align the experimental cell
impedances to the pouch cell. All discussed results are always gained
with the complete model inclusive correction factor. A very good
agreement between the simulation and measurement can be seen for
both cases at 25 °C. The averaged error of the simulated voltage with
correction is 0.7 mV (maximal error is 4 mV, which corresponds to 0.1
%) for the pulses (Fig. 8 a) and 1.4 mV (maximal error 9 mV, which
corresponds to 0.2 %) for the WLTP (Fig. 8 b).

For lower temperatures the differences between the simulation and
measurement increase. For the pulses at 10 °C (Fig. 8 c) the averaged
error is 1.1 mV (maximal error 38 mV, which corresponds to 0.96 %).
Furthermore, a difference in the relaxation behavior can be seen which
results from the different frequency behavior between experimental
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cells and the pouch cell. For the 1C discharge at 10 °C (Fig. 8 d) the
averaged error is 23.9 mV (maximal error 54 mV, which corresponds to
1.6 %). At the constant current simulations, the typical form of the OCV
with plateaus and peaks can be seen, which is a weakness of simulations,
that do not include inhomogeneities within the cells.

The simulation for 25 °C matches the measurement very well for fast
current changes. However, if a constant current is applied for a longer
period of time, the simulation underestimates the losses and there is a
greater deviation. In these cases, the diffusive processes clearly pre-
dominate, which are less well matched by the experimental cell data and
the only ohmic correction factor derived in contrast to the other pro-
cesses. This is an expected result as it correlates with the differences in
the impedances mainly due to the different electrolytes and separators of
both cell types.

Furthermore, the lowest frequency of the measured impedances is 5
mHz, which is not low enough to assume that the diffusion is completely
covered within the impedance. This is particularly the case for the lower
SoC and temperatures, which is why diffusion is more difficult to model
for these conditions. Nevertheless, for lower temperatures also quite
good results can be achieved with the developed fast simulation model,
although the errors increase corresponding to the differences in
impedance as shown in 4.2.1. Additional simulation cases (constant
current charge at 25 °C and one WLTP at 10 °C and one at 0 °C) can be
seen in the supplemental figure.

A dynamic current occurs much more frequently than a constant
current over a longer period of time for typical applications in an elec-
trical vehicle. Furthermore, charging strategies for fast charging are
based on pulses and current reductions when certain criteria are reached
[2] and typically take place at temperatures of at least 25 °C. Current
changes and pulses are already well represented by the model. The
remaining inaccuracy of the model for the scenarios described is, thus,
not limiting and the model already enables reliable and faster than real-
time predictions for a broad spectrum of operating scenarios.

5. Conclusion

The measurement of significant half-cell impedance spectra for the
individual electrodes extracted from an automotive pouch cell with an
experimental test cell setup from EL-Cell is shown in this work, along
with the methodologies needed to build the test cells and determine
significant data. We proved that the combination of the half-cell im-
pedances resembles the full cell behavior correctly, underlining the
capability of the methodology presented.

Thereby, the inductive loop, as observed in the literature, in the
impedance of the anode and cathode of experimental cell setups was
further investigated. We showed by comprehensive measurements that
this is probably caused by the specifics of the Li reference ring of the
experimental setup as well as the different magnitudes of the imped-
ances of the electrodes and not by physical processes at the electrodes.

The measurements of the experimental cell setup with a standard
separator and electrolyte and the automotive pouch cells show a very
good accordance between both cell types for medium SoCs and tem-
peratures for the impedance behavior and for medium C-rates for the

427
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Fig. 7. Comparison of the voltage behavior of both cell types for different cases at 25 °C: quasi-OCV C/40 discharge (a), 1C charge (b) and a pulse profile for pulses

with C/4, C/2, 1C, 1.5C and 2C at 70 % SoC (c).
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discharge with 1C.

performance. The impedances still differ from each other, especially for
lower SoCs and temperatures, where presumably the existing differences
in the setup of the cells in the electrolyte and separator dominate.

The fitted impedances of the anode and cathode from experimental
cell measurements, together with the ohmic correction factor derived
and the OCVs, form the basis for a simple and efficient simulation model
in MATLAB for the replication of the voltage behavior of the automotive
pouch cell. The simulated pouch cell behavior for fast changing current
loads, such as pulse profiles or WLTP, correlates very well with the
measurements, whereas the deviation increases for constant currents
over a longer period of time.

This work showed that a very good simulation of the pouch cell
behavior can be performed with parameterization from experimental
cell measurements using a standardized separator and electrolyte. By
building the model based on the individual electrode data gained from a
full cell configuration with reference electrode, statements can be made
about the limiting electrode in certain application scenarios, such as fast
charging. This represents a significant improvement over a simulation
model that is parameterized only on the pouch cell level, neglecting the
individual process on the anode and cathode.

The replication quality achieved using the correction factor derived
is particularly noteworthy as only the electrodes are extracted from the
pouch cell and standard components for the separator and electrolyte
are used in the commercial experimental cell setup, seemingly a strong
deviation from the pouch cell. This shows a good potential for fast and
meaningful parametrization of simulation models without the need for a
detailed replication of these very difficult to identify and access cell
components. At the same time, the experimental cell setup benefits from
the Li reference electrode enabling measurement of half-cell data
without much effort, which can hardly be implemented in automotive
pouch cells without changing their behavior.

A better correspondence between the pouch cell and the experi-
mental cell impedances outside of the medium temperatures and SoCs is
also required for a higher accuracy of the model. At the same time, this
would probably also increase the compliance for constant current loads.
A systematic variation of the experimental cell setup will be investigated
in a future study for this purpose.

Batteries in applications like electrical vehicles are rarely exposed to
homogeneous boundary conditions like temperatures. The inhomoge-
neous temperatures in turn lead to inhomogeneous electrochemical
behavior in the cell. To take inhomogeneous temperatures and SoCs at
different parts of the large-format pouch cell into account, the model
will be spatially resolved in a next step and additionally coupled with a
thermal model.

Furthermore, this methodology should be applied to other cell
chemistries and cell formats in order to make a more general statement
about whether this approach can be universally applied. Additionally,
for long-term performance analysis of the battery, it is essential to
incorporate degradation mechanisms, such as the increase in the solid
electrolyte interphase (SEI) or dendrite growth, into the model, thereby
enabling long-term predictions of battery behavior.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.est.2025.116812.
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