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Abstract: The temperature of a lithium-ion battery is a crucial parameter for understanding the inter-
nal processes during various operating and failure scenarios, including thermal runaway. However,
the internal temperature is comparatively higher than the surface temperature. This particularly
affects cells with a large cross-section, which is due to heat development within the cell and lower
heat dissipation due to a poorer ratio of volume to surface area. This paper presents an approach
that enables real-time monitoring of the behavior of a commercial prismatic high-energy battery
cell (NMC811/C, 95 Ah, Contemporary Amperex Technology Co., Limited (Ningde, China)) in the
event of thermal runaway induced by overcharging. The internal cell temperature is investigated by
the subsequent integration of two hard sensors between the two jelly rolls and additional sensors
on the surface of the aluminum housing of the battery cell. The sensor’s signals show a significant
increase in the temperature gradient between the temperature in the core of the cell and the cell casing
surface until the onset of venting and thermal runaway of the battery. The data enable a detailed
investigation of the behavior of the battery cell and the comparatively earlier detection of the point of
no return in the event of thermal runaway:.

Keywords: lithium-ion battery; thermal runaway; temperature monitoring; internal temperature
monitoring; battery safety

1. Introduction

The increasing electrification of passenger transportation is resulting in a significant
increase in demand for lithium-ion batteries (LIBs) [1]. The demand in LIBs for battery
electric vehicles (BEVs) for the Chinese, US and European markets currently amounts to
400 GWh and is expected to increase to 6800 GWh by 2030 [2]. However, there are still
technological challenges that affect the broad acceptance of the technology for mobility
applications in society. In addition to the technological challenges of increasing energy
density, reducing charging time and reducing production cost, safety concerns are a critical
factor [3]. A key to maximizing the safety of LIBs is a comprehensive understanding of the
behavior before and during the occurrence of a failure [4].

The thermal runaway (TR) of a LIB as a failure mode is the key scientific problem
in battery safety research, especially for batteries with Ni-rich cathode materials such as
LiNip gCop 1Mng 10, (NCMS811) due to their comparatively low thermal stability. Thermal
runaway defines the uncontrolled increase in cell temperature, often resulting in fire,
due to an exothermic chain reaction within the cell. The TR of a cell can be caused by
mechanical abuse, electrical abuse, such as an external short circuit or overcharging, or
thermal abuse [5,6].
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In this context, the integration of sensors into the battery cell is a promising way of
quantitatively monitoring internal cell behavior during operation and failure [7,8]. In recent
years, increased efforts have been made to integrate various sensor types into different
battery cell sizes and form factors to be able to directly monitor the internal battery cell
temperature. Novais et al. use fiber Bragg grating (FBG) sensors to monitor the internal and
external temperature of LIBs [9]. Nascimento et al. report that the hybrid sensor network,
consisting of a Fabry-Perot (FP) and an FBG sensor embedded in the commercially available
LFP pouch cell, proves to be effective, non-invasive and accurate [10]. Raghavan et al.
integrate two FBG sensors into a pouch battery cell to monitor the state of the battery [11].
Lee et al. use a resistance temperature detector (RTD) to monitor the internal temperature
of LFP/LTO coin cells [12]. A similar approach is taken by Zhu et al., who embed RTD
thin film sensors in a pouch format LIB to monitor the internal cell temperature at multiple
locations [13]. In another study by Fleming et al., NTC thermistors bonded to a flexible
polyimide substrate are used as internal sensors for both a cylindrical 18650 cell and a
5.5 Ah pouch format battery cell [14]. In contrast, Mutyala et al. use a thin film K-type
thermo-couple (TFTC) to monitor the temperature inside a 3 Ah pouch cell [15]. In various
other approaches, thermocouples were also integrated into LIBs to quantify the temperature
behavior within the cell [16-20].

However, most of the existing approaches are limited to investigating the internal cell
temperature behavior of small-format pouch, cylindrical or coin cells during regular cycle
tests. In contrast to this, Xu et al. present a study analyzing the behavior of a medium-
size prismatic 37 Ah NMC111/C battery cell during thermal runaway with integrated
temperature sensors in addition to a cylindrical 21700 cell and a pouch cell [21]. Parekh
carries out a similar experiment with an LCO coin cell with integrated RTD and induces
the thermal runaway by overcharging the cell [22]. In their work, Mei et al. present an
approach to monitor the internal temperature and pressure during the thermal runaway
of a commercially available 18650 LFP battery cell after applying external heat, using
FBGs [23].

This work aims to investigate the temperature behavior of a large-format prismatic
automotive grade LIB with a high energy density of 246 Wh/kg and NMC811/C electrode
chemistry during thermal runaway using two redundant integrated thermocouples.

2. Experimental Set-Up and Methods
2.1. Cell Preparation and Sensor Integration

Prismatic lithium-ion cells from the manufacturer “Contemporary Amperex Technol-
ogy Co., Limited” (Ningde, China) are used for the experiment. The specified nominal
capacity is 95 Ah with a nominal voltage of 3.67 V, which results in a total energy of 350 Wh
and a gravimetric energy density of 246 Wh/kg. The cell housing is made of aluminum
and has the following dimensions: 35.7 mm x 180 mm x 102 mm. The wall thickness of
the sides is 1.2 mm, whereas the wall thickness of the base is 1.4 mm. The internal cell
structure consists of two jelly rolls connected in parallel. The jelly rolls each have a width
of 178.1 mm, a height of 84 mm and a thickness of 16.65 mm. Graphite is used as the active
material on the anode side and NMCS811 on the cathode side. The aluminum foil of the
cathode has a material thickness of 0.014 mm and is coated on both sides, whereby the
total electrode thickness including coating is 0.12 mm. The copper foil of the anode has
a comparatively lower material thickness of 0.012 mm and is also coated on both sides,
whereby the total electrode thickness including coating is 0.165 mm. The separator has a
thickness of 0.015 mm.

Type K thermocouples from the manufacturer “TC Mess-und Regeltechnik GmbH
(Mbnchengladbach, Germany)” with a measuring range of up to 1350 °C in short-time
operation are used as temperature sensors to monitor the relevant temperature range
despite the high temperatures during the thermal runaway of a battery cell.

A systematic process is used to enable safe and reliable integration of the thermo-
couples into the battery cell. During the integration process, the battery cell’s internal
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structure must not be damaged, as this could otherwise lead to an irreversible loss of
capacity and performance or to an internal short circuit. Before the integration process,
the cells are preconditioned using a constant current—-constant voltage (CC-CV) charging
protocol over 2 full cycles at 0.25 C and 100% depth of discharge (DOD). The thermocou-
ples are integrated after an additional relaxation phase of 2 h at approximately 0% state of
charge (SOC).

The integration process is divided into six steps according to Figure 1 and is carried
out in a conventional glovebox environment under a controlled argon atmosphere. To open
the cell, the first step was to make a flat circumferential cut on the top of the cell, which
separates the housing cover, including the electrode stacks, from the rest of the housing. To
prevent an internal short circuit caused by aluminum chips penetrating the battery cell, the
housing can is cut in a two-stage cutting process.

Figure 1. Systematic approach for integrating two thermocouples into a large-format prismatic
cell; (a) milling a groove 5.0 mm below the housing cover; (b) cutting through the thin cut edge;
(c) extraction of the jelly rolls and the housing lid from the housing can; (d) drilling two feed-throughs
for the thermocouples; (e) integration and positioning of the thermocouples; (f) closing and sealing of
the cell.

First, the upper layer of the cut edge is removed by a spiral cutter and the metal
chips are carefully removed before a round blade cutter cuts through the remaining thin
aluminum layer in the second step. In the third step, the two jelly rolls, including the
housing cover, are extracted from the housing. In the fourth step, the jelly rolls are unfolded
to drill two holes in the housing cover near the safety valve for the thermocouples to be
integrated. Once the holes have been drilled and the swarf removed, in the fifth step, the
two type K thermocouples are inserted into the cell and positioned on the separator surface
of the side of the two jelly rolls facing inwards. The two measuring tips of the thermocouples
are positioned centrally under the electrodes at the same height. No additional measures
are required to keep the two thermocouples in place, as the stiffness of the thermocouple
ensures that its position does not change during folding. In the sixth and final step, the two
electrode stacks with the thermocouples are again folded and reinserted into the original
housing. However, while working on the open cell, the solvent of the electrolyte evaporates
at room temperature. To compensate for this loss of solvent and the expected loss of
capacity, 10 mL of electrolyte containing LiPF6 in EC:EMC (3:7, by wt.) is added before the
cell is closed again.

To seal the reassembled cell, the 2-component structural adhesive type “BETAMATE
2090” from the manufacturer “Dow Europe GmbH (Horgen, Switzerland)” is applied to
the circumferential cut edge and around the two holes for the thermocouples. The cell
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is left to rest for 72 h at ambient temperature to allow the adhesive to cure completely.
After the curing time, the modified battery cell is tested in a vacuum leak test stand to
prevent electrolyte leakage during handling and operation. In the following, the cell with
integrated sensors is referred to as Celljnr.

In addition to the two integrated thermocouples in the cell, the temperature is recorded
on the cell surface and near the cell environment, as shown in Figure 2. The two thermocou-
ples on the cell surface (1, 3) are located at the same respective positions as the two internal
sensors (2, 4). Three additional thermocouples are used to monitor the temperature in the
environment, in the center of the cell (5) and at the height of 10 mm above the safety vent
(6) to monitor the temperature of the escaping flammable gases during thermal runaway.
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Figure 2. Projection view of the cell with thermocouple position; (a) front view; (b) side view; (c) top view.

2.2. Cyclization Pre-Tests

CelljnT is first tested within a comparably low number of charge-discharge cycles
to exclude a significant cell defect due to the integration of the sensor technology in
the first instance. The cells therefore undergo several CC-CV cycles with 24 A (0.25 C)
charging current and 14 A (0.15 C) discharging current at 100% DOD with an additional
10 min break between each charging and discharging step. Celljnt is placed in a test
chamber at a temperature of 22 °C during cycling. During cyclization of the modified cell,
the temperature data of the internally and externally mounted temperature sensors are
also recorded. This makes it possible to additionally evaluate the temperature gradient
across the cell cross-section of the prismatic battery cell during normal operation. The
cyclization pre-tests are carried out with a battery cell tester model “SI-9300R” from the
manufacturer “Ametek, Inc. (Berwyn, PA, USA)”. The temperature data are logged
using a data acquisition system from the manufacturer “Gantner Instruments GmbH
(Schruns, Austria)”.

2.3. Thermal Runaway Tests

The thermal runaway tests take place in a test chamber suitable for abuse tests as
displayed in Figure 3. The test chamber is equipped with active temperature control and a
fume extraction and filtering system. The respective battery cell is connected to the battery
cell tester and the temperature data recording unit presented in Section 2.3. The battery cell
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is placed upright. In case the cell cannot be brought into thermal runaway by overcharging,
an external heating mechanism is installed as a backup thermal runaway trigger. For
this purpose, the cell is fitted with tungsten wire heating elements encased in polyimide
adhesive foil. To be able to investigate a possible influence of the integrated sensors on the
thermal runaway behavior, the thermal runaway test is carried out both with Celljyt and a
reference cell without integrated thermocouples, referred to below as Cellggg.

Gantner DAQ |

(Tsurface)

O—

Gantner DAQ |

(Tinternat)

External heater

Battery tester h’ ____________

(v, 1)

(Backup)

Climate control I

(Tambienr)

| Abuse test chamber

Figure 3. Schematic representation of the test setup in the abuse test chamber and the data interfaces.

The SOC of the cell is approximately 0% SOC before initiating the overcharging
process. A constant electrical current of 26 A is continuously supplied for this purpose. The
(over-)charging continues until thermal runaway occurs.

3. Results and Discussion
3.1. Cyclization with/without Integrated Thermocouples

To estimate the influence of the sensor insertion in the prismatic cell, the discharge
capacity and quasi-open-circuit voltage (qOCV) curve at a low C rate of Celljnt before and
after sensor integration are compared.

According to Schmalstieg et al., it should be noted that the qOCV measurement only
approximates the actual values for the open-circuit voltage, as a small current always
flows and the cell is not in a relaxed state. However, the actual deviation depends on the
current and is therefore comparatively small at low C rates [24]. Experimental results of the
qOCV curve and discharge capacity as well as the 1 kHz impedance before and after sensor
integration are shown in Figure 4 and Table 1. The deviation of the qOCV after sensor
integration fluctuates around the zero value and reaches its maximum at an SOC of 0%
and is 0.16% compared to the qOCV before sensor integration. The value of the discharge
capacity at 22 °C and 0.15 C is 1.22% above the initial value after sensor integration. This
suggests that the amount of electrolyte added during the integration process to compensate
for electrolyte evaporation has expanded the lithium-ion inventory in the cell and the
evaporation effect has been overcompensated.

The correlation between electrolyte quantity and cell (discharge) capacity has already
been described by Giinter et al. in their study [25]. For future studies on integrated sensing,
it is important to determine the actual amount of evaporated solvent as precisely as possible
during integration to be able to carry out the compensation precisely.

Based on the results, it can be concluded that the insertion of the thermocouples
did not lead to significant impairment of the electrochemical behavior of the battery cell.
However, it cannot be determined to what extent the intervention in the internal structure
of the battery cell has long-term effects regarding cell aging. This would require a reference
analysis of the cyclical aging behavior of CellNr.
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Figure 4. Comparison of (a) the qOCV curve for CelljyT before and after sensor integration and
(b) the relative deviation.

Table 1. Comparison of the discharge capacity and 1 kHz impedance for CelljyT before and after
sensor integration.

Reference Values Before Sensor Integration After Sensor Integration Deviation
Discharge capacity ! ]
at22°C0.15C 96.09 Ah 97.28 Ah +1.22%
1 kHz Impedance .
at 22 °C and 50% SOC 0.921 mOhm 0.893 mOhm ~1.03%

! Nominal capacity of 95 Ah according to the cell manufacturer’s data sheet. No information is provided on C
rate and ambient temperature.

After the initial validation tests, further full charge/discharge cycles were performed
to quantify the temperature gradient between the cell center and the cell housing surface
at 0.15 C. For this purpose, the course of the internal and external temperature of the cell
was analyzed for a reference cycle with 100% DOD as shown in Figure 5. In Figure 5c, the
temperature difference between the two thermocouples inside the cell is approximately
constant at a value of 0.4 °C during the reference cycle. The distance between the two
measuring points is 130 mm. The temperature difference between the center of the cell
and the point on the surface of the cell housing with the smallest distance is 1.8 °C at
maximum. The absolute distance between the two measuring points is 17.85 mm, whereby
1.2 mm is accounted for by the thickness of the housing wall and 16.65 mm by the total
thickness of the jelly roll. This results in an average temperature gradient of 0.1 °C/mm.
The comparatively greater temperature gradient can be attributed to the comparatively
poorer thermal conductivity perpendicular to the electrode surface compared to the thermal
conductivity in the plane of the electrode and the more efficient heat dissipation at the cell
surface [26].

3.2. Thermal Runaway with/without Integrated Thermocouples

The evaluation of the thermal runaway behavior on the basis of different character-
istic temperatures (T1, T2 and T3) before and during the thermal runaway is carried out
according to Feng et al. [27]. T1 is the temperature at which the decomposition of the solid
electrolyte interface (SEI) begins. T2 is the temperature at which the thermal runaway is
triggered. The time of reaching temperature T2 is also indicated by a temperature rise rate at
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around 1 °C-s~!. At this point, the side reactions, such as the decomposition of the SEI film,
are highly exothermic reactions between Li and organic solvents, melting of the separator
and decomposition of the cathode materials. T3 is the maximum cell temperature during
the thermal runaway of the battery cell. T2 is the most important evaluation parameter for
thermal runaway behavior, as a higher T2 generally correlates with the thermal stability
of a battery cell. T3 is a good indicator of the risk of thermal propagation at system level.
With increasing temperature T3, the risk of thermal propagation increases [27].
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Figure 5. Reference cycle at 100% DOD and detected internal and external cell temperature values
over the charge/discharge cycle: (a) course of the temperature measured on the cell surface at
measuring points 1, 5 and 6 and the temperature measured inside CelljyT at measuring points
2 and 4; (b) progression of the cell voltage and charge/discharge current in the reference cycle;
(c) absolute temperature difference between the internal cell temperature at measuring point 2 and
the external cell temperature at measuring point 1 as well as the temperature difference between the
two integrated thermocouples at measuring points 2 and 4.

For Celljnr, the characteristic temperatures are analyzed based on the temperatures
detected inside the cell according to Figure 6d. In this case, T1 is 95.7 °C and is reached
4289 s after the end-of-charge voltage is exceeded. Up to this point, the temperatures
at measuring points 2 and 4 do not deviate significantly from each other. This is due to
the small charging current of 0.25 C. The cell is in a thermally stable state, whereby the
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decomposition of the SEI layer has already begun. T2 is reached first at measuring point 4
after 4600 s on the selected time axis. The temperature here is 157.0 °C. For measuring point
2, T2 is reached after 4602 s at 154.7 °C. This supports the findings of Feng et al. that LIBs
with high-energy-density materials will release their stored electrochemical and chemical
energy at temperatures significantly below 300 °C as thermal energy [27]. For measuring
point 2, T3 is reached after 4614 s at 925.5 °C. T3 is also reached at measuring point 4 after
4615 s. The maximum temperature measured inside the cell here is 723.5 °C. This significant
difference in the maximum expression of T3 at two measurement points 130 mm apart
on the identical electrode position is interesting for a possible consideration of a thermal
propagation scenario on battery system level. The results suggest that the positioning of
the sensors in the cell has a decisive influence on the detection of the actual maximum
temperatures in the cell and that this must be considered when planning experiments to
characterize possible propagation scenarios. This is also evident from the data for the
temperature difference between different measuring points for Celljnr.

7r 130 Tr 130
6.5 6.5
6k 25 6 125
S55 \//\ <555 \\/,,1 <
;-ﬁ 5t 20 E;-fv 5t 120 E,
S 45t 3245 /\ 3
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Figure 6. Test data from overcharging Cellpyt and Cellggr without integrated sensors: (a) voltage and
current data from the point of reaching the end-of-charge voltage to the thermal runaway for Cellrgr;
(b) voltage and current data from the point of reaching the end-of-charge voltage to the thermal
runaway for Cellinr; (¢) course of the surface temperature and the ambient temperature above the
vents of Cellggr during overcharging and thermal runaway; (d) course of the surface temperature
and the ambient temperature above the vents of CellpyTt during overcharging and thermal runaway:.
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The temperature difference between the two integrated thermocouples during the
thermal runaway according to Figure 7a is up to approx. 260 °C at the maximum and
200 °C after the first peak has subsided at a spatial distance of 130 mm. The differential
temperature between the cell interior and the cell surface stabilizes at only 100 °C after
the first peak (see Figure 7b) before cooldown. This is due to the significantly poorer heat
conduction behavior perpendicular to the electrode compared to heat conduction along the
electrode surface, as already described in Section 3.1.
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Figure 7. Temperature difference between the thermocouple pairs of Celljnt: (a) temperature
difference between internal measurement points 2 and 4; (b) temperature difference between internal
measurement point 2 and surface measurement point 1.

At temperatures higher than 1200 °C, the temperature measured at measuring point 6
for Cellyr is considerably higher than the temperatures for T3 (see Figure 6d). Although
this temperature was not measured inside the cell, it is particularly significant in the context
of a possible thermal propagation scenario. The temperature of the burning gas stream
escaping from the vent of the prismatic cell can additionally heat neighboring cells if
deflected by, e.g., busbars in the battery system.

To compare the thermal runaway behavior of Cellggr and CelljyT, the temperature
values measured on the cell surface are analyzed. Cellrpr reaches a temperature rise rate of
1°C*s™! on the cell surface 4.315 s after reaching the cut-off charge voltage according to
Figure 8a. The temperature T2 at measuring point 1 is 107.5 °C for Cellggp. CelljnT reaches
the critical point on the cell surface measuring point 1 at 4.623 s after the end-of-charge
voltage has been exceeded (see Figure 8b). The detected temperature T2 for CelljyT is
119.5 °C and, therefore, significantly higher.

At 813.0 °C, the surface temperature T3 at position 1 for CelljyT is also significantly
higher than for Cellrgr, whose maximum temperature T3 is 460.4 °C at the same position
(see Figure 6¢,d). However, it cannot necessarily be assumed that these temperature
differences are due to the change in the cell caused by the implementation of sensors. It
is conceivable that the temperature hotspots on Cellggr have formed at positions other
than the measurement positions. Studies on the thermal runaway behavior of identical
cells under identical boundary conditions and without integrated sensors also show a
divergence in thermal runaway behavior [28].
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Figure 8. Temperature change rate at various measuring points before, during and after the thermal
runaway limited to an observation range of +/—5 °C: (a) surface temperature at measurement
points 1 and 5 of Cellggr; (b) surface temperature at measurement points 1 and 5 as well as internal
temperature at measurement points 2 and 4 of Celljnr.

However, the comparison of the voltage data during the process of overcharging
according to Figure 6a,b shows significant similarities between the behavior of Cellrgr and
CellinT. According to Wang et al., the significant increase in cell voltage shortly before
thermal runaway can be attributed to the consumption of Li, which is caused by Li-related
side reactions at the interface between electrolyte and electrode and the structural change
in the cathode active material [29]. The local voltage maximum for Cellrgr is 4.878 V. The
local voltage maximum for CellyT is 4.872 V. A comparison of the temperature data from
measuring point 6 of both cells shows that the voltage maximum coincides with the time
directly before the vents of both cells open.

For future studies, it is necessary to determine the proportion of the deviation pos-
sibly attributable to cell modification by means of further tests to be able to evaluate the
comparability.

4. Conclusions

In this work, two thermocouples were inserted into a commercial prismatic high-
energy lithium-ion battery cell (NMC811/C, 95 Ah) to characterize the thermal runaway
behavior. A cell prepared with thermocouples and an identical reference cell without
integrated thermocouples were each brought into thermal runaway by overcharging. Based
on the voltage, charge current, surface temperature and internal temperature data of the
reference cell and the modified cell, the thermal runaway behavior was investigated. The
experimental results provide a data-based insight into the real-time behavior of a prismatic
automotive LIB with a Ni-rich cathode and high energy content. The following main
conclusions can be drawn from the results:

(1) The methods presented in the existing literature for integrating temperature sensors
into small-format battery cells with low energy density and low energy content can be
transferred with minor adaptations to large-format prismatic battery cells with high
energy density and high energy content without major impact on the cell properties.
The loss of solvent from the electrolyte due to evaporation at room temperature during
sensor integration can be compensated for by subsequently adding an electrolyte with
an identical composition without loss of cell capacity. In future work, there is a need
to determine the amount of solvent evaporated as precisely as possible to prevent
overcompensation.
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(2) Inlarge-format prismatic high-energy battery cells, a temperature difference of up to
1.8 °C between the internal temperature between the two jelly rolls and the external
cell surface temperature occurs during cycling under the condition of natural convec-
tion, even at low charging currents of 0.25 C, which are likely to be much higher at
higher C rates. This confirms the assumption that cell-integrated temperature sensors
offer considerable added value for understanding the internal processes in the cell,
especially in large-format battery cells with a high energy density.

(3) Using integrated thermocouples, the point of no return can be detected 21 s earlier in
the event of a thermal runaway induced by overcharging with a constant charging
current of 0.25 C in direct comparison to surface temperature measurement. This
confirms the potential of cell-integrated temperature sensors for the early detection of
potentially critical conditions for cell chemistries with low thermal stability.

In future research work, the aim is to further standardize the approach of cell-
integrated sensor technology, especially for large-format prismatic cells, to fully capture the
influence of the sensor technology and its integration. This would enable high-precision
comparability of cell behavior with and without integrated sensors and thus better transfer-
ability of the results to cell development.
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