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ABSTRACT

It is well known that lithium-ion batteries pose a certain safety risk. The thermal runaway of a cell and the
subsequent thermal propagation through the battery are considered particularly dangerous. Effective solutions
for their mitigation are therefore of great interest. Previous studies have shown the significant influence
of a cell’s state of charge (SOC) on its behavior during thermal runaway. This relation may be exploitable
in a battery pack to improve its safety. This study aims to assess the leverage of active SOC reduction in
the imminent threat of thermal runaway. Implementing such a technique could become feasible with the
emergence of reconfigurable battery systems. Four experiments were conducted, each with a module of three
fresh 63 Ah high energy pouch cells in a spring-loaded bracing. The experiments studied different stationary
SOC configurations, uniform (100 % and 60 %) and non-uniform (100 %-60 %-100 % and 100 %—20 %-100 %).
The results indicate that thermal propagation is substantially delay (87 s) by discharging a cell in its path. The
SOC reduction primarily decreases the maximum temperature of the respective cell. Further effects are a calmer
thermal runaway and prolonged propagation time within the cell as well as to the next cell. In comparison, the
SOC reduction has little impact on the cell’s own triggering time, as the triggering time is mainly determined
by the thermal energy transferred from the preceding cell and hence by its SOC. Furthermore, the analysis of
the experimental data (temperature, voltage, pressure, video) gives insights into the propagation of thermal
runaway through the individual layers of a cell. With reference to the position of a cell relative to the origin
of the thermal propagation, a decrease of its mass loss and an increase of its internal propagation time is
observed. This effect is attributed to the decreasing module pressure due to progressive loss of material. The
assessment shows that active SOC reduction techniques have great leverage for mitigating or even stopping
thermal propagation in a battery pack.

1. Introduction

Lithium-ion batteries are used in a wide range of applications

with low thermal conductivity [4] such as ceramic fiber barriers [5] or
aerogel [6,7], leaving a spacing between adjacent cells [5,8] and cool-
ing the battery actively [6,7]. Furthermore, the thermal propagation

but can pose a considerable potential hazard. When a cell transitions
into a thermal runaway, exothermic chemical reactions and internal
short circuits lead to a self-reinforcing and uncontrollable temperature
increase within the cell [1]. This, in turn, can pose a considerable risk
to the surrounding environment due to the intense generation of gas
and flames, accompanied by high temperatures [2].

In cell modules, this results in thermal propagation when the neigh-
boring cells are exposed to high temperatures for a sufficiently long
period, causing them to enter thermal runaway. This sequence of events
can lead to a chain reaction, progressively causing all cells in a battery
system to undergo thermal runaway [3].

In conventional battery systems, attempts are normally made to pre-
vent or mitigate thermal propagation by using interlayers between cells
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behavior also depends on the position of the first triggered cell [9],
the electrical connection between cells [10-12] and the triggering
method [13]. However, suppose a fault occurs during the operation
of the battery system, for example in an electric vehicle, active in-
tervention is only possible with the help of cooling. All other factors
influencing thermal propagation mentioned depend on the unknown
fault scenario or cannot be changed during operation.

In addition to the options already mentioned, there is another way
to actively change the behavior of the thermal runaway and thermal
propagation during operation. By charging or discharging the cell’s
state of charge (SOC) and thus the stored energy can be changed. Liu
et al. [14] showed an increasing onset temperature from 198°C at
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Fig. 1. Comparison of thermal runaway mitigation strategies between conventional battery systems with passive safety measures and intelligent battery systems with active safety

measures. It is assumed that both types have systems for early fault detection in operation.

100% to 231 °C at 20% SOC and that no thermal runaway took place
with 0% SOC for cylindrical 18 650 LiCoO, cells. Willstrand et al. [15]
found that the generated gas volume, gas generation rate, mass loss
and maximal temperature increase while the thermal runaway onset
decreases with higher SOC under different abuse conditions. Further-
more, the maximal temperature depends on the mass loss since energy
is lost to the environment [14,15]. The gas composition is different for
various SOCs i.e. the CO, proportion declines and the CO proportion
increases with SOC [15,16]. He et al. [17] modeled the chemical reac-
tions of thermal runaway of an NMC532 cell using the Arrhenius law
and measurements from differential scanning calorimetry. The model
shows a SOC dependence of the onset temperature and the reaction
enthalpy of the cathode-anode and anode-electrolyte reactions. With
higher SOC more intercalated lithium within the anode is available for
reactions with the electrolyte [16,18] and the delithiated cathode is
less thermally stable and releases more oxygen, which reacts with the
electrolyte [16,19,20].

By reducing the SOC of a cell undergoing thermal runaway, the
released thermal energy can be reduced [4,15,17,21], which is the key
to effectively delay or prevent thermal propagation according to Jin
et al. [22]. Li et al. [23] found that the propagation time from cell to
cell in a module increases by a factor of 3.53 and the propagation time
within a cell by 3.9 when the SOC is reduced from 100% to 50%. Liu
et al. [24] demonstrated for modules consisting of cylindrical 18 650
cells with 30% and 100% SOC, that the maximum cell temperature,
the propagation speed, and the mass loss depend on SOC and also on
ambient pressure. In [25], two stacked 18650 cells only propagate if
the SOC is higher than 50%, moreover, propagation can be prevented
at higher SOCs by providing sufficient spacing between the cells. In the
work of Zhu et al. [26], no propagation occurs within a module with
0% SOC, while a module with 50% SOC takes longer than one with
100% to fully undergo thermal propagation. Here again, propagation
can be slowed by increasing the distance between cells. Wu et al. [27]
showed that higher SOCs make it more difficult to prevent thermal
propagation with the help of cooling. All the literature mentioned
above used modules with homogeneous SOC distribution. Therefore,
Ying et al. [28] go a step further and simulate the influence of a non-
uniform SOC distribution for a module consisting of four cylindrical
cells. While with a SOC distribution of 100%-70%-60%-100%, the

entire module undergoes thermal propagation, in the case of a SOC
distribution of 100%-30%-0%-100%, only the first two cells go into
thermal runaway.

The literature review confirms the assumption that, SOC signifi-
cantly influences thermal runaway at the cell level and thermal propa-
gation at the module level. This relation might be exploitable which
opens up new possibilities for reacting to imminent battery system
faults. This is illustrated in Fig. 1 by comparing a conventional battery
system (upper time line) with an intelligent reconfigurable battery sys-
tem (lower time line). During normal operation, both battery systems
attempt to detect potential faults as early as possible through various
sensors and methods as reviewed for example in [29-31]. If a fault is
detected, the conventional system cannot actively influence the system
beyond ramping up the cooling system, and their response is limited
to warning the surrounding area and alerting the emergency services.
Subsequently, only the known passive safety elements and cooling can
prevent or delay thermal propagation [32-34]. Reducing the SOC is
generally not feasible for conventional systems, as all cells have to be
discharged simultaneously and therefore a large amount of energy has
to be discharged in a short time.

In contrast, intelligent reconfigurable battery systems, as high-
lighted and reviewed by Komsiyska et al. [35], offer the distinct
advantage of selectively discharging individual cells or specific modules
using switches. It allows, to use the available time period between
error detection and thermal runaway not only for cooling but also to
reduce the SOC of individual cells, as proposed by Ying et al. [28] and
Feng et al. [36]. This ability may reduce the risk and probability of
thermal runaway for individual cells as well as mitigate or even stop
thermal propagation. The implementation of this operational strategy
could lead to reduced requirements for additional safety systems, such
as oversized cooling or thermal insulators between cells in the battery
system [25,27] and can therefore avoid over-designed safety measures
for extreme error scenarios. To thoroughly assess and analyze the
implications of the aforementioned safety strategy, it is necessary to
gain a comprehensive understanding of the influence of the SOC distri-
bution on thermal propagation, especially in the case of inhomogeneous
distributions.

To the best of the author’s knowledge, there are no published
experiments on the influence of inhomogeneous SOC distributions on
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Fig. 2. Illustration of the experimental setup including (a) the module and the bracing, (b) the cell size (Lengths are given in millimeter) and thermocouple positioning, (c) picture
before and (d) picture after an experiment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

thermal propagation, especially for high-energy pouch cell modules.
With this publication, we try to close that research gap. Intelligent
battery systems are an up-and-coming topic in energy storage research
and they may become relevant for battery manufacturers in the near
future. Active safety measures have great potential to play a large role
in making intelligent battery systems economically feasible.

The remainder of this contribution is structured as follows: Sec-
tion 2 explains the experimental setup including the cell, the module
bracing, the sensors and the conducted experiments. In Section 3 the
data processing is described before in the following Section 4 the
results are shown and discussed. This includes the evaluation of some
thermal propagation characteristics like maximal cell temperatures,
propagation time and mass loss as well as in-depth video analysis.

2. Experimental setup

The cell under study is a 63 Ah high-energy pouch cell with opposing
tabs. It has a graphite anode and an NMC (LiNiMnCo02) type cathode
material with the specifications given in Table 1 according to the cell
distributor and own measurements. Based on preliminary tests, it is
assumed that the cell has a ceramic-coated separator, as the cell only
showed signs of internal short circuits at temperatures well above
165°C [37].

Before installing the cells into modules, all cells were precondi-
tioned with at least two cycles consisting of a C/2 constant-current

Table 1

Specification of the lithium-ion cell used in the experiments.
Format Pouch Unit
Chemistry NMC
Nominal capacity 63 Ah
Charge cut-off-voltage 4.25 A
Discharge cut-off-voltage 2.75 A
Maximum continuous charge current rate 1C
Maximum continuous discharge current rate 3C
Nominal voltage 3.7 A
Weight 866 g
Gravimetric energy density 269 Wh/kg
Cell tabs Opposing

Cellstack size 264 x92 x 14 mm

discharge and a C/2 constant-current charge until the charge cut-off-
voltage was reached followed by a constant-voltage phase until the
current dropped below C/20.

The experimental setup for all thermal propagation experiments
is shown in Fig. 2. The module in Fig. 2a consists of three cells
separated by an intermediate layer of 1 mm thick mica plates. On both
sides of the module, there were also 1 mm thick mica plates and heat
insulating sheets of calcium magnesium silicate, which provide a flat,
uniform and heat insulated bracing. Each mica plate had three cuts
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Table 2
SOC distributions within the modules during the four experiments conducted.

SOC cell 1 [%] SOC cell 2 [%] SOC cell 3 [%]

Propagation time [s]

100 100 100 83
100 60 100 98
60 60 60 122
100 20 100 170

on the long cell side, such that three type-K thermocouples GG-KI-30-
SLE from Omega could be placed on the surface of both cell sides to
measure possible uneven surface temperature as recommended by [38].
The thermocouple measurement positioning is depicted by the yellow
markers and the thermocouple cable is represented by the yellow lines
in Fig. 2b. The markers are used in the temperature plots to distinguish
the different temperature measurement points on the same cell surface.
The cells were not electrically connected, as heat transfer between
pouch cells is dominated by the cell surface and not by the tabs [10,39].

To trigger the first cell of the module a 1.6kW heating plate was
placed on one side of the module. Between the first cell and the
heating plate, a 2 mm copper plate was inserted to ensure an even heat
distribution since a thermal video and previously conducted experi-
ments showed uneven heating of the heating plate. The heating plate
was controlled with the maximum power, since a high heating power
introduces the least heat flux energy to trigger the first cell and thus
has the least effect on the thermal propagation process [22]. Therefore,
this prevents the temperature of the middle and last cell from rising
significantly before the first cell goes into thermal runaway. The heater
was automatically switched off, when the measured temperature on the
heated cell side reached 350 °C.

The entire structure was braced with 10 mm thick thermal insulation
layers and 10 mm steel plates. Four springs were used to adjust the
module pressure evenly to around 80kPa, which is in the order of
magnitude of values provided by cell manufacturers [40]. Each spring
has a total length of 35mm and a stiffness of 171.72N/mm. The
pressure of the whole module was measured with a load cell. To protect
the load cell from high temperatures and flames, another steel plate
was installed between the module and the load cell. Pictures before
and after an experiment are provided in Fig. 2c and d.

Measurements were acquired using the NI ¢cDAQ-9178 chassis. The
temperature data was measured via NI 9213 with a sampling rate of
75Hz and the cell voltages as well as the output pressure signal of the
load cell were measured via the NI 9239 with 2kHz. Video recordings
were made with a GoPro Hero 8 camera with 120 frames per second
(fps).

A total of four module experiments were conducted with different
SOC distributions. The SOC specifications for these tests are indicated in
Table 2. Experiment 1 and 3 maintain a homogeneous SOC distribution
with 100% and 60% SOC, to display the influence of SOC on thermal
propagation and to serve as reference tests for comparison. The remain-
ing two tests feature an inhomogeneous SOC distribution. In these tests,
the first and the last cell consistently have a SOC of 100%, while the
second cell has a SOC of 60% and 20%, respectively.

3. Data processing

The measurement data were filtered and cleaned of outliers before
analysis, which were generated, for example, by an electrical contact
of the thermocouples with the cell due to severe rupture of the cell
and melting of the cell housing. Fig. 3a—d show all relevant cell surface
temperatures and voltages over a period of 200s from the first trigger
time onwards for the corresponding experiments.

The trigger time for each individual temperature sensor, marked by
red shapes, were chosen based on the rate of temperature rise threshold
of 50K/s. The threshold value itself was chosen because it determines
the trigger time well and robustly in the case of the measured data
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without any significant delay. In all experiments, the front surface of
cell 2 and 3 show two significant temperature increases. One due to the
heat release of the previous cell and one due to the heat release of the
cell itself. Therefore, time ranges in which the previous cell could cause
a temperature rise of more than 50 K/s were not taken into account.
An exception is the front of cell 2 in the 100%-20%-100% test. Since
the heating rate is too low, the trigger time was determined manually
based on the temperature curve and the video material.

In Fig. 3a—d the solid lines represent the temperature sensors on the
front cell side facing the heating plate and the dashed lines represent
the opposite side averting the heating plate. The different markers
correspond to the respective thermocouple positions on the cell surface
in Fig. 2b. It should be noted that the marker positions are independent
of the cell polarity, such that the thermocouples with the same marker
are on the same side of the module.

In the 100%-100%-100% test, there is an influence on some temper-
ature sensors at about 10 in Fig. 3a, probably due to the flames and the
thermal runaway of the first cell. This leads to implausible temperature
readings for the back surface of cell 2 and for both cell sides of cell 3.
This time range was also disregarded for the corresponding sensors.

Therefore, a total of three thermocouples are on each cell surface
and thus three trigger times tif , can be determined for the front and also
three trigger times tﬁn for the back of the respective cell i. For further
evaluation the average trigger times t{ and tf.’ are calculated according
to

N
7 _ 1
5 _ﬁzti,n M

N
1 b
=5 2t @

with 1 <n< N, N=3andie{l1,23}.

The voltage data presented is also subject to filtering and in the
event that the voltage drops below 10mV or fluctuates around 0V after
a thermal runaway for a significant period of time, the voltage value is
set to OV.

The module pressure recorded via the load cell is filtered and shown
also for 200s beginning with the first trigger time in each respective
experiment in Fig. 3e. It is noteworthy that the pressure value at
the beginning of the displayed duration can deviate from the initial
pressure, as the venting of the cell and some chemical reaction have
already occurred and the temperature of the cell stack is elevated.

Due to the absence of recorded mass data for some individual cells
prior to testing, the mean value derived from multiple intact cells is
utilized as the mass for each cell before the experiments. This averaged
mass is the value given in Table 1.

4. Results and discussions

When comparing the overall duration of the modules’ thermal prop-
agation in the experiments according to Table 2, from the first trigger
time in cell 1 to the last trigger time in cell 3, a clear dependency on the
distribution of the SOC becomes apparent. Simply by changing the SOC
of cell 2 from 100% to 20%, the propagation time can be significantly
prolonged by 87s (factor of 2). In comparison to the homogeneous
60% SOC test the propagation was still delayed by 48s. This alone
illustrates the potential for reducing the SOC through a discharge
strategy in the event of a fault. To gain a better understanding of the
propagation duration and its influencing factors, various features of
thermal propagation are analyzed below. This includes the propagation
time from one cell to the next cell 47,_;,_,;, the propagation time from
the front of the cell to the back 4¢; and the maximum cell temperatures
Tax Similar as in [23]. Furthermore, the mass loss of each cell and
video footage are evaluated.
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Fig. 3. The diagrams show the temperature and voltage data for the (a) 100%-100%-100%, (b) 100%-60%-100%, (c) 60%-60%-60% and (d) 100%-20%-100% SOC experiment.
In the temperature diagram, the temperatures measured at the front of the cell are shown with a solid line and the temperatures measured at the back of the cell are shown with
a dashed line. The module pressure is shown for all tests in (e) including the trigger times for the second cell. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Table 3

Average maximum cell back surface temperature for each SOC across all cells and

experiments.
SOC [%]
Thax [°C]

100
709

60
584

20
350

4.1. Maximum temperature

The SOC dependency is made clear by observing the maximum
cell temperature occurring during thermal runaway. In this study,
the maximum cell temperature of cell i is defined as the maximum
temperature on the back side of the cell as this surface temperature
serves as a measure of the released energy and the intensity of the cell

reactions during thermal runaway, as well as the potential harm for
the next adjacent cell i + 1. Because this temperature can be strongly
affected by the thermal runaway of the next cell, only measurements
taken before the next cell i + 1 enters thermal runaway are considered.
The resulting values are depicted in Fig. 4a over the cell position i.
When examining the maximum temperatures at the back of the cells
in experiment 1 and 3 with homogeneous SOC distribution (shown in
blue and orange), a temperature increase is observed with increasing
cell position. This can be explained by the fact that as thermal prop-
agation progresses, the stored thermal energy within the experimental
setup and thus the average module temperature increases. Furthermore,
the thermal connection between cells might decrease due to decreasing
pressure, as shown in Fig. 3e, but also because cells that have previously
experienced thermal runaway can no longer be considered pure solids
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due to mass ejection [41,42]. Due to its good thermal insulation on
the back, the last cell releases comparatively less heat energy to the
environment. In the event of a thermal runaway, this ensures that more
thermal energy remains within the cell itself. Furthermore, using the
average values of the maximum cell back side temperature for each
SOC across all cells from the four module experiments, Table 3 shows
that the SOC has a significant influence on the maximum temperature
caused during thermal runaway. The maximum temperature decreases
by 358.1°C and therefore by more than 50% when the SOC decreases
from 100% to 20%. In summary, reduced SOC results in less intense
thermal runaway with lower temperatures and increased safety.

4.2. Propagation time between cells

The propagation time between cells in a module is calculated by the
difference of the average trigger time on the front of the cell i tf and

the average trigger time on the back of the preceding cell i — 1 tb . The
resulting time duration 4t;_,,_; is indicated for each experlrnent 1n the
corresponding diagram in Fig. 3a-d.

Fig. 4b shows this time duration for the propagation of cell 1 to cell
2 and of cell 2 to cell 3 for all conducted experiments. It illustrates that
the SOC of cell i — 1 and the resulting heat output has a big influence
on the propagation time from cell i — 1 to cell i. In the experiment with
an even SOC distribution of 60%, the propagation time from cell 1 to
cell 2 is noticeably at least 17 s longer than in all other module tests.
Also, a lower SOC of the cell i seems to have a positive effect. However,
the associated influence is less than that of cell i — 1 since reducing the
SOC from 100% to 60% or 20% in cell 2 only leads to a delay in the
propagation from cell 1 to cell 2 of 0.77 s or 5.79s, respectively. The
same tendency can be observed for the propagation time from cell 2
to 3. In the experiments with a SOC of 100% of the last cell 3, the
propagation time is extended by 7.27s or 25.93s, if cell 2 has 60%
or 20% instead of 100% SOC. In contrast, the additional reduction in
cell 3’s SOC to 60% in the experiment with a SOC distribution of 60%—
60%-60% only has an advantage of 3.33s over the 100%-60%-100%
test.

While single-cell experiments in the literature show a strong SOC
dependency of the onset temperature of the thermal runaway [15], this
effect does not seem to have a major influence on thermal propagation
and its speed. However, the propagation time is significantly influenced

by the reduction in thermal energy released by the previous cell and
thus by the SOC of the cell i — 1.

4.3. Propagation time within cells

When cells are one-sided heated as in these module experiments,
thermal runaway is initiated close to the heated side and subsequently
spreads throughout the entire cell [23,43] leading to a high difference
between the back and front temperature as can be seen in Fig. 3a-d. The
propagation time required to transfer heat from the front to the back
of a cell provides a quantitative measure for the speed and uniformity
of the propagation within the cell as well as for the intensity of the
thermal runaway [23].

In this work, this internal propagation time 4t; is defined, as shown
in Fig. 3a-d, as the time period between the average trigger time on

the back of the cell i * and the average trigger time on the front tif of
the same cell. Fig. 4c compares this time duration for all cells across
position i in the experiments performed.

It becomes evident that the propagation time within a cell in ex-
periments with a homogeneous distribution of the SOC (represented
in blue and orange) increases with rising cell position i. To explain
this Fig. 4d provides a closer examination of the relationship between
module pressure and propagation time within a cell. Circle markers
with the fitted solid line represent the internal propagation time in
dependence on t the measured pressure at the average trigger time on

the cell front t , while triangle markers with the fitted dashed line
represent this in dependence _on the measured pressure at the average
trigger time on the cell back tf.’. As also visible in Fig. 3e at the start of
the thermal runaway at the front of the first cell, the module pressure
is high and drops during thermal runaway since gas — abruptly formed
in the cell by electrolyte evaporation and chemical reactions — and
particles are released [44]. Towards the end of the thermal runaway,
the housing of the pouch cell is severely deformed and is often largely
melted. The resulting lower module pressure after thermal runaway
leads to the individual layers in the cells of the module being less
compressed, which reduces the thermal through-plane conductivity
within the cell [45,46]. This is because under higher pressure, gas
between the cell layers is pressed to outer areas of the pouch cell [47],
and individual particles have better contact with each other [48].
Therefore, as thermal propagation progresses, the module pressure
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tends to decrease, which leads to a longer internal cell propagation as

shown in Fig. 4d. In addition, the pressure change between tlf and t".’
decreases as the position of the cell increases, depending on the stiffness
of the spring used in the experimental setup. However, as observable in
Fig. 3e there are also cases, for example, cell 2 in the 100%-60%-100%
SOC experiment, where the pressure may increase during the event.

When comparing the first cells in Fig. 4c, no trend among them-
selves is visible with an average internal propagation time of 9.71s.
Cell 1 only serves as the initiator for the thermal propagation and its
behavior strongly depends on the heating process, which is why no
particular attention is placed on this cell.

In contrast, the cells at position 2 show a clear trend. While the cell
with a SOC of 100% requires only 15.13s for the temperature to pass,
the two cells with a SOC of 60% require on average 20.63s and the
one with 20% 75.21s. The front of the 20% cell, as shown in Fig. 3d,
initially heats up only due to the thermal runaway of the previous
cell. From approximately 20s onwards slight temperature increases
due to internal reactions are visible. Nevertheless, in comparison to
the other cells, the considered cell does not show a rapid temperature
increase on the front. This indicates that no strong instant reactions
occur homogeneously in large areas of the cell with 20% SOC.

The significantly longer propagation time for the 20% cell can be
explained by the already observed lower release of heat energy. In a cell
with a high SOC, larger temperature gradients in the cell occur leading
to a higher heat flow and therefore to a faster propagation speed [43].
Furthermore, gas is generated inside the cell due to chemical reactions
and electrolyte evaporation, separating the cell stack layers [41,49].
The separation slows the heat transfer between the layers resulting in
an increased thermal resistance between cell stack and cell casing and
within cell stack as modeled by Chen et al. [50]. The authors added
an additional thermal resistance as soon as a critical gas formation
temperature is reached. After the cell ruptures and the gas escapes,
this resistance decreases but does not drop to zero [50]. In particular,
the pressure profile in Fig. 3e for cell 2 in the 100%-20%-100% SOC
test (green line) shows a significantly longer and continuous increase

between the trigger time at the front tg (x marker) and the back t’2’
(> marker) of the second cell. This indicates continuous gas formation
within the cell. It is assumed that in the 20% cell, as shown in simplified
form in Fig. 5, the chemical reactions and electrolyte evaporation on
the hot side of the cell gradually generate gas. This gas can escape as
soon as the pouch casing ruptures, but it still pushes the individual
layers apart, reducing the thermal conductivity between them. When
subsequent layers reach a certain temperature, gas also forms there
lowering the thermal conductivity to the following layers. This process
then moves through the different layers. Particularly in cases with low
SOC, the reactions proceed more slowly, leading to gas formation over
a longer period and slower thermal propagation in the cell stack. This
process would also explain the enormous temperature decoupling of the
front and back of the cell, which is visible in all tests.

Another important point in Fig. 4c is the 6.49s longer internal
propagation time of the second cell with a SOC of 60% in the 100%—
60%-100% SOC test than in the 60%-60%-60% SOC test. A possible
explanation is the temperature level of the cells and thus how evenly
the temperature rises within a cell. The average back side temperature
of cell 2 when the thermal runaway starts in the 100%-60%-100%
experiment is 26.85 °C, which is 11.77 °C lower than in the 60%-60%—
60% experiment due to the faster propagation time from cell 1 to 2
resulting from the higher SOC of cell 1. When comparing the third
cells, a similar trend becomes apparent. A dependency between the
internal propagation time of the third cells with 100% SOC and the
SOC of cell 2 is visible. In the 100%-20%-100% experiment, the average
temperature on the back side of cell 3 reaches about 51.22 °C when the
thermal runaway starts on the front surface with an internal propaga-
tion time of 13.72s. In contrast, the propagation time is higher for the
100%-60%-100% SOC (14.68s) and 100%-100%-100% SOC (17.04s)
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Fig. 5. Formation of a gas bubble as a thermal barrier between the layers of a cell,
slowing the thermal propagation. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

experiment with a back side temperature of approximately 25.20°C
and 24.78 °C, respectively. These temperature differences suggest that
the propagation time within a cell is influenced by the temperature
level and its distribution in the cell. A SOC reduction of the previous
cell leads to a lower heating rate of the following cell with a longer
cell to cell propagation time as discussed earlier. This in turn results
in a shorter cell internal propagation time due to the more even
temperature rise within the cell. The closer the temperature level is
to the thermal runaway trigger temperature, the faster the thermal
propagation occurs within the cell. The observed results are in good
agreement with the findings from the single-cell experiments conducted
by Huang et al. [51] in which one-sided heating with heating powers
between 400 W and 700 W showed that the internal propagation time
increases with the heating power. Furthermore, Willstrand et al. [15]
found that a cell undergoes more rapid gas formation at a comparable
total gas amount when a cell is heated more evenly or slowly, as it
passes through more quickly.

The last cells show a slight increase in propagation time from an
average of 15.15s for fully charged cells to 21.65s for the cell with a
SOC of 60%.

4.4. Mass loss

The cell mass loss is the difference between the mass of a cell before
and after the experiment. As can be observed in Fig. 6a, there is a strong
correlation between the mass loss and the SOC, resulting in an average
mass loss of 189.6 g, 299.4g and 409.3 g for the cells with 20%, 60%
and 100% SOC, respectively. The intensity of the chemical reactions
and the energy released increases with the amount of stored electrical
energy, which also increases mass loss. However, the box chart clearly
shows a high variation of the values for 100% and 60% SOC with a
standard deviation of 19.56g and 58.36g, respectively. As only one
cell was tested at 20%, no variation is visible for this SOC. The large
differences can be explained at least in part by the cell placement or
cell number i within the module. The mass loss is displayed in relation
to the cell number i in Fig. 6b. A significant reduction of mass loss
with an increase in the cell number i is observed in the two tests
with homogeneously distributed SOC (see the orange and blue data
with the fitted line). This effect is assigned to the previously described
reduction of module pressure during thermal propagation. If the cell is
under preload, the individual cell stack layers are more compacted and
the gas produced during thermal runaway can only escape via limited
pathways from the cell [52]. This leads to the creation of local hotspots
and gases, which entrain particles when they are released [52]. This
relationship between mass loss and module pressure is illustrated in
Fig. 6c¢. Circle markers with the fitted solid line represent the mass
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of this article.)

loss dependency with the measured pressure at the average trigger
time on the front of the cell, while triangle markers with the fitted
dashed line represent this with measured pressure at the average trigger
time on the back of the cell. For the homogeneous 60% and 100%
experiments the mass loss reduces significantly from the first to the
last cell by 142.55 g and 55.94 g, respectively. Therefore, the influence
of the pressure seems to be more pronounced for lower SOCs. The
decreasing mass loss is another reason for the increasing maximum
temperature in Fig. 4a over the cell position i. With decreasing mass
loss during the event, less energy and partially unreacted mass is
released to the environment [14,15,51].

4.5. Comparison of the video footage for different SOCs

To illustrate the impact of SOC, this section conducts a comprehen-
sive analysis of video recordings from the second cells in experiments
with the SOC distributions of 100%-100%-100%, 100%-60%-100%,
and 100%-20%-100%. The comparison involves the temperature as
well as the voltage data in Fig. 3a—-d and the video footage of the second
cells with 100%, 60%, and 20% SOC, each triggered by the thermal
runaway of the previous 100% SOC cell. Fig. 7 presents relevant frames
with timestamps, utilizing distinct background colors to highlight dif-
ferent SOCs (blue for 100% SOC, red for 60% SOC, and orange for 20%
SOC). The images capture both the initial and last trigger time for the
cells, with additional time points for enhanced differentiation of cell
behavior attributed to varying SOCs. Each frame includes the absolute
time 7,,, concerning the module’s first trigger time as in Fig. 3a-d and
the relative time ¢,,, to the first trigger time of the second cell.

After cell 1 has released a substantial amount of thermal energy in
the 100%-100%-100% SOC experiment, the second cell with 100% SOC
goes into a thermal runaway at second 27. After two more seconds,
the cell shows very strong fire jets and the voltage begins to drop
slightly, while the temperature rises sharply. Around 3 to 4 s later, more
prominent and discernible fire jets emerge, spreading laterally from the
cell in all directions. These strong fire jets last until about second 19
and become weaker when the back side enters thermal runaway. The
voltage of this cell shows some drops and recoveries during the whole
process due to internal short circuits and drops suddenly to OV 18s
after thermal runaway initiation.

The second cell in the 100%-60%-100% configuration exhibits
strong fire jets after 2s which intensify until 6 s while the temperature
increases comparatively slower than the 100% SOC cell. The fire

jet intensity remains constant until approximately 20s after the first
trigger time and then slowly decreases. The fire jets are still dangerous
and intensive but less compared to the 100% SOC cell and last a little
bit longer. Initially, the voltage fluctuates and begins to fall slowly
before the voltage drops more rapidly towards OV around 22s after
the thermal runaway initiation. In comparison to the 100% SOC cell,
the thermal runaway is less intense, prolonged and the voltage exhibits
a steadier and slower decline towards O V.

After thermal runaway of the first cell in the 100%-20%-100% SOC
experiment, cell 2 with 20% SOC begins to heat up. Initially, the fire
visible is largely due to cell 1, but gradually additional flames and
gas outflows become visible, like in the first image at the right side
of the cell. These reach their peak after around 7s and remain at a
similar level, with stronger gas ejections and flames, as can be seen
in the images at 38s and 68s after initiation. From approximately
75s onwards the flame intensity decreases and after the last trigger
time at about 91s for cell 2 is reached, no additional strong flames
and gas emissions occur. In contrast to the cells with higher SOCs,
the process runs noticeably longer and weaker without strong fire jets,
but with a continuous gas generation. Similar to the findings reported
in [23], it appears that the heat and the chemical reactions within
the cell stack gradually spread — beginning at the front of the cell,
progressing to the back of the cell — and the speed of this process is
SOC-dependent. This is indicated by the initially comparatively slow
increase of the front cell temperature in Fig. 3d and the SOC-dependent
propagation time 4r; within the cells in Fig. 4c. Furthermore, it remains
unclear whether the 20% cell reaches thermal runaway or not and how
much thermal energy is released in the process. The video recordings
indicate that the cell material mainly burns without thermal runaway
reactions. The electrolyte evaporates and begins to burn outside the cell
due to the flames present. However, the electrolyte does not appear
to be significantly involved in the chemical reactions within the cell.
Therefore, little energy can be released by the reaction of the electrolyte
with the oxygen released by the cathode, which is a major factor for
thermal runaway [53]. The voltage of the 20% SOC cell, also shown
in Fig. 8a, remains constant at the beginning of the temperature rise
and begins to drop slightly 7s after the first trigger time, before a
stronger drop to OV can be observed from 63s onwards. The voltage
curve also shows that parts of the cell are still electrically intact even
when the initial layers of the cell stack reach high temperature. In
summary, it can be said that the intensity of the thermal runaway
and the resulting flames decrease significantly with the SOC, while
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Fig. 7. Comparison of the video footage of the second cell in the 100%-100%-100% (blue), 100%-60%-100% (red) and 100%-20%-100% (orange) experiment. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

the duration of the internal propagation increases. In addition, the
measured voltage behaves differently and needs longer to drop to zero
with decreasing SOC. An explanation of the voltage course especially
for the 20% SOC case is given in the next subsection.

4.6. Detailed analysis of the 20% SOC cell’s voltage

The consideration of modeling a cell stack of one cell as a parallel
connection of many individual sub-cells [54,55] enables a possible
explanation of the voltage course of the 20% SOC cell in Fig. 8a. Each
sub-cell may have an internal short circuit over a resistance [56]. The
resulting equivalent circuit model (ECM) is shown in Fig. 8b. With N
sub-cells and 1 < n < N, Vv, Tepresents the open circuit voltage, R; ,
the internal resistance, R, the internal short circuit resistance, .S;

isc,n
the internal short circuit switch and .S, ;. , the active switch of the nth
sub-cell.

Initially, the entire cell is intact and no internal short circuit exists.
If a cell is heated on one side, short circuits may occur in sub-cells near
the heated side. Therefore, Sj,., closes for these sub-cells. However, the
total cell voltage does not drop rapidly, as the other intact sub-cells
support the voltage of the short-circuited sub-cell utilizing a current
flow [57]. After a thermal runaway or reaching high temperature, a
sub-cell may no longer be electrically intact or may become discon-
nected from the cell stack [58]. In the context of the ECM, this means
an opening of the corresponding S, ,- As a result, the SOC and
thus the voltage decrease depending on the current flow. The current
flow in the individual sub-cells depends on the short circuit resistance
and the number of load-bearing intact sub-cells [57]. As the thermal
propagation within a cell progresses further and further, individual sub-
cells begin to form short circuits and may go into thermal runaway. This
leads over the propagation time to a decrease of intact sub-cells and to
a change in short circuit resistance, which results in a faster voltage
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Fig. 8. (a) shows the zoomed plot of the voltage curve of the 20% SOC cell and (b) shows the ECM when considering a cell as a parallel connection of several sub-cells.

drop [57]. At the same time as the temperature rises on the back of the
cell, this leads to a rapid acceleration of the voltage drop from approx.
95s onwards.

The zoomed voltage curve in Fig. 8a shows a characteristic saw-
tooth pattern. This suggests that at times when the voltage suddenly
increases, a micro short circuit path is burnt down [59] or a sub-cell
may no longer have electrical contact with the remaining sub-cells or
is at least poorly electrical connected, leading to an increase of the
total short circuit resistance. In terms of the ECM, this causes one
of the short-circuited sub-cells in the parallel connection to fail by
opening the corresponding active switch S,y , Or increasing the Rj..
This explanation of the voltage curve agrees well with the literature.
Feng et al. [39] observed a five-stage voltage response of a battery
consisting of two parallel pouch cells and Gao et al. [58] describe a
similar behavior for the module voltage of four in parallel connected
cells.

5. Conclusion
5.1. Summary

This study investigated the thermal propagation in lithium-ion bat-
tery modules with non-uniform SOC distribution. Inspired by previous
studies on the SOC dependency of thermal runaway, it aimed to verify
the assumption that discharging cells in the propagation path may
mitigate or even stop the propagation.

Four experiments were conducted with modules consisting of three
high energy 63 Ah pouch cells. The two reference experiments com-
prised uniform SOC distribution of all 60% and all 100%. The other
two experiments comprised non-uniform SOC distribution of 100%—
60%-100% and 100%-20%-100%. They represent configurations that
may have been achieved by partial or progressed discharge of the
middle cell through active SOC reduction techniques. The following
main conclusions were drawn from the analysis of the experimental
data:

Reducing the SOC of the middle cell from 100% to 20% prolonged
the total module propagation time by 87 s (factor of 2) compared
to the uniform test with 100% SOC (83s). In comparison to
the less dangerous uniform test with 60% SOC (122s), the total
module propagation time was still prolonged by 48s (factor of
1.4).

The trigger time of a cell within the propagation path is mainly
influenced by the SOC of the preceding cell and only slightly by
the SOC of the considered cell itself. The higher the SOC of the
considered cell or the preceding cell, the earlier the trigger time.
A low SOC leads to a calmer thermal runaway of the considered
cell, a lower maximum temperature and a prolonged propagation
time within the cell and to the subsequent cell. However, the
extended heating period of the subsequent cell leads to a more
homogeneous temperature rise with faster internal propagation
of the subsequent cell once the trigger temperature is reached.

10

» The tendency of the module pressure to decrease as thermal
propagation progresses results in lower mass loss and slower cell
internal propagation for cells with larger distance to the thermal
propagation origin.

» Temperature, voltage, pressure and video data indicate that the
heat and the resulting chemical reactions pass layer by layer
through the cell stack. The resulting gas bubbles between the
layers of the cell stack can temporarily increase the thermal resis-
tance between the layers which slows the internal propagation.

5.2. Future work and limitations

While we believe that this study provides valuable insights into the
SOC dependence of thermal runaway and its propagation through a
module, there exist several opportunities for future research to expand
and improve our understanding of this topic.

Instead of choosing SOC configurations within the cell’s specifi-
cation, over discharging could result in additional safety gains with
respect to the mitigation of thermal propagation. In addition to the
SOC, the module preload pressure seems to have a significant influence
on thermal propagation, which was investigated only to a small extent
in this work. A deeper understanding of this relation is required.

The results emphasize that reducing the SOC of selected cells in a
module in anticipation of imminent thermal runaway may mitigate or
even stop thermal propagation. This introduces new possibilities for
active safety strategies in battery systems.

Implementing such a strategy requires consideration of additional
factors though. Discharging a cell in the anticipation of thermal prop-
agation generates heat, which leads to an elevated temperature when
the cell is reached by the heat front of thermal propagation. This is not
closely resembled in our experiments and might be a worse starting
situation compared with no discharging. Furthermore, such a strategy
may not be feasible in conventional battery systems, since discharging
the whole battery to reduce the SOC of a few cells at sufficient rates
requires an extraordinary energy sink. The strategy is also restricted to
discharging all cells at the same time and at the same rate. This may be
one of the first applications that draws broader attention to intelligent
reconfigurable battery systems that could implement the strategy with
better granularity and much lower requirements for the energy sink.
After successfully applying the discharging strategy, it remains unclear
whether the affected cells must be replaced immediately or may remain
in the system without compromising battery safety.
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