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In this work, a new impedance-based Thermal Runaway (TR) early detection methodology for Li-ion batteries is
proposed. By using Electrochemical Impedance Spectroscopy (EIS), the impedance of a battery has been tracked
during a full TR event. The potential of EIS and cell impedance tracking for detecting a TR event in an early stage
is demonstrated, thus improving battery safety and State-of-Safety estimation. The impedance module and phase
trends are studied based on single-frequency impedance measurements to detect the event. To develop the
impedance-based detection strategy, Accelerating Rate Calorimetry tests are carried out to characterize cell
impedance behavior at different temperatures and different State-of-Charge values. This characterization is used
to select the most adequate frequency range for detecting a TR event. Then, this methodology is validated by fast-
paced (under 20 min) over temperature abuse tests, demonstrating that this methodology is valid for both rapid
and slow-paced TR events. In addition to this, the performance of this methodology is compared to gas sensing
based TR detection, using current State-of-the-Art automotive grade gas sensors for this purpose. The results
show that the impedance-based method detects the TR 15 h before the explosion in a slow-paced event. The
impedance-based method also outperforms the gas sensing based detection at fast-paced events, complying with
regulations such as R100 Rev3 requirements of a 5-minute warning.

components and lead to short circuits [1]. Electrical abuse, including
over charging or over discharging, causes excessive heat generation due
to the breakdown of battery materials and exothermic reactions [2,3].

1. Introduction

Lithium-ion batteries (LIBs) have become a cornerstone of modern

energy storage solutions due to their high energy density, long cycle life,
and relatively low maintenance. They are widely used across various
types of applications, from portable electronics and Electric Vehicles
(EVs) to stationary applications with large-scale energy storage systems.
In recent years, incidents involving lithium-ion batteries in EVs have
captured significant public attention, raising widespread concern about
their safety. A major risk associated with these batteries is Thermal
Runaway (TR), where excessive heat can lead to fires or explosions. This
has caused potential buyers to view the technology as less reliable and
secure.

Thermal Runaway in LIBs is typically triggered by several factors,
including mechanical abuse, electrical abuse, and thermal abuse. Me-
chanical abuse, such as crushing or puncturing, can damage internal
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Thermal abuse, where the battery is exposed to high external tempera-
tures, can degrade the separator and lead to internal short-circuits.
Extremely low temperatures can also be detrimental as they may lead
to Lithium Plating, which in severe cases can form dendrites that
penetrate the separator, potentially causing an internal short-circuit
[4,5]. Regardless of the cause that generated the Thermal Runaway,
the mechanisms behind it involve a close interaction between electro-
chemical and thermal processes within the battery. It first starts with the
breakdown of the solid electrolyte interphase (SEI) layer on the anode,
leading to reactions between the anode and the electrolyte. As the
temperature rises, the electrolyte begins to decompose, releasing flam-
mable gases. Simultaneously, the separator, which keeps the anode and
cathode apart, can degrade or melt causing an internal short circuit.

Received 8 April 2025; Received in revised form 3 August 2025; Accepted 21 August 2025

Available online 27 August 2025

0142-0615/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0000-0002-2233-0727
https://orcid.org/0000-0002-2233-0727
https://orcid.org/0000-0003-2482-1922
https://orcid.org/0000-0003-2482-1922
https://orcid.org/0000-0003-3637-7670
https://orcid.org/0000-0003-3637-7670
https://orcid.org/0000-0002-9222-564X
https://orcid.org/0000-0002-9222-564X
https://orcid.org/0000-0003-4012-9426
https://orcid.org/0000-0003-4012-9426
mailto:jonperez@cidetec.es
www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2025.111053
https://doi.org/10.1016/j.ijepes.2025.111053
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2025.111053&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Perez et al.

Once the TR is initiated, the temperature rise accelerates increasing the
internal pressure and generating more heat than the battery can dissi-
pate. The rapid increase in temperature accelerates the chemical re-
actions, creating a feedback loop that leads to uncontrolled heat release,
gas emissions, and in severe cases, fire or explosion.

Considering regulatory requirements among other factors, the
selected TR detection method should meet certain key criteria. First, it
must detect the event at least 5 min before it occurs. Additionally, the
solution should be easy to implement, minimally invasive, and cost-
effective. Lastly, the method should provide a high degree of reli-
ability in detecting TR while minimizing the occurrence of false
positives.

The selection of a proper early detection method is crucial for pre-
venting catastrophic battery failures and improving battery safety. Be-
sides, the TR early detection has become mandatory by regulatory
standards such as R100 Rev3, GTR-EVS, GB 38031-2020 or IEC
62933-5-2 [6-9]. In particular, the R100 Rev3 standard specifies that
the vehicle shall provide a signal to activate the advance warning
indication in the vehicle to allow egress of 5 min prior to the presence of
a hazardous situation inside the passenger compartment due to a TR
event [6]. To do so, several different approaches for an early detection of
TR have been proposed in the literature.

While different studies have demonstrated the effectiveness of these
methods in detecting TR, only a limited number meet the industry
standards for practical implementation [10]. Raghavan et al. studied the
implementation of fiber-optic sensors for measuring the internal pres-
sure of the battery [11,12]. Although the sensor was successfully inte-
grated within the pouch cell and was well sealed, the high costs of the
sensors plus the complex assembly process limit their usability. Several
authors have studied the measurement and analysis of the expansion
force from the gas generated during the internal side reactions of a TR
event. The expansion force has been proven to be effective for early
warning. Nevertheless, these sensors are also complex for assembly,
their signal-to-noise ratio decreases their reliability and cannot be
implemented in cylindrical cell monitoring [13,14]. Furthermore, due to
the gas release from the cell in a specified volume (the battery pack), the
pressure is also believed to be useful for gassing and TR detection. In this
regard, Koch et al. [15] carried out abusive tests to some State-of-the-Art
automotive NMC pouch cells with the objective of comparing the time
response of many sensors for TR detection. During the overheating
abusive test, the pressure sensor was able to detect a pressure rise a few
seconds before a visible venting on the cell. However, during nail
penetration tests, the pressure sensor had almost no variation. The au-
thors also proved that the gas sensors were able to detect the TR event
far before the pressure sensor could. In addition, in the research carried
out by Essl et al. [16], the pressure sensor used in their abusive tests was
not able to detect the first venting of the cell at all. Appleberry et al. and
Bombik et al. analyzed the feasibility of employing ultrasound-based TR
detection, by measuring the Time-of-Flight through the layers of the cell.
Ultrasound provides high sensitivity and reliability for this purpose, but
up to date, this approach is only applicable to pouch cells with small
capacity [17,18]. Other authors have tackled the detection of TR
through the monitoring of the internal cell temperature with embedded
sensors within the cell [19,20]. In previous studies, the potential lag
between internally and externally measured cell temperature has been
demonstrated [19,21], so directly sensing the internal cell temperature
definitely improves the TR detection capabilities. However, the assem-
bly of these embedded sensors is costly, it is not standardized, and many
employed sensors have received interferences depending on the appli-
cation, decreasing their reliability. Su et al. and Lyu et al. have analyzed
the measurement of the acoustic signal from the cell venting for early
warning. The authors successfully detected the event before voltage or
surface temperature warnings, but this approach also requires complex
mechanical integration due to the needed proximity to the cell, and
suffers from noise, especially in EV environments [22,23].

On the other hand, gas sensors are a promising solution, since only
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one sensor would be needed per battery pack ideally, which makes their
implementation much simpler than other methods. The main challenge
or limitation is the choice of the type of sensor depending on the gas to
be measured. Depending on the type of battery (NMC, LFP, LTO, ...) and
the phase of the TR, different types of gases are released, so a specific
sensor is needed for their detection [24,25]. Electrochemical Impedance
Spectroscopy (EIS) also offers a viable alternative, with recent advances
in chip-level impedance measurements enabling integration into BMS
[26]. The integration of a single chip in the BMS would be enough to
perform multiplexed impedance measurements of each of the cells
within the battery module, making it a cost-effective and minimally
invasive solution. While conventional EIS measurements take several
minutes to complete, limiting its effectiveness for TR detection, single-
frequency impedance evaluation has been proposed in several
research articles as a faster alternative [27-29]. There is a growing body
of research exploring the use of full-spectrum and single-frequency EIS
applied to battery diagnostics, including State-of-Health (SoH) estima-
tion, State-of-Charge (SoC) estimation or Lithium Plating detection
[30-34]. Despite this, the selection process of the best frequency for this
analysis is not clear. Spinner et al. used 300 Hz for the analysis, but did
not describe why they chose this frequency [27]. Raijmakers et al. used
the intercept frequency (fy) because of its SoC independency, but this
frequency was not necessarily the one with the most temperature de-
pendency [28]. Srinivasan et al. used measurements at 10 Hz and 70 Hz,
both fixed by the BMS capabilities [35]. Dong et al. selected 31.62 Hz to
analyze the cell temperature, but it is unclear why this is the optimal
frequency for this purpose [36]. As for the frequency selection for other
battery diagnostics, some use DRT analysis for this purpose. While DRT
analysis provides a detailed view of the electrochemical processes,
helpful for selecting the frequencies at which the target process takes
place, it requires interpretation and good understanding of the DRT and
the battery’s electrochemical processes.

Overall, considering the integration of EIS and gas sensors into real
electric mobility applications for TR detection purposes, both solutions
would meet all the previously mentioned requirements. These tech-
niques are easy to implement, minimally invasive, and economically
viable, making them suitable for both new battery-pack designs and
retrofitting existing packs with little to no modification of the battery’s
mechanical components.

This study proposes a methodology based on impedance measure-
ment TR detection to effectively increase the detection time of TR,
improving overall battery safety and contributing to a State-of-Safety
(SoS) estimation. Furthermore, this method uses single-frequency
impedance measurements, so this technique can be applied with a sin-
gle EIS measurement IC for every cell within the module. This contrib-
utes to the feasibility of introducing these measurements in the BMS. In
addition, the proposed impedance-based methodology is compared to
gas-sensor based TR detection to quantify the potential improvements of
employing EIS measurements in a BMS. The developed impedance-
based TR detection methodology on its own introduces several ad-
vancements and novelty beyond the current State-of-the-Art. (i) A
framework for selecting the optimum frequency for analysis is proposed.
(ii) The TR detection methodology is compared to commercial gas
sensors for TR detection, and it is validated at different TR scenarios: fast
event, slow event, at cell level and at module level. (iii) This method-
ology complies with the current 5-minute warning limit specified in
regulations, such as the UN ECE R100 Rev 3.

The rest of this paper is organized as follows: Section 2 lays the
foundation and background of how impedance measurements and gas
sensors are applied to detect a Thermal Runaway. In addition, the test
setup and the impedance-based TR early warning strategy are described.
Section 3 shows the test results, describing them and comparing
impedance-based and gas sensor-based TR detection approaches. In
Section 4, the main findings of this work and future lines for study are
laid out.
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2. Methodology

In this section, the background behind gas-based and impedance-
based TR detection is described. Then, the experiments carried out,
the Device Under Test (DUT) and the impedance-based warning strategy
are described.

2.1. Gas sensing applied to Thermal Runaway detection

During the Thermal Runaway process, many different gases are
released. Hence, gas sensing technology can contribute to an early
warning of the event. Depending on the TR event stage, different side-
reactions and material decomposition take place, thus different gases
will be released. There is much research available in the literature
studying the composition of the gases released from different cell
chemistries. The decomposition of the SEI layer is one of the first stages
during a Thermal Runaway event. At this point, when the SEI starts
decomposing, CO, is mainly released [37]. Once the SEI breaks, the
electrolyte will start to react with the anode and CO, Hy and HF will be
released [24]. In addition to this, at this point, the low-boiling solvents
of the electrolyte will start to evaporate [25]. Depending on the elec-
trolyte used, Volatile Organic Compounds (VOC) such as DMC (91 °C),
DEC (126 °C) or EMC (110 °C) will also be released. Then, when the first
venting takes place, apart from the VOCs coming from the electrolyte
vaporization, CO and CO, will also be released. Up to this point, the
gases produced during the TR event are not dependent on the cathode
chemistry used, but instead, they are dominated by the used electrolyte
mixture [16]. Finally, if the TR is reached, the cathode material used in
the cell will determine the gas concentrations released, but mainly, the
released gases at this stage are CO, CO5 and Hy. In this part, the thermal
stability of the cathode, the decomposition temperatures and the oxygen
release are of paramount importance [38]. Although CO, release begins
in the first stage of a TR event, its low concentration makes it hard to
detect it at this stage. For an early detection of a TR event, it has been
discovered that electrolyte vapors are the most useful for their high
concentration at an early stage of a TR. Furthermore, VOC depends on
the electrolyte mixture rather than cathode composition, hence VOC
sensitive sensors are very interesting for this purpose.

2.2. Impedance measurements applied to Thermal Runaway detection

EIS is a powerful, relatively fast, non-invasive technique used for
impedance analysis in electrochemical systems which provides insight
into various electrochemical processes occurring at different fre-
quencies. Each electrochemical process in a lithium-ion battery has its
own time-constant, hence, they can be characterized over a range of
frequencies. For lithium-ion batteries, EIS is mainly used for cell electric
and electrochemical characterization and modeling purposes. However,
recently the EIS method has gained importance in the literature for
diagnosis of internal status of the battery cells, such as internal tem-
perature estimation or aging detection [39,40].

EIS is employed in this study due to the impedance’s sensitivity to
changes in battery internal processes that occur during a Thermal
Runaway event. The methodology aims to leverage these changes in
impedance for early detection, specifically focusing on temperature
variations. This approach provides a more effective solution compared
to existing methods such as gas sensing, which may have delayed re-
sponses depending on their location [16].

The SoC and temperature dependency of the impedance of a battery
has been already widely studied in literature, and since the impedance is
also dependent on the frequency, changes are also observed in the
impedance spectra. Regarding the temperature dependency of the
impedance, it is determined mostly by the cell material characteristics
[41]. This dependency is evident in the whole frequency range of the
EIS, but it is most sensitive in the intermediate-low frequency region,
while at high frequencies (inductive area) the temperature effect is not
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that great. On the other hand, SoC dependency of the impedance
changes deeply depending on the frequency. At low frequencies, in the
diffusion and charge transfer process area, a strong deviation in the
impedance is observed for different SoC [28,41]. For a sufficiently high
frequency, the SoC effect on the impedance can be neglected [42]. The
SEI layer, since it does not store any charge within it, its impedance is
insensitive to SoC and the charge-transfer resistance. So, if a stable SEI
exists, a temperature dependency will be observed in the SEI [27,35].
The frequency where the SoC effect can be neglected depends on the
battery cell and varies in each study. For instance, very little SoC effect is
observed above 6 Hz in the study carried out by Zhu et al. [43], while in
[27,35,36] this frequency rises to 10 Hz, 30 Hz and 100 Hz respectively.
This temperature and SoC dependency form the basis of the early
detection strategy presented in this work.

For higher working temperatures, the cell impedance is known to
decrease. However, for a sufficiently high temperature, the cell imped-
ance has been demonstrated to increase substantially, instead of
decreasing [25]. The reason behind this behavior is not clear yet and
could be caused by different events, some authors have provided some
hypotheses, such as severe depletion of the electrolyte or separator
shutdown process among others [25]. Focusing on the impedance ten-
dency for high temperatures, it has been noted that the phase shift of the
impedance shows quite an interesting behavior. Dong et al. [36]
demonstrated in their research that past a certain temperature, the
phase of the impedance converged to a certain value and would remain
so for higher temperatures. Srinivasan et al. [35] achieved the same
results in their study, although they further observed that moments
before the venting, the phase shift recovered to a more normal value,
indicating that the cell was being cooled due to the gas generation and
posterior venting. While the SoC and temperature effects on impedance
have been well-studied in previous works, the present study expands
upon these findings by focusing on their role in detecting Thermal
Runaway conditions.

2.3. Device under test and experiment setup

Commercial Samsung INR21700-50E cylindrical lithium-ion cells
with a nickel-cobalt-aluminum oxide (NCA) cathode and a graphite
anode were used in this study. The cells had a nominal capacity of 4.9
Ah. In Table 1, the general characteristics of the DUT are depicted. Prior
to testing, the cells were activated with three charge and discharge cy-
cles from 0 % SoC to 100 % SoC at a C/2 rate to ensure consistency in
performance. All cells were then charged to the SoC required for the test
at 25 °C and at least 24 h prior to the experiments. EIS was used to
monitor the cell impedance throughout the Thermal Runaway events.
EIS measurements were conducted using a Gamry Interface 5000E in a
frequency range of 1 Hz to 1.6 kHz, with 50 mA of amplitude.

For the methodology proposed in this work, it is necessary to char-
acterize the cell impedance during the Thermal Runaway. As explained
in Section 2.2, both the SoC and the temperature influence the cell
impedance, thus, it is of paramount importance that the impedance is

Table 1

Samsung INR21700-50E cell characteristics.
Parameter Value
Nominal voltage (V) 3.6V
Minimum voltage (Vmin) 2.5V
Maximum voltage (Vimax) 4.2V
Nominal capacity (Cy,) 4900 mAh
Charging current (I..) C/2 (1C max.)
Discharging current (I4c) 2C (3C max.)
Charging temperature (T..) 0to 45°C
Discharging temperature (Tq.) —20 to 60 °C

Cathode material Li(NiCoAD)O2
Anode material Graphite + 1 %wt Si
Mass 69.5g
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characterized at different SoC and temperature values. Furthermore, to
ensure that the impedance measurement is accurate, the cell must be
stationary at the required conditions. Hence, for performing the char-
acterization of the impedance at these conditions, Accelerating Rate
Calorimetry (ARC) tests were carried out in a THT EV + ARC calorim-
eter. The Heat-Wait-Seek (HWS) test protocol was followed, with a step
of 5 °C, a waiting time of 30 min and a temperature rate sensitivity of
0.02 °C/min. ARC tests were conducted at 10 %, 50 % and 100 % SoC
respectively. During the ARC tests, EIS measurements were performed at
the end of the waiting period at each temperature, to ensure that the
temperature was homogeneous throughout the cell. The tests were
initialized at 25 °C and ended with the Thermal Runaway of the cells.
Hence, the cell impedance has been characterized for three SoC values
(10 %, 50 % and 100 %) and temperatures ranging from 25 °C up to
120 °C, where the cell voltage dropped, and EIS measurements could not
be performed anymore. With this data, the methodology for the early
detection of the Thermal Runaway is developed. This methodology is
detailed in section 2.4.

ARC testing provides the perfect framework for characterizing the
impedance at different SoC and temperature values, but it is a use case
that most likely will just take place in a laboratory. Furthermore, the gas
sensors cannot be placed in the calorimeter, since the maximum oper-
ating temperature of the electronics is exceeded. For properly validating
the methodology and comparing the results to the sensors, tests are
conducted under harsher, real-world conditions using overtemperature
as a TR trigger. Hence, to validate the effectiveness of these approaches,
overtemperature tests were performed in the abuse chamber. The heater
is attached to the cell with metallic cable ties, and the cell is hung in the
center of the chamber, for limiting the heat conduction losses. 3 ther-
mocouples were used for tracking the cell’s temperature, on the positive
tab, on the negative tab and on the cell center. The overtemperature test
setup is shown in Fig. 1. The cells were heated continuously, without a
waiting period, with a heater dummy cell, at a constant power of 80 W
until the Thermal Runaway was triggered. Two tests were carried out,
one at 100 % SoC and another one at 50 % SoC. The most important
feature of these tests is that a fast-paced Thermal Runaway is triggered,
taking under 20 min from the beginning of the test. The ARC tests were
more than 30 h long for reference. Hence, a more restrictive use case is
considered for validation.

EIS measurements at the selected frequency (more details in Section

Heater Dummy Cell

Cell

Temperature [°C]
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2.4) were performed continuously to track the impedance changes
during the TR at this specific frequency and detect the onset of the TR.
To benchmark the performance of this impedance-based method,
automotive-grade sensors for TR detection were placed within the abuse
chamber. The selected sensor is the BAS6C-X00 from Honeywell. This
sensor targets aerosol particles, which are also sensitive to VOC. VOCs
are released during the first stages of the TR. The sensor data is pub-
lished over a CAN bus for monitoring.

Finally, for analyzing the capabilities of each detection method at a
greater scale, an 8-cell battery module in an 8s1p configuration is tested
(see Fig. 2). Here, a dummy cell with a heater inside is placed in the
middle of the module, thus triggering the TR due to overtemperature to
two cells almost at the same time. In this test, the capabilities of the
analyzed methods for detection of a TR are analyzed at a module/pack
level, demonstrating the benefits of applying redundancy to this detec-
tion. The EIS measurements were only applied to the cell closer to the
heater. A summary of all the tests and their purpose is shown in Table 2.

2.4. Impedance-based Thermal Runaway early detection methodology

In the proposed methodology for early detection of TR in Li-ion
batteries, frequency selection plays a critical role in ensuring the effec-
tiveness of the EIS measurements. The impedance spectra, represented
as a Nyquist plot, showed significant temperature-dependent behavior
in the ARC tests, with the impedance initially decreasing as temperature
increased, then reversing direction and increasing at approximately
90 °C (see Fig. 3). This inflection point is hypothesized to be linked to
electrolyte vaporization and decomposition of the Solid Electrolyte
Interphase (SEI) layer, both of which occur as the cell approaches haz-
ardous thermal conditions. This behavior was particularly noticeable in
the 100 % SoC test, where the impedance increased beyond 90 °C. More
about this will be discussed in Section 3.

To optimize the methodology for early TR detection, a single-
frequency approach is adopted to enhance the practicality of real-time
monitoring. A full impedance spectrum can take several minutes to
complete, making it unsuitable for rapid or real-world applications. By
focusing on a specific frequency, a faster detection can be achieved at
cell level, while also enabling the monitoring of every cell within a
battery module with a single EIS device.

350 T T T T T

= Cell
Heater

Thermal
Runaway

Heater enabled
4

L L "

6
Time [min]

)

Fig. 1. Overtemperature test setup at cell level and temperature profiles of the test for cell and heater.
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Heater dummy cell

Thermocouples

Fig. 2. 8-cell battery module for the overtemperature test at module level.

Table 2
Summary of the test matrix.
Test Test SoC Level Objective
No. type
1 ARC 100 Cell Characterize the cell impedance for

% different temperatures at 100 % SoC.

2 ARC 50%  Cell Characterize the cell impedance for
different temperatures at 50 % SoC.
3 ARC 10%  Cell Characterize the cell impedance for
different temperatures at 10 % SoC.
4 OvT 100 Cell Validation of EIS detection method and
% comparison with commercial sensors at
100 % SoC.
5 ovT 50%  Cell Validation of EIS detection method and
comparison with commercial sensors at 50
% SoC.
6 ovT 100 Module  Analysis of the performance of EIS and
% commercial sensors and comparison
between them at fully charged module
level.

2.4.1. Frequency analysis

For selecting the most appropriate frequency for this task, a fre-
quential analysis of the impedance’s parameters, namely, magnitude
and phase, must be carried out. In Fig. 4, the impedance evolution
depending on the SoC level and the cell temperature is shown. The cell
impedance has great dependency for both SoC and temperature [35,36].
Hence, for selecting the final frequency, the objectives shall be to
maximize the temperature effect while the SoC effect is reduced or
minimized at that specific frequency. For this task, the statistical vari-
ance of each frequency to SoC and temperature, both for the phase and
the magnitude, has been analyzed (see Fig. 5).

From the frequential analysis, several key takeaways can be ob-
tained. Both the phase shift and the magnitude show dependency on
temperature. However, the phase shift is the one which shows greater
variability in its value due to temperature. In addition, the magnitude
has greater dependency on SoC than on temperature, whereas the phase
shift shows great dependency on temperature, whilst keeping SoC effect
relatively low. Hence, the impedance phase shift is regarded to be the
most suitable for tracking internal temperature changes. Focusing on the
phase shift, at lower frequencies, the SoC effect is negligible, but so is the

temperature effect. On higher frequencies however, the temperature
effect is increased. At this region, the SoC effect is also increased, but it is
kept low whatsoever. More specifically, the temperature dependency is
observed to be greater for frequencies between 300 Hz and 1 kHz. This
frequency range is where the SEI has greater weight in the impedance
[27]. As previously discussed, the objectives for the frequency selection
are: (i) maximize the temperature effect; (ii) minimize the SoC effect.
For selecting the frequency objectively, it must be chosen numerically.
The proposed approach for its selection is described in equation (1),
where the temperature variance is multiplied by the inverse of the SoC
variance. This way, the greater the temperature variance, and the
smaller the SoC variance is, the obtained score for that frequency will
increase. The scores of the frequencies in the range of 300 Hz to 1 kHz is
shown in Table 3, ordered from highest to lowest score. The frequency
with the greater score is 400.15 Hz, hence this frequency is selected as
the best one for tracking the Thermal Runaway.

fscore = D,t22mp / O-ggc (1)

Once the frequency is selected, further observations are made
regarding the behavior of the phase shift with temperature at this fre-
quency. As per Fig. 4, it is observed that the impedance phase showed
substantial changes in the early stages of temperature increase. The
variation in phase shift is particularly significant between 25 °C and the
48 °C measurement. At this temperature, the cell is approaching haz-
ardous conditions, where the safety limits of the battery are going to be
overcome. At temperatures above 60 °C, the SEI layer may start
decomposing, being this the first exothermic reaction during a TR event.
As the SEI layer decomposes, the graphite anode can be exposed to the
electrolyte, and so the intercalated lithium in the anode can react with
the electrolyte, causing loss of active material, lithium consumption and
electrolyte consumption [24,44,45]. At this point, the low boiling-point
solvents of the electrolyte will start to evaporate [46]. Furthermore, the
Safety Operating Area (SOA) of this cell is exceed at this temperature
(45 °C for charging). Interestingly, above 50 °C, the phase shift con-
verges to the same value, with little variation from this point up to TR.
As it will be demonstrated in the fast events in Section 3, this will prove
to be useful for giving a first warning. For elevated temperatures both
semi-circles of the impedance grow together and cannot be distin-
guished anymore. That means the time constants of the internal pro-
cesses get similar and a separation is not possible anymore [47].
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Impedance Spectra at SoC = 100%
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Fig. 3. Nyquist plot from room temperature up to Thermal Runaway. Test No. 1, 100% SoC ARC test.
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Increasing temperatures make the SEI layer behave more as a resistive
layer rather than capacitive. This behavior suggests that at elevated
temperatures, ionic conduction contributes to most of the current across
the SEI layer [48].

Although this study is focused on TR events induced by thermal
abuse, the proposed impedance based detection framework could
potentially be extendend to other abuse scenarios, such as mechanical
crush, external short circuit, internal short circuit and Lithium Plating.
Previous studies have shown that these failure modes typically affect the

is analyzed from ambient temperature up to Thermal Runaway at 100 % SoC.

impedance response at lower frequencies (difussion region) [49-51].
Since the selected frequency targets the SEI related processes (inter-
mediate frequencies), the frequency for analysis would remain suitable
for detecting the TR and would not need to be modified to account for
these other abuse mechanisms.

2.4.2. Impedance evolution and early warning system
The impedance evolution at this frequency has been tracked over
time during the ARC tests at the selected 400.15 Hz frequency. As
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Table 3
Frequency score values for selecting the optimum frequency, ordered from
highest to lowest score.

Frequency 2y (07) 62,c(%?) Fscore
400,15 Hz 4,77 0,600 7,95
636,57 Hz 5,10 0,796 6,41
799,01 Hz 5,12 0,878 5,84
502,23 Hz 4,99 0,929 5,37
318,60 Hz 4,52 0,933 4,84

aforementioned in the frequential analysis, the phase shift exceeds
—0.5° for temperatures above 50 °C approximately. Hence, the
threshold of —0.5° is taken as reference for giving the impedance
warning, where hazardous temperatures are exceeded. When three
consecutive samples are taken below this threshold, a warning flag is
raised. Furthermore, from the Nyquist plot (Fig. 3), it is observed that
the impedance begins to increase at a cell temperature of 90 °C. The
single-frequency measurements at the ARC tests revealed that at this
temperature, the impedance magnitude and phase shift tendency
decoupled from each other (see Fig. 6). This decoupling is a critical in-
dicator, caused by the electrolyte vaporization and decomposition of
other cell components, as stated in the beginning of chapter 2.4. This
behavior signifies that the cell has entered a phase where the risk of TR
increases significantly. The beginning of this decoupling is taken as the
second warning point. Within a 1 min window, a phase shift variation
under 0.2 % (based on the results from test No. 1) and the continuous
increase of the magnitude (derivative greater than 0) within that time
window are taken as reference for detecting this decoupling behavior.

Likewise, after three consecutive samples are taken which fulfill those
conditions, the second warning flag is raised. For the sake of consistency,
this same criteria has been applied to all the abusive tests presented in
this work. It must be noted that the frequency is cell specific, it is not
universal. Although applying the same frequency to every cell could still
be valid for TR detection, for achieving the best possible detection time
each cell model must be characterized as shown in Section 2.4.1.
Taking all of the above into consideration, in the ARC tests, the first
impedance warning, which takes into account the value of the phase
shift, takes place almost 17.4 h and 18.9 h before the venting and the TR
respectively. Regarding the second and last impedance warning, it
happens at 13.79 h and 15.28 h before the venting and the TR respec-
tively. As for the characteristic drop in voltage which usually takes place
in such events, it is 9.81 h before the TR. In this type of slow events,
considering that current BMS could only give a warning due to the
undervoltage, the impedance warning system is able to raise an alarm
more than 5 h before current BMS, which is a significant improvement.
As previously stated, gas sensors measuring VOC concentrations are
employed to compare the effectiveness of the impedance-based TR
detection in overtemperature tests. The VOC sensor has not been used
during the ARC tests due to the high ambient temperatures during the
test, which would not withstand such working temperatures. For the
sake of consistency, the same criteria have been applied to all abusive
tests to raise the warning by gas concentration. In total, two warnings
are given, one based on the gas concentration increase over a given
period of time, and another based on a threshold concentration value.
Based on previous experience, the gas concentration increase rate for the
used sensor is set at 300 ug/m® per minute. As for the threshold, the
recommended value by the manufacturer is employed, 5000 pg/m?®.
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No. 1, 100 % SoC ARC test.

3. Results and discussion

Once the impedance has been characterized with the ARC tests and
the target frequency of 400.15 Hz has been selected for tracking the TR,
the performance of this methodology in harsher, much faster TR events
is tested and validated. For this task, two tests were carried out at 100 %
SoC and 50 % SoC respectively. The 100 % SoC test was selected for
being the worst-case scenario, where the cell has the maximum energy
stored and the TR event is the harshest. As for the 50 % SoC test, this SoC
level was selected to validate the proposed methodology in an inter-
mediate SoC level, to analyze how both detection methods perform at
different SoC levels. Finally, both detection methods are analyzed at
system level by triggering TR to an 8-cell module. As previously dis-
cussed, during these tests, the cell impedance is continuously monitored
at the selected frequency. Furthermore, automotive-grade gas sensors,
targeting VOC are used to correlate impedance measurements to the
cell’s internal reactions and perform a comparison between the effec-
tiveness of these detection methods.

3.1. 100 % SoC results

Following the TR warning criteria described in section 2.4.2, at the

100 % SoC fast event, the impedance phase dropped below —0.5° when
the cell temperature exceeded 50 °C (see Fig. 7). This temperature is
usually the safety limit set in the datasheet by cell manufacturers.
Following the impedance-based warning criteria, 3 consecutive samples
below this phase threshold are considered for giving the first warning,
which is given at 54 °C cell temperature, 6.58 min before the TR. The
impedance phase continuously decreased, stabilizing its value at —1.55°
to —1.6° at 75 °C. This phase shift behavior was also observed in
[35,36,43]. As for the impedance magnitude, it decreases with rising
temperature until reaching the minimum value at 77 °C, similarly to the
phase stabilization temperature. The second impedance warning, which
comprises the increasing of the impedance magnitude while the phase
value is stabilized, is given at 99 °C cell temperature, 3.08 min before the
TR. Regarding the gas sensor, it starts measuring a concentration in-
crease at 81 °C cell temperature. This gas sensor is sensitive to VOC,
which are released when the electrolyte starts to evaporate. At this
point, the impedance magnitude of the cell had already started to in-
crease. This behavior is expected as it has been stated in Section 2.2.
Research has shown that depending on the electrolyte used, VOC such as
DMC can start evaporating at temperatures of 91 °C [25]. Hence, given
the fast nature of the event, and considering the possible delay between
the internal cell temperature and the outer body cell temperature
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measured with thermocouples, it is reasonable to correlate the gas
concentration, and the impedance increase to the electrolyte vapor-
ization. Following the gas warning criteria, the first warning (concen-
tration increase rate) is given at 2.21 min before the TR, while the
second warning (concentration threshold) is not given until the explo-
sion. On the other hand, the undervoltage warning is given 1.21 min
before the explosion, a minute before the gas sensor’s first warning. The
low peak temperature value is caused by the thermocouple becoming
loose due to the explosion.

3.2. 50 % SoC results

At the 50 % SoC fast event TR, the same trend in the impedance as in
the 100 % SoC event is observed, although both the phase and the
magnitude of the impedance is more stable towards the explosion (see
Fig. 8). In this case, the —0.5° phase threshold exceeded at 56 °C cell
temperature. This confirms that the selected frequency for the imped-
ance measurement has little SoC dependency. The first impedance
warning is given at 59 °C cell temperature, 12.23 min before the TR. The
phase is then stabilized at around —1.05 °C at 89 °C cell temperature. At
this SoC, the gas sensor does not measure any increase in the gas con-
centration until the cell has vented, at 176 °C cell temperature, 2.21 min
before the TR. Finally, the second impedance warning is given at 100 °C,
8.15 min before the TR, well before the gas sensor warning. The mini-
mum of the impedance magnitude takes place at 83 °C cell temperature,

a little lower than at 100 % SoC. All in all, the impedance behaves very
similarly to the 100 % SoC test, although the time window for early
detection is larger than at 100 % SoC. However, the gas sensor decreases
its reliability, due to the lower amount of gases released by the cell at
lower SoC levels [52]. As for the undervoltage, the warning is given
3.66 min prior to the explosion.

3.3. Module Thermal Runaway results

The TR event at module level is carried out with all cells charged to
100 % SoC (see Fig. 9). Although this event should be very similar to the
100 % SoC single cell event, it is slower in time. At single cell events, the
heater was directly attached to the DUT, with no other elements for
thermal conductivity. At module level, the mass surrounding the heater
is greater, so the heat is distributed differently. Hence, this event re-
sembles more a TR event that could happen in a real application. The
—0.5° impedance phase threshold is exceeded at 52 °C cell temperature,
and the first impedance warning is given at 55 °C cell temperature,
16.79 min before the TR. The phase continued to drop until stabilizing at
82 °C, at a value around —1.65°, a little more than the single cell event.
The second impedance warning is given at 93 °C cell temperature, 11.27
min before the TR. As for the gas sensor, in this case, as opposed to the
previous single cell tests, it performs better and starts measuring an
increase in the gas concentration far before. The sensor gives the first
and second warnings 9.67 min and 7.71 min before the explosion
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respectively, above the 5-minute threshold. The undervoltage warning is
given 3.77 min before the explosion in this case. The random behavior of
the temperature at the end are caused by the thermocouples becoming
loose due to the explosion.

3.4. Comparison between impedance and gas sensor detection

Once both tests have been described, and the results from impedance
and gas measurements have also been analyzed, a comparison between
both warning methods and the differences due to the cell’s SoC level is
carried out. It must be noted that gas sensors were excluded from ARC
tests due to the temperature limitations of the gas sensor’s electronics.
As a result, a direct comparison between gas sensing and impedance-
based detection could not be performed under slow-paced TR condi-
tions, but have been rather compared during fast-paced over-
temperature testing. The results of the EIS-based warning method and
the gas sensor warning method demonstrate a clear difference in both
timing and performance. The impedance-based method consistently
gave warnings earlier than the gas sensors in both SoC conditions. This
detection approach offers the potential to detect hazardous internal
temperature changes long before gas emissions become evident. In
Fig. 10, the effectiveness of each warning is observed for the three tests
carried out, where the warning time prior to the TR is shown. Further-
more, the numerical results of the warning times and temperatures can
be found in Table A 1 and Table A 2 in the Annex.

10

At 100 % SoC, the impedance-based method provides a first warning
more than 6 min before the explosion and more than 4 min before the
gas sensor gives its first warning. However, the imminent TR warning
difference between the impedance-based method and the gas sensor is
just 52 s. This showcases that although the EIS-based detection method
is superior in performance to the gas sensor for early-stage detection, gas
sensors may still provide useful confirmation in later stages of a TR and
could potentially offer a redundancy in the detection system. As for the
50 % SoC case, the impedance-based method outperformed significantly
the gas sensor. The EIS provides both warnings more than 5 min before
the explosion, while the gas sensor just signals the warning less than a
minute prior to the TR. The SoC level dramatically affects the respon-
siveness of the gas sensor, while the impedance tracking is enhanced due
to the increased time to TR. The larger time window for early detection
at lower SoC levels highlights the better performance of the impedance
tracking, where less energy is stored, the internal chemical reactions due
to overtemperature take place at a slower rate and thus the cell’s in-
ternal material changes are more easily tracked through impedance
shifts. Although it was not possible to test the gas sensors at slow-paced
TR conditions, this behavior would remain the same. At higher SoC
levels, due to the slow heating of the cell, the warning times of the gas
sensor and the impedance would be much closer than at fast-paced
events. As for lower SoC levels, the same limitation found at fast-
paced events would apply to the gas sensor, making it underperform
against the impedance-based detection approach. In addition to the SoC
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variable, the gas sensor’s warning is also affected by the number of gas pack level application, there is a possibility for the EIS hardware to
sensors, their position and how the gas flow takes place within the become damaged when the first cell enters TR. The gas sensors can also
battery pack, not studied in this work. Switching the focus to a module/ provide an increased redundancy level to the system’s safety level in this

11
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case.

Overall, the earlier detection capabilities of the EIS method can be
attributed to its ability to monitor internal cell conditions directly
through impedance changes, while gas sensors rely on detecting the
byproducts of decomposition of the cell’s material caused by over-
heating. As previously discussed, since the reliability of the gas sensor
detection framework depends greatly on geometrical aspects of the
battery pack, its performance can greatly diminish in fast-paced events.
Furthermore, the EIS-based method demonstrated to give early warn-
ings consistently regardless of the cell’s SoC level, with the phase shift
proving to be a reliable indicator of early thermal instability. These facts
underscore the potential of EIS for real-time TR monitoring in fast-paced
overtemperature triggered TR scenarios. Nonetheless, at slower paced
events, the gas sensor can also be useful and provide redundancy from a
system level point of view, providing an increased level of safety to the
overall system and application.

4. Conclusion

This study presents an impedance-based TR early detection meth-
odology for lithium-ion batteries, leveraging single-frequency EIS mea-
surements for tracking cell changes due to temperature. The
methodology has been validated in slow-paced events (ARC) and fast-
paced events (overtemperature) at cell and module level, comparing
its effectiveness to current market solutions, such as gas sensors.

The results confirm that the proposed impedance-based methodol-
ogy provides significantly earlier warning times than automotive-grade
gas sensors. In slow-paced events, the last warning is given approxi-
mately 15 h before the explosion. In fast-paced events (under 20 min),
the impedance monitoring provided a warning between 6 and 12 min
before the explosion. In contrast, the gas sensor only detected the event
2 min before the explosion at 100 % SoC and no detection was achieved
for the 50 % SoC before the explosion. This performance highlights the
potential of impedance-based strategies as an effective method for TR
detection for complying with the 5-minute regulation requirement, such
as in the R100 Rev3.

A key advantage of the proposed methodology is the high level of
reliability it offers regardless of the SoC level. The results show that the
impedance-based strategy ensures consistent detection performance
across different levels of SoC. In contrast, gas sensors proved to be less
reliable at lower SoC levels due to the reduced amount of gas released
during the event. This methodology also demonstrates strong potential
for practical implementation in BMS. Numerous studies have shown that
EIS is an accurate tool for detecting TR. However, one limitation of using
a single chip per BMS is the need for multiplexing, required to monitor
cells individually. This can create time gaps where a cell undergoing TR
may not be monitored. In this case, this technique requires only one

International Journal of Electrical Power and Energy Systems 171 (2025) 111053

impedance measurement IC per battery module or per battery pack.
Hence, this is a cost-effective and minimally invasive solution for large-
scale adoption. Furthermore, this approach analyzes the impedance
changes qualitatively instead of quantitatively. This technique provides
robustness to the detection framework, since it is not subject to the in-
fluence of the wiring, connection resistance and so on. Gas sensing so-
lutions can also be implemented in the required application for
improving the system’s overall redundancy level. The drawback of the
proposed methodology is that to find the best frequency, the impedance
characterization should be performed to each new cell. Although fixing a
specific frequency to target the SEI processes could be valid for TR
detection, for achieving the largest detection time possible, the full
characterization must be carried out.

Future work will focus on evaluating this methodology across
different battery chemistries, formats, degradation levels and abuse
mechanisms. One line of work will be to evaluate the performance
derating of this methodology across the battery’s lifespan when the
impedance is just characterized at BoL. The second line of work will be
to characterize the cell impedance at different states of degradation,
until EoL, to confirm if the proposed strategy can be adjusted with the
estimated SoH of the cell to enhance the overall performance.
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Appendix

Table Al

Warning times prior to Thermal Runaway. Negative values are prior to the TR, positive values are post TR.
SoC Level Impedance 1st warning Impedance 2nd warning Gas Gas uv

1st warning 2nd warning warning

100 % Cell —6,58 min —3,08 min —2,21 min 0,00 min —1,21 min
50 % Cell —12,23 min —8,15 min —0,71 min —0,40 min —3,66 min
100 % Module —16,79 min —11,27 min —9,67 min —7,71 min —3,77 min
100 % ARC —18,87 h —15.28h N/A N/A —-9.81h
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Table A2

Temperatures at which the warnings are given during the abusive tests. Gas measurements are not applicable for the ARC test.
SoC Level Impedance 1st warning Impedance 2nd warning Gas Gas uv

1st warning 2nd warning warning

100 % Cell 54,00 °C 99,00 °C 113,53 °C 252,88 °C 130,59 °C
50 % Cell 59,00 °C 100,00 °C 193,11 °C 201,89 °C 145,76 °C
100 % Module 55,00 °C 93,00 °C 103,52 °C 116,05 °C 141,36 °C
100 % ARC 76,00 °C 98,00 °C N/A N/A 121,84 °C

Data availability

Data will be made available on request.
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Glossary

ARC: Accelerated Rate Calorimeter
BMS: Battery Management System
BoL: Beginning of Life

CMU: Cell Monitoring Unit

DEC: Diethyl Carbonate

DMC: Dimethyl Carbonate

DUT: Device Under Test

EIS: Electrochemical Impedance Spectroscopy
EMC: Ethyl Methyl Carbonate

EoL: End of Life

EV: Electric Vehicle

HWS: Heat Wait Seek

IC: Integrated Circuit

LFP: Lithium Iron Phosphate

LIB: Lithium-Ion Battery

LTO: Lithium Titanate

NCA: Nickel Cobalt-Aluminum Oxide
NMC: Nickel Manganese Cobalt Oxide
OVT: Overtemperature

SEI Solid Electrolyte Interphase
SOA: Safety Operating Area

SoC: State-of-Charge

SoH: State-of-Health

So0S: State-of-Safety

TR: Thermal Runaway

VOC: Volatile Organic Compounds
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