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Consistent quality of the battery system in battery electric vehicles (BEVs) is highly dependent on
constant quality of the supplied individual cells. Especially for promising, relatively novel material
combinations, cell-to-cell parameter variations may vary over years, since cell manufacturers might have
not yet found the ideal composite to produce cells with high capacity and cycle stability. This study
investigates the development of cells’ capacity, internal resistance and energy density over a time span of

nearly three years for three different batches of the same cell. The cell under investigation is commer-
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cially available and offers a promising material combination of silicon-graphite and nickel-rich NMC.
Differential voltage and differential capacity analysis are used to explain possible reasons for cell-to-cell
variations. As a result, we found significant differences in cell-to-cell variations between the batches. For
BEV manufacturers, this means in particular that they should consider how they can counter the in-
fluence of these cell-to-cell variations through an operating strategy in order to protect themselves in the
long term against regress claims by customers.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

For manufacturers of battery modules and packs, the analysis of
cell-to-cell variations is increasingly becoming a key feature to
guarantee the efficiency of their battery modules and packs over a
lifetime by evaluating and matching the physical properties of
single cells to ensure consistency across the module. The aim of
these analyses is to quantify the variance of the cells’ capacity (C),
the internal resistance (R;j) and the open-circuit-voltage (OCV)
characteristics of the investigated lithium-ion batteries (LIBs) [1].
As a result, battery module and pack manufacturers can reconsider
their so-called cell-matching strategies [2] with our findings in
terms of long-term cell manufacturing variance.

Since the typical production period of vehicle models covers
several years, the cell-to-cell variations can change significantly
during this period due to modified or optimized cell production
processes. In this context, experimental data are often unavailable
and assumptions about the impact of cell manufacturing variance
are based on values from the literature [3]. In particular studies on
possible changes in cell property variance during a long term
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production cycle have not yet been presented in the literature. This
work may help to fill in this gap by presenting cell-to-cell variations
for three different batches over a time span of almost three years.

Cell-to-cell variations often fit a normal distribution [4]. In this
work, the mean values uc and ugr of the measured C and R; are
evaluated together with their standard deviations g¢ and og. The
smaller the values for oc and g, the smaller the dispersion of the
analyzed batch. We apply relative coefficients of variation k¢ and kg,
which represent the percentage by which the standard deviation
varies with respect to the mean value, k = ¢/u. If one aims to
compare different studies, k¢ and kg can be seen as the important
parameters to compare different data sets [5]. However, only a few
publications provide sufficient statistical information about rele-
vant cell-to-cell variations to determine these values. Table 1 gives
an overview of the present analysis in the literature. Investigations
based on simulation (Refs. [6,7]) have to be differentiated from
measurement studies. As the presented results are based on mea-
surement data, studies based on simulation data are listed in order
to preserve integrity but will not be discussed further.

As indicated within Table 1, different measurement techniques
can be used to determine the cells’ capacities and internal re-
sistances. Generally, capacity measurement can be done using
either constant current (CC) [8—11,15—19] or constant current -
constant voltage (CC-CV) [1,5,12,13] measurement. Furthermore,
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Overview of the latest studies from literature analyzing cell-to-cell variations of capacity and impedance behavior of LIBs.

Reference Sample Size Chemistry tcin Ah Kcin % ug in mMQ Kgrin % Factor kg/kc
Shin* [6] 10,000 - 0.29 29 0.28¢ 44 1.5
Paul* [7] 20,000 C/LFPM! 4.40 13 - 5.8 45
Rumpf [1] 600 C/LFP 3.02° 0.2 17.64 1.8 7.7
Rumpf [1] 500 C/LFP 3.03? 0.3 17.7¢ 0.7 2.1
Zheng [8] 96 C/LFP >70° - 0.53¢ 19.5 -
Dubarry [9] 100 c/Lco™ 0.30° 1.9 - - —
Devie [10] 51 C/LCO-NMCY 2.86° 0.4 73.2¢ 3.6 9.0
Dubarry [11] 10 C/LCO-LMOY 1.89° 0.2 67.1¢ 5.7 36
Campestrini [12] 250 C/NCAV! 2.882 0.2 21.7° 0.7 45
Baumann [13] 164 C/NCA 2.88? 0.4 36.0° 0.9 26
An [14] 5,473%* C/NCA-NMC 5.41° 0.5 - - -
An [15] 7739 C/NMC - - - - -
Rothgang [16] 700 C/NMC 5.06° 24 3.0° 29 1.2
Schuster [5] 484 C/NMC 1.97% 0.8 71.24 1.9 24
Barreras [17] >200 C/NMC 51.8% 0.3 1.42¢ 5.6 18.7
Baumhofer [18] 48 C/NMC 1.85° 0.5 - - -
Zou [19] 248 - 3.01° 0.4 13.8¢ 1.0 26

* Results are based on simulation data. ** Only 198 cells were evaluated for uc and k¢

! Graphite (C). " Lithium Iron Phosphate (LFP). "' Lithium Cobalt Oxide (LCO)

V' Nickel Manganese Cobalt oxide (NMC). V Lithium Manganese Oxide (LMO). V' Nickel Cobalt Aluminum oxide (NCA)
3 CC-CV discharge capacity. ® CC discharge capacity. © No information on the measurement procedure available

4 EIS (Im(Z) = 0). © DC pulse. f AC (1 kHz)

either charging, discharging or charging-discharging capacities can
be evaluated. On the other hand, direct current (DC) pulses
[10,11,13,16,17], alternating current (AC) measurement at 1 kHz
([12]) or electrochemical impedance spectroscopy (EIS) [1,5,8] are
normally used to determine the internal resistance of the cell [13].

For the determination of the cell capacity, the measuring
method and C-rate applied have an impact, as does whether the
measurement is conducted in the charging or discharging direction.
Within Table 1, the cells’ capacity was defined mainly by the CC
discharge capacity for a defined C-rate of 0.2C [10,15,19], 0.3C [8],
0.5C[9,11] or 1C[16—18], except for [18] which evaluated the 1C CC
charging capacity. The CC-CV capacities were always measured
using a 1C discharge rate and a cut-off current amplitude of 0.05C
[1,5,12,13]. Since there is no standard method in the literature to
determine the cell capacity, cell capacity in this study refers to the
CC-CV discharge capacity unless otherwise specified.

For the evaluation of the internal resistance via DC pulses, the
pulse duration has a major influence on the result. It can be assumed
that as the pulse duration increases, the measured result for R; also
includes other resistance fractions, such as the diffusion polarization
resistance in addition to the purely ohmic resistance [1,16,20]. Mea-
surement results that are based on a pulse duration of several seconds
[13,16,20], can therefore only be compared to a limited extent with
results obtained by evaluating the voltage response recorded upto 1s
after the current pulse [10,11,17,20]. On the other hand, EIS mea-
surement results depicted from the zero crossing of Im(Z) [1,5,8]
correlate highly with the determined values at 1 kHz [12] which is
why these measurement techniques can be seen as equivalent and
well comparable [1]. Therefore, EIS measurement evaluated at Im(Z)
is used to evaluate the cells internal resistances within this study.

Nevertheless, in order to be able to compare different studies, the
values for k¢ and kg can be used according to Rumpfetal. [1].Ifin the
literature the necessary values for u and ¢ of C and R; were given to
calculate kcand kg, it turns out that there are always lower values for
kc compared to kg (see Table 1). According to An et al. [15], this result
is expected because C is the most commonly used characteristic by
cell manufacturers for a LIB, normally used as the decisive criterion
for cell matching. In general, xc and kg are within the range of 0.2% to
2.4% and 0.7% to 5.7% respectively. The relative coefficient kg of
Zheng et al. [8] (19.5%) appears relatively high and can be seen as an
outlier. The exact reasons could not be determined due to the data
provided by Zheng et al. [8]. Additionally, it is worth highlighting

that except from Ref. [8] (uc > 70 Ah) and [17] (uc = 51.8 Ah), only
cells with a maximum capacity around 5.5 Ah are analyzed within
the literature. A possible reason for this phenomenon is that large
format cells are more cost intensive and additionally, the required
measurement equipment might not be available.

Asillustrated by Table 1, the cells examined in the literature show a
variety of analyzed material combinations on the cathode side,
ranging from LFP, LCO, NCA and NMC-111 to blends like LCO-NMC,
LCO-LMO or NCA-NMC. However, current trends for the cathode
incorporated especially nickel-rich types such as NMC-811 (nickel-
rich NMC) or NCA. In order to compensate for the gravimetric capacity
on the anode side, silicon is often added to the graphite electrode
[11,21]. Consequently, investigations of cell-to-cell variations for
material combinations of silicon-graphite SiC/NMC-811 are of
particular interest but currently missing in the literature. Further-
more, none of these investigations has so far accompanied the same
cell type in a long-term manner, and analysis of possible changes of C
and R; are neither present nor their causes explained. Therefore, this
paper aims to close this gap by presenting cell-to-cell variations for
three batches of a commercially available 18650 cell (SiC/NMC-811),
bought over a period of almost three years. Additionally, differential
voltage analysis (DVA) and differential capacity analysis (DCA) as well
as an energy density metric are used to investigate the reasons for the
development of C and R; during this section of the product life cycle.

2. Experimental

The cell under investigation has a nominal capacity of 3.35Ah
and has the form factor 18650. The anode material consists of SiC
and the cathode material is based on nickel-rich NMC-811. Over a
period of almost three years, three different orders with different
cell quantities were taken from a commercial supplier. The first
order included 48 cells (Batch 1, By), the second 160 (Batch 2, B;)
and the third 200 cells (Batch 3, B3). Consequently, a total of
408 cells were examined. Every order requested cells of the same
production batch to ensure that all cells within a batch were
manufactured under equal conditions. Requests for modified cell
compositions as compared to former orders were denied by the
supplier. Within a batch, cells were signed with a production code
allowing the determination of production dates of different
batches. Table 2 summarizes the information of the investigated
batches.
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Since measurement equipment and climate chambers are
limited, the cells were stored at the delivery status without any
charging or discharging at 5 °C and 30% state of charge (SOC) to
reduce side reactions and improve comparability. Subsequently, the
measurement was performed within climate chambers (KT115,
Binder) at 25 °C using terminal boards, including gold-plated spring
contact pins and four-wire configuration (F840, Feinmetall). A cycler
(CTS, BaSyTec) and a potentiostat (VMP3, BioLogic) were used to
apply the steps summarized in Table 3 and described in the
following. As the cells were stored at 5 °C, an initial resting time of
6 h was applied to ensure sufficient time to reach a homogeneous
cell temperature of 25 °C (step 1) before performing measurements.
Initially, 2 full cycles (FC) including CC and constant voltage (CV)
charge (Ch) and discharge (Dch) phases were performed to reac-
tivate the cells’ kinetics (step 2). Additionally, 5 conditioning FC
without CV phases were performed to create equal initial conditions
(step 3) and reduce deviations within the formation of the cells
without possibly damaging the cells by extensive CV phases. Dubarry
etal. [11] showed that applying initial conditioning leads to a similar
initial reference state for all cells, and reduces possible remaining
variances evoked by the manufacturer’s formation and the different
storage periods afterward. With reference to the examined cells, it
should be noted that according to the data sheet, a higher loss of
capacity per cycle is to be expected during the first cycles. As
Table A.6 shows, the difference between the capacity loss per cycle
decreases during the conditioning cycles from values above 12 mAh
to values under 1.5 mAh. Therefore, it can be assumed that the
conditioning cycles contribute to improving the consistency of the
measurement of the CC-CV discharge capacity, which is evaluated
during the second FC of step 4 of the test sequence.

Subsequently, the parameter R; was determined at a SOC of 50%
using galvanostatic EIS (step 5). The measurement was performed
within the frequency range of 10 mHz to 10 kHz with a current
amplitude of 140 mA. Finally, R; was evaluated at Im(Z) = 0, the zero
crossing of the imaginary part. Fig. A.7 illustrates the measured EIS
curves for a representative cell of each analyzed batch.

Within all cycles, the cell voltage limits were set to 4.2 V and
2.5 V, as recommended by the manufacturer. The applied charge
Ich-cc and discharge Ipeh-cc currents as well as the cut-off current of
50 mA during CV charging Ich-cy were selected according to the data
sheet of the cells. The cut-off criteria during CV discharging Ipch-cv
was accordingly based on Ich-cyv. The number of cycles for activation
and capacity check were adopted from previous studies [1,22]. The
number of conditioning cycles is based on the findings of [11], who
showed that typically 3—6 conditioning cycles are sufficient to sta-
bilize the capacity of the cells between two consecutive cycles.

Finally, the OCV was measured (step 6) to perform the DVA and
DCA of the cells (discharge direction) in the following. Table 3
summarizes the test procedure, including current amplitudes and
cut-off criteria. The same procedure was also used in former studies
by Zilberman et al. [22].

The total test time of the test procedure shown in Table 3 is
approximately 8.5 days, including pauses. The total test time ap-
pears to be relatively long as compared to only the capacity check
(approximately 1 day). However, the test time can be justified, since
in addition to activation and conditioning cycles to improve results,

Table 2
Summary of production date, delivery date and quantities of the investigated
batches.

Production Delivery Quantity
By 09.2016 01.2017 48
B, 10.2017 03.2018 160
B; 12.2018 05.2019 200
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EIS and OCV measurements are also performed for subsequent in-
depth investigations. If OCV measurement is not required and R; is
determined by step response, the total test time could be reduced
to approximately 4.5 days.

Besides the duration of the test sequence, the required total test
time also depends on the number of cells and the available test ca-
pacity. It was possible to test an average 25 cells at once for By; for B,
and Bs it was possible to test an average of 40 cells at once. Therefore,
the total test time required for B; was approximately 17 days, for B,
approximately 34 days and for Bs approximately 42 days. If less
testing capacity is available the test time per cell can be reduced by
adjusting the time for thermal conditioning and the duration of the
pauses. In this study, the chosen times were based on empirical
values, where it could be assured that the times were sufficient to
achieve a homogeneous temperature distribution within the cell and
to ensure that subsequent tests were not influenced by previous ones.

Before discussing the results of this study, possible influences of
the anode overhang on the measurement results should be discussed.
Gyenes et al. described the influence of the anode overhang on cou-
lumbic efficiency and capacity measurements in Ref. [23]. Within
their experiment, cells were stored for 100 h at varying SOCs before
the charge and discharge capacity was evaluated after different time
spans. As a result, a difference of nearly 2 mAh (discharge capacity)
would be expected between the first measurement after storage
(approx. 25 h) and after 800 h (approx. 33 days) for cells stored at 20%
SOC. Withrespect to the present study, the longest time span between
delivery and start of the last test run was approx. 32 days (768 h) for Bs.
Assuming, that the same results apply to cells stored at 30% SOC, a
difference of 2 mAh to the average capacity of Bz (see Table 4) would
provoke a maximum deviation of 0.06%. Since this deviation appears
relatively low, no influence of the anode overhang on the results are
assumed, which is why the influence of the anode overhang will not
be discussed further in the following.

3. Results

The distribution of the CC-CV discharge capacity of batches 1-3
is illustrated in Fig. 1. The distributions seem to deviate from the
assumed normal distribution. Nevertheless, the calculation of x and
¢ are applied to the different batches, as this was the case within
the studies of [1,7] for equally deviating distributions. The mean
capacities ucy, ucz2 and ucs of the batches amount to 3.49 Ah, 3.43 Ah
and 3.38 Ah. Since normal distribution is assumed for the capacity,
the standard deviations ocy, 02 and o3 amount to 7.1 mAbh,
12.4 mAh and 13.4 mAh. Furthermore, the relative coefficients of
variation K¢y, K2, Kc3 of the capacity, representing the ratio of ¢¢c and
uc amount to 0.2%, 0.4% and 0.4% for the different batches.

Fig. 2 illustrates the results of R; of the cells, calculated from the
EIS measurement results. The mean internal resistances ug, ug and
ugs of the batches amount to 30.8 mQ, 28,7 mQ and 29.4 mQ.
Furthermore, the values of o4, o2 and og3 amount to 0.2 mQ, 0.3 mQ
and 1.0 mQ. Additionally, the relative coefficients of variation kg1, kg2
and kg3 of the internal resistance kg, representing the ratio of o and
ug amount to 0.7%, 0.9% and 3.4% for the different batches.

The energy density distribution for batches 1—3 is illustrated in
Fig. 3. The mean energy densities (1, ty2 and w3 of the batches are
274 Whkg~!, 268 Whkg~! and 265 Whkg~'. Note, that at the time
of producing the data to calculate the energy density, only 127 cells
of By and 178 cells of B3 were available. However, despite the
missing number of cells, it can be assumed that the overall result is
not affected by this. Table 4 summarizes the results of the investi-
gated cell-to-cell variations.

Fig. 4 illustrates the results of the mean DVA for By, B, and Bs. The
complete measurement data of the DVA is illustrated in Fig. A.6 a).
Zilberman et al. [21] introduced distinctive DVA markers to quantify
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Table 3
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Sequence of the tests performed to investigate cell-to-cell variations. C was determined in step 4 by the sum of CC and CV discharge capacity. R; was determined by an EIS at 50%
SOC (Im(Z) = 0). Cells were cycled between 4.2 V and 2.5 V. Ic,,_cy and Ipen-cv represent the absolute cell current limits of the corresponding CV phase. All tests were performed

at an ambient temperature of 25 °C.

Step Sequence Duration Ien-cc Ien-cv Ipch-cc Ipch-cv teh-peh Nec
1 Thermal Conditioning 6h - - - - - -
2 Activation — 05C 50 mA 02C 50 mA 0.5h 2
Pause 6h — — — — - —
3 Conditioning Cycles — 05C — 02C — 05h 5
Pause 6h - - - - - -
4 Capacity Check - 05C 50 mA 02C 50 mA 05h 2
Pause 6h - - - - — -
5 EIS? - - - - - - -
6 ocv - 0.03 C 3.5 mA 0.03C 3.5 mA 6h 1
3 f e [10 mHz; 10 kHz], I = 140 mA, 13/10/5 points per decade within [10 kHz; 1 Hz]/[1 Hz; 100 mHz]/[100 mHz; 10 mHz].
Table 4
Summary of cell-to-cell variations of the investigated batches.
Batch Quantity e oc Kc IR OR KR ey
B: 48 3.49 Ah 7.1 mAh 0.2% 30.8 mQ 0.2 mQ 0.7% 274 Whkg™!
B, 160 3.43Ah 12.4 mAh 0.4% 28.9 mQ 0.3 mQ 0.9% 268 Whkg!
B; 200 3.38Ah 13.4 mAh 0.4% 29.4 mQ 1.0 mQ 3.4% 265 Whkg™!
the assignment of these capacities to specific DVA peaks as well as a
30 - quantification of the capacities is described in the following. The
] B values of Qs;j; and Qsij can be assigned to the first and second peak
» los ) occurring between 0% and approx. 15% SOC. For both capacities, it can
) s be stated that By has the h{ghest capac1ty, fgllowed by.Bz and Bj
: 20 3 (B1 > By > B3). The same applies to Qsic, which is characterized by the
s} area between the left border of the DVA and the main graphite peak
5 around 60% SOC. The capacities of Qc |y, are represented by the peaks
Vel within the range of 20% to 40% and the main graphite peak. For these
g 10 | ‘ | capacities, a clear order of the batches cannot be given (see Table 5).
=] : . .
'z, The capacity of Quuic is described by the range between the peak next
to 80% SOC and the minimum next to 90% SOC. Here, By < B, < B3
n I |II ‘ 1 | I I ‘ I I I‘ | a ‘ | 5 accounts for the capacities of the different batches. Finally, the values

%.38 3.4 3.42 3.44 3.46 3.48 3.5 3.52
CC-CV capacity in Ah

Fig. 1. Distribution of the CC-CV capacity of the different batches. The mean capacity
decreased continuously from 3.49 Ah to 3.43 Ah and 3.38 Ah (B, to Bs).

characteristic values for the capacities of active electrode compo-
nents. Generally, the markers can be assigned to capacities of different
material components of the cell, namely silicon (Si), C, SiC, NMC and
SiC/NMC. In order to describe the differences of the analyzed batches,

40
I B,
@ I B,
8 30 | DD B3
3
5 20 .
o)
5
Z 10 | s
0
28 29 30 31 32
R; in mQ2

Fig. 2. Results of the EIS measurement performed for the variation of the impedance
behavior (R;). The mean values of R; of B, and B3 (28.69 mQ and 29.35 mQ) are
decreased as compared to 30.78 mQ of B;.

of the capacity of Qmc/sic are again in the Bq > B, > Bz order. Qumcysic is
represented by the area between the peak next to 80% SOC and the
right border of the DVA curve. Table 5 summarizes the quantitative
order of the batches for the different capacities and their percentage
deviation from B;. Consequently, anode- and cathode-specific ca-
pacities containing Si show a greater deviation as compared to ca-
pacities referring only to the pure C and NMC-811.

According to Jung et al. [24] and Fuchsbichler et al. [25], the peaks
of the averaged DCAs illustrated in Fig. 5 can be assigned as follows:

30
lis,
2 lis,
g 920 liB;
3
z
o)
£ 10
]
Z

262 264 266 268 270 272 274
Energy density in Wh - kg~!
Fig. 3. Distribution of the energy density of the different batches. The mean energy

density decreased continuously from 274 Whkg~' to 268 Whkg ' and 265 Whkg ™"
(B4 to Bs).
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|
0 0 20 40 60

SoC in %

Fig. 4. Results of the DVA performed for the different batches. The shown DVA curve of
B1, B, and Bj represent the averaged DVA of all single cell DVAs of the respective batch.
Characteristic capacities are marked for By according to Ref. [21].

T
41 — B Bo B3 H
> b
= Qsi, 1! Qox
R r -~
O Qc,11 QNMC/sic
- » <«
I 2 Qsi,11 Qc 111 N
. <> -
NS, S /
FO|"‘3 Qsic j‘h\\— /W
< ] ] ol il
80

100

Table 5
Quantitative and qualitative overview of characteristic capacities of the DVA for all
batches (see Fig. 4).

Capacity Order By B, vs. By B3 vs. By
Qsiy By > By > B3 0.31Ah —9.4% —20.7%
Qsiit By > B2 > B3 0.56 Ah -8.2% -16.7%
Qsic B; > B, > B3 2.16 Ah —2.6% —4.2%
Qe By > B3> B; 1.30Ah -1.3% —-1.3%
Qe B3> B; > B 1.20Ah -0.7% +0.2%
Qe B3> B; > B, 1.04 Ah —0.4% +0.2%
Qnmc By > By > B3 0.37 Ah —5.2% —5.8%
QNMC/SiC B1 > Bz > B3 0.69 Ah —-11.0% —-11.5%

® The first peak between 3.4 V and 3.5 V of the full cell voltage,
results from the deintercalation of lithium out of the SiC anode.
® The following peak around 3.6 V occurs from the phase
transition within the NMC cathode.

®/@® The smaller peak at around 3.9 V and the large peak
around 4.1 V are very specific to NMC-811 cathodes.

Note that the assignments made are based on full cell voltages,
which is why the corresponding voltages are slightly higher because
of the performed half cell measurement against Li/Li" by Refs.[24,25].
Especially, peak @ strongly correlates to the presence of nickel within
the cathode material, which is why higher deflections can be seen as
an indicator for increased nickel ratios [24—26]. Consequently, de-
viations in the height of the first and the last peak can be assigned to
varying material compositions. Therefore, a higher first peak

n — By B»
> 31

g

- 2y

2

o1
* |

25 3
Cell voltage in V

Fig. 5. Results of the DCA performed for the different batches. The shown DCA curve of
B1, B, and B represent the averaged DCA of all single cell DCAs of the respective batch.
Characteristic peaks are marked according to Refs. [24—26].
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corresponds to an increased capacity of the anode and a higher last
peak to a more nickel-rich cathode. Shifted peaks would indicate a
change in electrode balancing. Comparing the DCA of the batches, two
major facts can be observed. First, a shift around 10 mV of the first
peak @ for By can be recognized as compared to B; and Bs. Second, the
peaks ® and @ are more prominent for B; (1.4/3.1AhV~1) as
compared to B, (1.3/2.8 AhV~1) and B3 (1.3/2.8 AhV~1). The complete
measurement data of the DCA is illustrated in Fig. A.6 b).

4. Discussion

The development of uc shows decreasing capacities with later
production dates. Keeping in mind that the data sheet offers a
minimum capacity of 3.35 Ah, a trend appears, suggesting that the
manufacturer may have continuously optimized the production to
economize material consumption and costs. If one correlates the
development of capacity and energy density distribution of the
different batches, this statement is clearly supported by the
decreasing energy density of B, and Bs; as compared to B
Furthermore, k¢ increased over the production time, which could
be assigned to a varying production quality. On the other hand,
comparing these values with k¢ of other investigations (Table 1), it
can be recognized that only established material combinations such
as LFP or NCA show lower deviations. Since k¢ of the analyzed
batches amounted to values of 0.4% and below, high production
standards can be assumed, especially if these deviations are
compared to studies dealing with NMC.

Regarding the impedance development of ug, the same trend can
be observed as for the capacity. Therefore, ug decreased for B; and B3
as compared to By. However, kg increased to a greater extent as
compared to k¢ This can be seen if one compares the factor between
kcand kg for the different batches. By and B, show a factor («g/k¢) of 3.4
and 2.8 between kg and k¢, whereas the factor increases to 8.1 for Bs.
The reason for the increased value of B3 can be identified in Fig. 2,
where two distinguished peaks are clearly visible for Bs3. Within the
distributions around the peaks, data is normally distributed. How-
ever, taking the complete distribution into account, the data is not
normally distributed, which in turn provokes a higher o for Bs.
Nevertheless, normal distribution is used for statistic analysis due to
comparative reasons, as it was equally done by Rumpf et al. [1].
Therefore, within the analyzed batches, kg showed the highest values
for B3 and was amounted to 3.4%. Comparing these values with the
results of other studies, the relative deviation of Bs is within the range
of other kg ranging up to 5.7%. On the other hand, kg of B falls below
the lower border of 0.7% of existing studies. More important than
comparing relative deviations, however, is what can be derived from
the distributions of Cand R;. Hence, the assumption of Anetal.[15] can
be confirmed, namely that cell manufacturers sort according to ca-
pacity and not according to resistance.

With this knowledge, the battery pack manufacturers have to
rethink their cell matching strategies depending on the intercon-
nection of their system. For example, a pure serial connection of cells
would benefit from equal capacities of the single cells, whereas a
combined serial and parallel connection has also to take into account
the differences in resistance to avoid higher imbalance currents
[13,27]. Furthermore, low initial cell-to-cell variations do not have to
mean low cell-to-cell variations after cycling [5,10,12,13,16,18].
Consequently, cell matching strategies during the assembling process
of the battery pack can be ideally complemented with an intelligent
system that uses strategies such as active balancing, by-passing or
isolation to compensate cell-to-cell variations over time [28,29].

Finally, we consider possible reasons for the decreasing capacity
and energy density from B; to B; and B3. DVA and DCA are therefore
used to identify possible changes of the active material between By,
B;, and Bs. Since the peaks for the varying batches have almost not
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shifted within the DCA, uneven cell balancing cannot be given as
the reason for the decreasing capacities. However, Fuchsbichler
et al. [25] found that the height of peak @ correlates with the sil-
icon content. Since the different batches show different heights in
exactly this peak, this can be seen as an indicator to attribute the
capacity change between the batches to changed silicon contents
within the anode. This finding is supported by the development of
the energy density illustrated in Fig. 3.

As the capacities of Qcj_yj also show a variation of at most 1.3% as
compared to Qsi;_j (max. 20.7%, see Table 5) for the different batches,
the decreasing capacity is more likely evoked by a reduction of silicon
within the anode rather than a reduced content of graphite. Addi-
tionally, the higher peak @ within Fig. 5 indicates increased nickel
ratios within the NMC cathode of B; and an adaptation of the NMC
composition for B, and B3 [24,26]. Furthermore, the capacities of Qsjc
and Qnwssic depicted from the DVA (see Fig. 3 and Table 2) show the
highest values for By, followed by B, and Bs. This in turn also indicates
a decreased ratio of silicon within the graphite anode for B, and B3 as
compared to B;. By combining the results of DVA and DCA, the
decreased capacity of B, and B3 as compared to By can most likely be
explained by a superposition of decreasing ratios of silicon within the
graphite anode (B; > B, > B3) and a lower nickel content within the
NMC cathode [24] for B, and B3 as compared to By. Fig. 3 illustrates the
decreasing energy densities from B; to By and Bs, which underlines
these findings.

5. Conclusion

Cell-to-cell variation analysis was performed for three different
batches of commercial LIBs. In total, 408 high-energy LIBs con-
taining nickel-rich cathode active material and silicon-graphite
anode active material were analyzed over a period of almost
three years of the product life cycle. A sequence of measurement
tests was presented to determine C and R; parameter variations,
which can be used for further studies to improve comparability.
Additionally, strategies to reduce the test time, in case of limited
time or resources, were discussed. Furthermore, the cell’s OCV was
measured for subsequent DVA and DCA to investigate differences in
active material composition between the batches and to explain the
development of cells’ capacity and energy density.

The exact reasons for varying parameter variations are often
difficult to determine with certainty, since imbalances within inter-
connected LIBs can be caused by both intrinsic and extrinsic reasons
[9]. Thus, varying active material compositions (intrinsic) or fluctu-
ating quality of their material components such as silicon or graphite
(extrinsic) can be mentioned as underlying reasons for cell-to-cell
variations. For the customer, these reasons are often neither acces-
sible nor decisive. However, the effects of these changes on perfor-
mance parameters such as capacity, resistance or cycle stability are
crucial, as they are reflected in the system’s performance. As a result of
this study, it can be stated that changes between batches are likely to
appear and should thus be considered by the customer. Consequently,
customers should keep in mind that material composition can change
and affect the system performance, even if no product changes were
communicated by the cell manufacturer.

If one aims to compare cell-to-cell variations of different batches
or material combinations, the relative coefficients of deviation ¢
and kg are important parameters to ensure comparability and to
quantify the homogeneity within a batch. Therefore, it could be
shown that the deviations of k¢, especially for established cell
chemistries such as LFP, are relatively small, whereas for novel
material combinations, values are not yet available in the literature.
Accordingly, the results of this study show that k¢ (and «g) can
change from batch to batch, even if the values always remained
within the range known from the literature or even fell below it.
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However, the increasing values of k¢ and kg over the analyzed
period suggest that, for novel materials, it can last a few years until
the cell manufacturer has found the optimum composition to
achieve both a high energy density and cycle stability. Furthermore,
the capacity could be detected as the decisive parameter for the cell
matching process by the cell manufacturer. This is due to the fact
that kc remained at a very low level compared to xg for both the
analyzed batches and the deviations observed from the literature.
In addition, the potential of DVA and DCA to describe the differ-
ences between different batches was demonstrated. The major
advantage of these methods is that they are non-destructive and
therefore easily applicable to other studies. With the help of these
methods, the measured voltage was used to directly access electrode
characteristics. Researchers can therefore use the test procedure
presented in Table 3 and perform DVA and DCA to compare their re-
sults with the presented samples in order to obtain indications for
shifted cell balancing or modified electrode material compositions. A
changed electrode balance is indicated by a shift in the curves of DVA
and DCA, while a modified material composition can be recognized by
varying peak heights. For the batches analyzed, DVA and DCA have
shown that material composition has changed over the product life
cycle and that the decreasing capacity is due to reduced silicon within
the anode active material and not to a shifted cell balancing. The
development of the energy density also supports the results found by
the DVA and DCA, since a significant reduction could be measured. For
scientists who are interested in the exact material composition of the
electrode materials, the methods described provide indicators that
can be verified by destructive methods such as mass spectroscopy.
Generally, it should be noted that the results obtained are based
on commercially available cells and that lower cell-to-cell varia-
tions may apply to higher standards for industrial purposes. Based
on the findings of this work, two main studies should be carried out
in the future. First, the effects of varying material composition on
the aging behavior has to be investigated. Second, the impact of
cell-to-cell variations presented here on the performance of inter-
connected systems over lifetime should be analyzed by both
simulation and measurement studies. Both studies are part of
ongoing investigations and will be the subject of our future work.
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Appendix A. Measurement data
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Fig. A.6. Summary of all measurement data for By, B, and Bs. Part a) shows the results of the DVA for the different batches. Part b) illustrates the results of the DCA.
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Fig. A.7. Results of the EIS measurement for a representative cell of By, B, and Bs.
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Table A.7
Nomenclature

Greek symbols

Symbol  Unit Description
K % relative coefficient of variation
mWhkg~!, Ah, mQ mean
I mWhkg~!, mAh, mQ  standard deviation
Latin symbols
Symbol  Unit Description
AC A alternating current
B batch
C Ah capacity
CcC A constant current
cv A constant voltage
CC-cv A constant current - constant voltage
DC A direct current
FC full cycle
I A applied charge or discharge current
Ngc number of full cycles
R; Q internal resistance
tch-Deh Q resting time between charge and discharge
Indices
Symbol Description
1-3 batch number
C capacity
E energy density
R internal resistance
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