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Temperature has a substantial influence on the overall safety and performance of Lithium-ion batteries.
Given the constraints of onboard thermal sensors and their inability to accurately measure internal cell
temperature, a reliable temperature estimation has become a crucial aspect of battery state monitoring.
This study exploits the temperature-sensitivity of electrochemical impedance spectroscopy (EIS)
measurements to propose a sensor-less method to accurately estimate the internal temperature of com-
mercial lithium-ion batteries. The presented study explores the reliability and limitations of the EIS-based
method via a comparative analysis on two different cell types, i.e., high impedance (cylindrical 5 Ah) and
low impedance (pouch 40 Ah) cells, over a range of multiple SOCs and temperatures. Furthermore, a
novel approach of distribution of relaxation times (DRT) to extract the temperature-sensitive features from
EIS data is also investigated. The results show that method is capable of estimating the internal tempera-
ture of high-energy cylindrical cells with an accuracy of +0.41 °C, and high power pouch cells with an
accuracy of +2.22 °C over the entire range of tested SOCs. Overall, the Arrhenius model (for both cell
types) represents a good fit for all the extracted features with R? > 0.9. Charge transfer resistance (Rer)
was found to be the most significant predictor for cylindrical cells and ohmic resistance (Ronm) for pouch
cells. Furthermore, DRT peak heights can serve as a thermally sensitive feature for cell temperature esti-
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potential for broader applicability than features derived from equivalent circuit modelling. The study illus-
trates the opportunities and challenges associated with implementing impedance-based temperature
rsc.li/EESBatteries estimation methodologies.

Broader context

The safe operation and performance optimization of lithium-ion batteries are crucial for their application in consumer electronics, electric vehicles, and
renewable energy storage systems. Conventional methods of monitoring battery thermal state rely on temperature sensors, which present challenges such as
surface-only data collection, complex wiring, and added weight. These limitations have driven the search for more efficient methods. Recent advancements
in Electrochemical Impedance Spectroscopy (EIS) offer a quick and reliable technique for estimating battery temperature without complex thermal models.
Our study introduces a sensor-less approach using EIS to infer battery temperature, addressing the challenges of conventional methods. By performing a
comparative evaluation of relevant commercially available high energy and high power cells across various temperatures and states of charge (SOCs), we high-
lighted the strengths and limitations of this method. Due to limited research on the Distribution of Relaxation Times (DRT) method, we explored its potential
to estimate battery temperature by separating time constants and extracting temperature-dependent features. The method demonstrated higher estimation
accuracy for high energy cells, highlighting its commercial potential. Our findings enhance battery safety and performance, supporting the development of
efficient and reliable energy storage solutions, and paving the way for future innovations in battery monitoring technologies.

1. Introduction especially in the area of mobility." Lithium-ion batteries

(LIBs), owing to their high gravimetric/volumetric energy
Lithium-ion battery technology has proven to be an ideal can- density,> low self-discharge, longer cycle life, and high output
didate for an alternative and sustainable energy storage, voltage (~4.2 V), have eclipsed previously used rechargeable
batteries and have been widely utilised in portable consumer
products, EVs and grid storage.** Despite vast adoption, wider
use of lithium-ion batteries (LIBs) is not without a challenge to
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high performance, safety and durability. To achieve this, it is
imperative that the operating conditions of batteries are well
monitored and controlled. One of the key functions of a
battery management system (BMS) is temperature monitoring,
as it has a major influence not only on battery performance
and life, but may also induce safety failure, with Li-ion cells
subject to severe temperature-dependent degradation and
failure modes such as thermal runaway.”” In the worst-case
scenario, if the battery temperature exceeds the safety
threshold, then thermal runaway may occur, accompanied by
catastrophic failure and fire. Aside from severe scenarios,
abnormal temperature changes could affect the overall per-
formance and cycle life of the battery. Low temperatures could
also drastically decline available battery power and energy due
to sluggish electrochemical kinetics.® Fast charging at low
temperatures could increase the risk of lithium plating, result-
ing in degradation of battery health.™®

Traditionally, battery temperature is monitored using temp-
erature sensors, such as thermocouples and thermistors,
mounted externally to the cells. The actual internal tempera-
ture could differ from surface temperature during non-equili-
brium conditions. This was demonstrated in our previous
works,'*'* where we implemented in situ thermal monitoring
by embedding thermistors inside the pouch and cylindrical
cells. Most importantly, it was found that the maximum core
temperature exceeded the electrolyte stability limit under
certain conditions. Various other studies also highlighted this
by directly measuring internal temperature."**® Thus, the
approach of using surface-mounted physical sensors suffers
from heat transfer delay, so relying only on surface data could
cause ambiguity in identifying thermal failures. The method
of embedding sensors into cells provides highly accurate and
localised thermal data; however, implementation of this on a
large scale could pose challenges, not least around the
additional cost posed by the instrumentation. Additionally,
ensuring long-term sensor stability and data reliability within
the harsh electrochemical environment is still challenging,
particularly in real-world battery systems that must operate
varied duties under a range of environmental conditions over
thousands of hours without extensive maintenance.

In practical applications, the number of thermal sensors is
limited, e.g., 10 sensors for 76 cells in Ford C-Max and 16 for
288 cells in the Chevy Volt?*' and 4 sensors in the early
24 kWh battery pack of Nissan leaf.”* With such sensor-to-cell
ratio, thermal information of each individual cell cannot be
accessed, as it is impractical to use sensors for every cell owing
to wiring harness complexity, cost and weight.>! We propose to
alleviate this issue by implementing a sensor-less approach,
that could be utilized to infer the temperature of each cell
solely based on measured electrical parameters.

Impedance-based cell state estimation has gained attention
recently as a non-invasive and temperature-sensitive method.
Such a technique could be utilised as either a stand-alone or a
complementary approach beside a thermal sensor for reliable
data acquisition. Various previous studies highlighted the
potential of using impedance parameters extracted from EIS
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(electrochemical impedance spectroscopy) to infer battery
temperature.>**>° The impedance measured from EIS tests
can be expressed in the form of a complex number encompass-
ing real and imaginary parts, containing information pertain-
ing to the amplitude and phase shift of the device’s current
response to a sinusoidal voltage stimulus. The pioneering
work by Srinivasan et al.** quantised the monotonic relation
between phase shift and battery temperature by keeping the
frequency range of 40 Hz-100 Hz. Although the authors pro-
vided a theoretical basis of phase change to ionic conduction
within SEI layer, the assumption of SEI stability could limit
the estimation accuracy, as the SEI properties may vary under
abusive or ageing conditions. A similar correlation was also
studied by Schwarz et al.*' Their work is commendable for its
practical aspect, through the use of fixed frequency phase
measurements rather than a full or range of EIS spectra.
Therefore, reducing computational and hardware complexity
making the approach attractive for automotive and stationary
applications. On the contrary, some studies also made use of
the real part®* and imaginary part® of impedance to correlate
with temperature. More detailed aspects of various studies uti-
lising impedance to infer battery temperature can be found in
review articles.'”

In this study, a novel approach of employing distribution of
relaxation times (DRT) for analytical treatment of EIS data is
demonstrated for the estimation of battery temperature.
Particular features from EIS and DRT are extracted and related
to temperature based on their strong Arrhenius relation.
Finally, we compare the estimation accuracy and evaluate the
strengths and limitations of applying herein proposed
methods, using two commercial cell types with different impe-
dance ranges.

2. Methodology

2.1. Impedance-based temperature estimation

Impedance Spectroscopy (EIS)
employed for sensor-less temperature estimation, under its
ability to probe time-dependent processes (e.g. electron trans-
fer in electrochemical reactions), whose time constants are
temperature dependent. The relationship between reaction
rate and associated temperature is governed by Arrhenius
equation’ as shown in eqn (1). Changes in internal cell
dynamics due to temperature are reflected in the impedance
response; thus, an intrinsic relationship can be developed
between impedance and internal temperature.

Electrochemical can be

Rate constant = A - ¢ “5/KoT )

where; A is pre-exponential factor, E, is activation energy, Kj, is
Boltzmann constant, and 7 is temperature.

In order to identify a reliable impedance-temperature
relationship, it is crucial to identify and extract the inherent
features exhibiting a strong correlation, whilst accounting for
the effects of other factors (e.g. SOC) that influence the impe-
dance response. Interpretation of impedance response to
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facilitate temperature estimation remains a challenge, necessi-
tating innovative approaches for improvement. Equivalent
circuit modelling (ECM) utilises discrete circuit components
that correspond to multiple physiochemical processes that are
sensitive to temperature changes. To our best knowledge, there
are limited studies available focusing on ECM-based features
for temperature estimation. Instead, most studies relied on
raw impedance data, including phase shift,>***>*! real/imagin-
ary part*®?%%233 and intercept frequency.>>°

However, as the performance of LIB is governed by multiple
electrochemical processes, contributions within EIS spectra
are generally overlapped and thus cannot be distinguished
unambiguously. Furthermore, ECM is dependent on the a
priori knowledge of system response, requiring a suitable con-
figuration that embodies the battery’s internal dynamics,*
which then needs to be adapted following a change in operat-
ing conditions. To overcome these issues, DRT is deployed
here as a model-independent method. It allows for deconvolu-
tion of EIS spectra from frequency to time domain, where dis-
tinct time constants related to multiple processes can be dis-
cerned without making any assumptions regarding the
number of processes or their time constants. Fundamentally,
DRT makes use of the fact that complex impedance response
for an electrochemical system can be modelled by an infinite
series of resistive-capacitive elements as shown in eqn (2). The
term within the integral mentioned in eqn (2) represents the
differential contribution of a single R||C element to the total
polarization, where y(7) is the ratio of ohmic resistance R to
total polarization resistance. The DRT function is computed by
discretizing the integral and taking only finite RC elements.
Thus, the distribution curve is divided into a series of n paral-
lel RC elements, ranging from time constants of z; to z,. This
interval is usually determined by the frequency span of avail-
able impedance data.

" y(e)
Zorr = .
DRT Ll 11 jor

dr (2)

Therefore, DRT makes no a priori assumption for the
number of processes and thus bypasses ECM-based ambiguity
and can be utilised as a model-free approach.?>” Recently, DRT
has been used to diagnose and separate degradation mecha-
nisms in lithium-ion batteries.**"*® However, the use of DRT in
temperature estimation is still very limited.*® This study thus

Table 1 Cells specification
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utilises multiple features from EIS data, i.e., raw data (phase),
parameters from ECM, and peaks from the DRT to estimate
cell temperature. A freely available online tool, i.e., DRTtools
developed by Wan et al.>® was utilised for DRT analysis in this
study. Furthermore, by performing a comparative study
between two different cells, we evaluate the limitations of
these methods over a range of temperatures, particularly at the
higher end, owing to limited EIS accuracy for low-impedance
cells.

2.2. Experimental

To perform a comparative sensor-less study, two distinct types
of LIBs were evaluated with different ranges of impedance.
The tested cells are commercially available LG-M50 (high
impedance/high energy) cylindrical and SPIM11309102 (low
impedance/high power) MGL-pouch cells. These particular
pouch cells are intended for PHEV (plug-in hybrid electric
vehicle) applications. Detailed cell specifications can be found
in Table 1.

DC cycling and EIS measurements were performed using
Biologic VMP3 potentiostat (EC-Lab® 11.54 software) with 5 A
and 20 A boosters as required by the test’s maximum current.
To maintain temperature consistency, cells were kept inside
thermally controlled chambers (Binder KB115). The cells were
supplied new, purchased from the local distributor. Prior to
the start of the EIS-temperature study, all cells underwent a
preconditioning stage. The procedure is as follows: cells were
subjected to 3 cycles of constant current charge/discharge at
an ambient temperature of 25 °C. A current of 0.3C and 0.5C
was used for cylindrical and pouch cells respectively, with a
cut-off current of 0.05C during the constant voltage step.

Furthermore, for temperature estimation tests, a tempera-
ture range of 25 °C to 60 °C (tested at each 5 °C increment)
was selected and cells were tested under 5 different SOCs, ie.,
10%, 30%, 50%, 70%, and 90%. EIS measurements were per-
formed in potentiostatic mode by applying a 10 mV AC exci-
tation under a frequency range of 50 mHz-1 kHz with 12
points per decade on logarithmic scale. Before each tempera-
ture test, cells were kept at a constant temperature for about
5 hours to equilibrate. Cells were first charged to 90% SOC, fol-
lowed by an EIS measurement. They were then discharged
with a decrement of 20% before each subsequent EIS measure-

Cells tested

Item LG M50*°

SPIM11309102-GL40*!

Form factor Cylindrical 21 700
Nominal capacity 4.85 Ah

Weight 68¢g
DC-resistance (AC impedance at 1 kHz) 30 mQ (<25 mQ)
Standard charge rate 0.3C (1.45 A)
Voltage window 2.5V-4.2V
Chemistry

1210 | EES Batteries, 2025, 1,1208-1220

NMC811 (Li (Nig g4C0¢ 10Mng 96)O0,)/graphite-Sio,

Pouch 309 mm x 102 mm
40 Ah

730 g

<1.4 mQ (<0.65 mQ)

1C (40 A)

2.5V-4.2V

NMC*?
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ment until the SOC of 10% was achieved. To ensure equili-
brium conditions, a rest period of 1 hour was provided before
each EIS step.

3. Results and discussion

3.1. Preliminary characterisation of impedance features

The focus of this work is to identify the correlation between
the features present in EIS data and temperature, and to inves-
tigate the dependence of this correlation on SOC. Full EIS
spectra measured at multiple SOCs and temperature are
shown in Fig. 1 and 2 for both cell types evaluated. Focusing
on Nyquist plots in Fig. 1a and c, it can be observed that impe-
dance response is weakly dependent on SOC in the range
30-90% and the high to mid-frequency region. However, it is
highly affected under 10% SOC for both cell types, resulting in
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right shift of the Nyquist plot, particularly in the low-frequency
region. At around 318 Hz and 4 Hz for cylindrical and pouch
cells respectively, there is also a prominent shift (focusing on
the zero-crossing), indicating an increase in ohmic resistance
as the cell voltage is reduced.

An enlarged mid-frequency semicircle (related to charge
transfer/interfacial processes) can be observed at 10% SOC for
both cell types. This phenomenon can be explained in a way
that during low SOCs, due to high lithiation of cathode, the
cell experiences an increase in impedance. By comparing
Nyquist plots for both cell types (Fig. 1(a) and (c)), the differ-
ence in impedance response is visible by the change in shape.
This can be noticed by the disappearance of mid-semi circle
for pouch cells, primarily because of their low impedance and
the presence of inductive effects at high frequencies.

It can be argued that the charge transfer processes are
more prominent in cylindrical cells compared to pouch cells

-3
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Fig. 1 Effect of SOC on impedance response for both cell types at 25 °C (a) and (b) EIS and DRT plot for cylindrical cells, (c) and (d) EIS and DRT

plots for pouch cells.
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Fig. 2 Impedance response (Nyquist plot) and deconvolution of EIS (DRT) at multiple temperatures for both cell types indicating temperature

dependence at SOC = 70%, (a) and (b) EIS and DRT for cylindrical cell, (c) and (d) EIS and DRT for pouch cell.

particularly for the cells tested here. One of the inherent draw-
backs of relying solely on Nyquist-based analysis is its limited
ability to resolve and quantify impedance losses arising from
processes with similar time constants. It is thus challenging to
identify overlapped time constants referring to each electro-
chemical process. An alternative technique for parameteriza-
tion of EIS data is offered by DRT analysis, where polarization
peaks related to each process can be identified, thus separ-
ating the individual electrochemical processes on a time
scale.”

As shown in Fig. 1(b and d), DRT analysis was able to separ-
ate individual processes that were indistinguishable in Nyquist
plots. Under identical test conditions, a higher number of
peaks (S1-S5) can be observed for cylindrical cells than for
pouch (P1-P4). The change in impedance response for 10%
SOC is also visible in DRT, but with additional information.
For both cylindrical and pouch cells, an extra peak, i.e., S3 and
P2 can be identified for 10% SOC as shown in Fig. 1(b and d),

1212 | EES Batteries, 2025, 1,1208-1220

indicating that an additional process becomes dominant at
low SOC. Particularly for pouch cells, as shown in Fig. 1(c and
d), even with the suppressed semicircle (in the high to mid-fre-
quency region) for higher SOCs, two distinct peaks (P2 and P3)
can be identified in the DRT plot. Hence, it can be concluded
that DRT played a vital role here in identifying particular fea-
tures useful for temperature estimation.

The mid-frequency (1-100 Hz) peaks in DRT plots are
usually associated with anodic/cathodic charge transfer and
interfacial processes. Associating the peaks to specific pro-
cesses remains a challenge in full-cell measurements, which,
while representative of real-life scenarios, exhibit convoluted
electrode phenomena. This is sometimes possible using half-
cell impedance measurements, which allow for independent
derivation of DRT spectra for each electrode. However, since
detailed half-cell measurements are out of the scope of this
study, we have ascribed DRT peaks to different processes
based on previous studies reported in the literature.*’ As an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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example, the peaks S1 and P1 could be ascribed to particle-
particle and contact resistance. The frequency and amplitude
of these peaks are invariant with SOC in the range of 30-90%.
Furthermore, according to the kinetics of the electrochemical
process the following peaks, ie., (S2, S3, S4), and (P2, P3)
could be associated to interfacial and charge transfer pro-
cesses. Due to the better representation of mid-frequency
semi-circle for cylindrical cells, a better separation of these
processes can be observed as compared to pouch cells. This is
also in agreement with work done by Iurilli et al.,*> who used a
similar cylindrical cell to that used in this study. Based on
their half-cell/full-cell analysis, they associated the peaks near
10® Hz with SEI and peaks in the range of 107'-10*> Hz with
anodic/cathodic charge transfer processes.

Furthermore, Fig. 2 illustrates the cell’s impedance
response across multiple temperatures. As expected, EIS
response for both cell types (see Fig. 2(a and c)) showed a shift
towards lower impedance as temperature increased. The
reduction in ohmic resistance (R,nm) could be the conse-
quence of enhanced electrolyte conductivity with increasing
temperature. Moreover, particularly for cylindrical cells
(Fig. 2(a)), a decrease in charge transfer resistance (as indi-
cated qualitatively by a reduction in the radius of the semi-
circle) can be observed due to faster kinetics at elevated temp-
eratures. The semicircle could be related to interfacial and
charge transfer characteristics, and thus with increasing temp-
erature, i.e., above 40 °C, the time constants related to internal
processes become similar and difficult to distinguish.
However, on the other hand, the diminishing of interfacial/
charge transfer characteristics with increasing temperature is
not prominent for pouch cells (see Fig. 2(c)). Due to the very
low impedance of pouch cells, the time constants of respective
charge transfer processes overlapped/merged with the
diffusion tail and thus difficult to interpret. Thus, from a
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qualitative analysis perspective it can be argued that, for temp-
erature estimation using the Nyquist plot, different features
could be selected for each cell type. Hence, Rcr and Rop, will
be utilised here to infer battery temperature for cylindrical and
pouch cells respectively. This will be further analysed by
extracting individual circuit parameters using ECM in the next
section.

The poorly resolved features in Nyquist representation were
more apparent in DRT spectra (see Fig. 2(b and d)), where dis-
tinctive peaks related to interfacial/charge transfer character-
istics could be observed, i.e., Peaks C2-C4 and D2, D3 for
cylindrical and pouch cells respectively. Thus, DRT appears
useful for the derivation of temperature-dependent features by
selecting the peaks that are highly temperature-sensitive. Two
major temperature-dependent characteristics of peaks C2 and
D2 can be identified, i.e., shift in their time constants (z) and
change in their amplitudes, as indicated by arrows in Fig. 2(b
and d) inserts. Additionally, it is important to note that shifts
in particular time constants are the consequence of changes in
electrochemical kinetics. This shift cannot be identified using
the Nyquist plot, as an example, two frequencies (3.2 Hz and
1.8 Hz for 25 °C and 45 °C respectively) are pointed out manu-
ally at almost similar locations (see Fig. 2(c)). Due to faster
kinetics, the positioning of particular r changed and thus
became more observable by the shift of D2 in the DRT plot
towards higher frequencies. Based on these observations peak
heights of C2 and D2 were utilised to evaluate an Arrhenius
relation using DRT.

In addition to ECM and DRT-based temperature estimation,
for comparison purposes, we have also considered extracting
features from raw impedance data, i.e., phase shift (¢). Fig. 3
illustrates the Bode plot at 70% SOC for both cell types. It can
be observed from the inserts in Fig. 3(a and b), that variation
of ¢ with temperature is most pronounced in the range of 10

(b)
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Fig. 3 Bode plot indicating phase shift at multiple temperatures under SOC = 70% (a) cylindrical cell phase difference and showing temperature
dependence as an insert, (b) phase shift for pouch cell and an insert focusing on a particular frequency region for temperature dependence, as

circled in the main figure.
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Hz-35 Hz and 2 Hz-3 Hz for cylindrical and pouch cells,
respectively. The temperature-sensitive window for pouch cell
features is much smaller than for cylindrical cells. This differ-
ence could be due to a larger influence of inductive effects at
high frequencies, resulting in masking of charge transfer/
interfacial characteristics for pouch cells in the impedance
response. A weak relationship can be observed in the low-fre-
quency range for both cell types and hence can be excluded for
temperature estimation. It is also important to highlight that
the rate of change in phase with temperature (A@/AT) tends to
get smaller with increasing temperature, particularly above
45 °C for both cell types. As an example, in the case of cylindri-
cal cells at 22 Hz (Fig. 3(a)), Ap/AT between 25 °C to 45 °C is
0.047 per °C, however it is reduced to 0.011 per °C for the
temperature range of 45 °C to 60 °C. A similar observation was
also made by Srinivasan et al.>* while testing at higher temp-
eratures. Furthermore, in our study, this observation is also in
line with a change in R,nm, (see Fig. 2(c)).

3.2. Feature-based Arrhenius relation

As discussed earlier, the correlation between impedance
characteristics and temperature is not linear over the whole
range of tested temperatures. In Fig. 4, we have illustrated this
via an Arrhenius relation of peak heights from cylindrical (C2)
and pouch (D2) cells with temperature. To transform the expo-
nential function in eqn (1) to linear form, all the Arrhenius
relations are plotted here by taking the logarithmic of impe-
dance features. A monotonic relation can be observed with
increasing temperature only up to 45 °C as highlighted in
Fig. 4(a and b). This is similar for both cell types. The acti-
vation energy (E,) in eqn (1) can be calculated by the slope of
the Arrhenius relation. Thus, it can be argued that over a wider
range of temperatures, there could be multiple activation ener-
gies due to varying impacts of temperatures on the cell. This
was also observed by Spinner et al.,”* who used imaginary
impedance to build the Arrhenius relation over a wider temp-
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erature range of —10 °C to 95 °C, while utilising a secondary
correlation trend to fit the temperatures above 60 °C, which
suggests more than one activation energy in effect.

This is a consequence of parallel phenomena affecting the
battery when operating at high temperatures, as seen in devi-
ation from linear correlation above 45 °C in our study.
Multiple parasitic electrochemical reactions can occur during
elevated operating conditions, such as the growth and
decomposition of solid electrolyte interface (SEI) and cathode
materials, electrolyte degradation and transition metals dis-
solution, among mechanisms that are exacerbated due to high
temperatures.” In our test setup, the influence of these pro-
cesses could not be controlled; thus, we have restricted our
subsequent analysis to a range of 25 °C to 45 °C.

Furthermore, as discussed earlier, three different impe-
dance features were extracted here for temperature estimation,
i.e., (i) using ECM, (ii) DRT peak heights, and (iii) phase shift
(extracted from raw data). By conducting a qualitative analysis
of Nyquist plots for both cell types (see Fig. 2(a and c)), and
given the absence of well-pronounced semicircles, a simple
Randles circuit with a single RC component was used. The
circuit configuration is shown in Fig. 5(a), and least-squares
fitting was performed using the Z-View software.**

Interestingly, an inherent limitation of ECM fitting was
observed here, particularly for pouch cells. The Nyquist plot
for pouch cells does not exhibit distinguishable semicircles
(interfacial/charge-transfer characteristics) in the mid-fre-
quency region due to very low impedance. Despite the fitting
errors being in an acceptable range (see table in Fig. 5(a)), a
poor linear correlation between Rqr and the temperature was
observed as shown in Fig. 5(b). This was the same for all tested
SOCs except for 10% SOC, possibly due to a slight increase in
impedance.

On the contrary, a satisfactory correlation (Rcr versus temp-
erature) was found for cylindrical cells under all SOCs as
shown in Fig. 6(a). It can also be noticed that there is an
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Fig. 4 Arrhenius relation based on DRT peak heights over the whole temperature range, indicating multiple linear regions at SOC 70, (a) cylindrical

cell, (b) pouch cell.
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increase in fitting errors for pouch cells with increasing temp-
erature as compared to cylindrical cells (see Fig. 5(a)). This
higher inaccuracy for pouch cells could be attributed to the
influence of high-frequency inductive tail and its masking
effect on the charge transfer arc. Therefore, a poor signal-to-
noise ratio was observed, particularly for low impedance
pouch cells. Since the variation in the zero-crossing will
depend only on changes in ohmic resistance, given that the

© 2025 The Author(s). Published by the Royal Society of Chemistry

inductive effects should be constant. As a result, we have
chosen internal resistance (Ronm) for pouch cells to infer
battery temperature. The resistance values were extracted from
the zero-crossing (where Zjn,j =
relation was built as shown in Fig. 6(d).

Arrhenius relation was established over all SOCs using Rt/
Ronm, DRT peak height and ¢ to illustrate a comprehensive
temperature sensitivity as shown in Fig. 6. The top row rep-

0), and a linear Arrhenius
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resents cylindrical cells, while the bottom row corresponds to
pouch cells. It is evident that all features exhibit high-tempera-
ture dependence, whereas dependence on SOC remains
minimal. Therefore, the impact of SOC on temperature esti-
mation in this study could be neglected. As discussed earlier,
due to faster kinetics, both Rcr/Ronm and DRT peak heights
exhibited a decreasing monotonic trend with an increase in
temperature for both cell types (see Fig. 6(a, b, d and e)). Both
peaks for pouch and cylindrical cells showed almost identical
behaviour. These peaks are likely associated with charge trans-
fer processes, exhibiting a strong Arrhenius relation and
provide good candidate features for temperature estimation
based on DRT for both cell types.

A similar conclusion was also made by Chen et al.,** who
attributed the peak with temperature dependence to charge
transfer processes. This could also be translated for phase-
based Arrhenius relations for both cell types (see Fig. 6(c and
f)). Phase shift (¢) quantifies the degree of reactive/capacitive
behavior at any given frequency. With a reduction in ¢, the
battery system’s response is more dominated by resistive com-
ponents and less by reactive (capacitive and inductive) com-
ponents, as the phase shift approaches zero. As an example,
for cylindrical cells at 22 Hz, the actual phase value is —1.20°
and —0.26° for 25 °C and 45 °C, respectively, as also depicted
in Fig. 3(a) (encircled). Increasing temperature leads to faster
kinetics and diffusion processes, which reduces time constants
for these processes and shifts the impedance at any given fre-
quency downwards, thus any reduction in imaginary impe-
dance will lead to a decrease in ¢.2*2>3!

3.3. Prediction model and validation

In order to estimate the accuracy of temperature estimation
derived from the aforementioned features, a model-based
assessment was conducted in two stages. Firstly, linear
Arrhenius fitting was performed using a single cell for both
cell types, and then two more cells were validated based on the
built model to assess method reliability. Each feature-based
Arrhenius relation (as shown previously in Fig. 6) was mod-
elled using the curve-fit tool in MATLAB for all SOCs. The
experimental data were fitted using a 1% order polynomial
equation, following the traditional Arrhenius equation. To
evaluate the model’s performance and compare the effective-
ness of each feature for both cell types, the prediction is
assessed quantitatively by root mean square error (RMSE/°C)
and R (a measure of variance in prediction) as shown in
Table 2.

The fitting results summarized in Table 2 indicate that
overall cylindrical cells exhibit lower estimation errors as com-
pared to pouch cells. This suggests a robust prediction based
on the extracted features over all tested SOCs. Slightly higher
errors for pouch cells imply a less precise fit, potentially due to
differences in the intrinsic impedance response for both cell
types. Also, the deviation of errors (for both cell types)
between all SOCs is not significant, which suggests a minimal
influence of SOC on temperature estimation for the proposed
method. Generally, the model represents a good fit and can fit
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2.56 (0.92)
1.21 (0.98)
1.44 (0.97)

90%

1.95 (0.95)
1.06 (0.986)
1.49 (0.97)

70%

50%
2.9 (0.89)
0.67 (0.994)
1.57 (0.97)

30%
3.7 (0.83)

0.67 (0.994)
1.48 (0.973)

Pouch cell
RMSE (°C) & (R?)
1.7 (0.96)

0.22 (0.999)

0.83 (0.992)

SOCs
10%

0.46 (0.99)
0.25 (0.999)
0.43 (0.997)

90%

2.41 (0.93)
0.60 (0.995)
0.15 (0.997)

70%

2.40 (0.93)
0.12 (0.999)
0.17 (0.999)

50%

1.75 (0.96)
0.33 (0.998)
0.32 (0.99)

30%

RMSE (°C) & (R?)

Cylindrical cell
2.69 (0.91)
0.50 (0.997)
0.68 (0.994)

SOCs
10%

Table 2 Model prediction performance based on RMSE (°C) and R? for both cell types under multiple SOCs

Model feature
DRT

Phase

RCT/ Rohm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the experimental data as almost all values for R> are ~>0.9. For
both cell types, among all three features, the DRT peak exhi-
bits higher errors over all tested SOCs.

Furthermore, the fitting accuracy can be improved by apply-
ing a polynomial equation of higher degree, i.e., second-order
polynomial. In real-world scenarios, the relation between the
proposed features and temperature is not strictly Arrhenius
(linear); therefore, a higher-order term could capture the devi-
ations from linearity. As an example, in our case for pouch
cells (using DRT peak), upon utilizing a 2"¢ order polynomial
equation the estimation errors were improved to lower values,
ie., 0.46 °C, 1.87 °C, 1.59 °C, 0.81 °C and 1.35 °C for SOCs
10%, 30%, 50%, 70% and 90% respectively. This is also in
agreement with other studies that used a higher-order fitting
and claimed improved accuracy.>®*°

While higher-order fitting improves the prediction accuracy,
the focus of our study is not on optimizing Arrhenius fitting,
but rather on comparing various temperature estimation
methods via impedance features on different cell types, par-
ticularly a perspective on using DRT as a novel approach.
Therefore, we maintain the traditional Arrhenius fitting
approach to build the prediction model. Moreover, on average,
for cylindrical cells, the fitting estimation is 1.92 °C, 0.36 °C
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and 0.35 °C for DRT peak, phase, and Rcr respectively,
whereas it is 2.56 °C, 0.76 °C and 1.36 °C for DRT peak, phase,
and Ryny for pouch cells (see Table 2). It can be argued that
for both cell types, the range of estimation accuracy is satisfac-
tory, as it remains within the rated measurement accuracy of
+2.2 °C for most commercial thermocouples.*”

Further analysis was performed by validating the Arrhenius
model using the data from reference cells for cylindrical and
pouch cells, as shown in Fig. 7. The validation results are cate-
gorised into two sets, iLe., a set comprising of cell numbers 1
and 2 corresponds to cylindrical cells and another set of cell
numbers 3 and 4 relates to pouch cells.

In the case of the high-energy, cylindrical cells, it can be
concluded that among all three features, Ror performed well
and managed to estimate temperature with the lowest RMSEs,
i.e., on average the errors are in the range of 0.21 °C to 0.84 °C.
Whereas, slightly higher errors were observed for the other two
features, i.e., an error range of 0.44 °C to 2.25 °C and 0.46 °C
to 1.19 °C can be noticed for DRT peaks and phase, respect-
ively (see cell 1 and 2 in Fig. 7). On the contrary, higher esti-
mation errors were observed for pouch cells over all the fea-
tures as compared to cylindrical cells (see cell 3 and 4 in
Fig. 7). Here, the prediction performance for both DRT peak

g Cylindrical

4 ¥ \
=

i

1L dd

2 CellNo. ° @

1 2 3 4

Cell No.

Fig. 7 Model validation using Arrhenius fit and RMSE (°C) based comparison of proposed impedance features at multiple SOCs for both cell types,

(a) validation at 90% SOC, (b) 70% SOC, (c) 50% SOC, and (d) 30% SOC.
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and R,nm were observed to be in the almost similar range of
1.5 °C to 3 °C and 1.2 °C to 2.5 °C respectively.

Even though model fitting results for phase showed a good
approximation for pouch cells (see Table 2), validation of this
model revealed that this particular feature faced difficulty in
providing low errors compared to cylindrical cells. Higher esti-
mation errors of 2.23 °C to 6.86 °C were observed when using
phase for pouch cells. Higher cell-cell variability and poor
impedance measurement accuracy of low-impedance cells may
contribute to worse phase-based temperature estimation.
These findings indicate that, despite phase being used as a
temperature predictor in previous studies, its applicability
among cells with very low impedance should be considered
carefully.

Interestingly, a similar level of errors can be noticed for the
DRT peak method for both pouch and cylindrical cell at 70%
SOC as shown in Fig. 7(b), where DRT performed consistently
regardless of the cell type and estimated the temperature with
an RMSE of <2.3 °C. Overall among all investigated SOCs, Rohm
and Rcr stands out with the lowest prediction errors of 2.22 °C
and 0.41 °C for pouch and cylindrical cells respectively. This
was followed by errors of 2.56 °C and 5.138 °C for DRT and
phase respectively for pouch cells. Similarly, the estimation
errors were 1.63 °C and 0.76 °C for DRT and phase respectively
for cylindrical cells. Specifically for the proposed temperature
estimation methodology, it can be concluded that leveraging
the DRT feature, by utilising the selected peaks for both cell
types, temperature can be estimated with a maximum error of
<3 °C over the whole range of SOCs.

Although the temperature estimation in this study yielded
adequate results, the method still suffers from a number of
challenges. Herein, proposed analytical methods require a
lookup table or empirical fit for temperature correlation. Due
to their open-loop nature, to maintain accuracy, the model
parameters need to be updated if to account for changes
related to ageing. Impedance measurements tend to converge
at elevated temperatures, resulting in poor estimation at elev-
ated operating conditions. As highlighted in this study, the
method accuracy has a particular limitation when applied to
low impedance cells. This results in need for extensive prelimi-
nary tests for accurate estimation. Furthermore, impedance-
based estimation gives an approximation of volume-averaged
temperature, which is inclusive of the cell core temperatures
otherwise ignored in surface-based measurements, but poten-
tially underestimates localised hotspots. While machine learn-
ing could be utilised to bypass the requirement of explicit
parameter estimation, it requires a substantially large dataset
for reliable performance. It is important to consider these
limitations in future studies to enhance the wider applicability
of the method described herein.

4. Conclusion

This study successfully utilises a non-destructive sensor-less
approach of leveraging EIS and DRT to infer battery tempera-
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ture. An Arrhenius fit model based on extracted impedance
features in the temperature range of 25 °C to 45 °C was per-
formed on two cell types with different ranges of impedance,
i.e., high energy (5 Ah cylindrical) and high power (40 Ah
pouch) cells. The proposed methods exhibit good accuracy for
the evaluated cylindrical cell, whereas achieving high accuracy
when applied to the low-impedance pouch cells seems more
challenging. This can be attributed to poor signal-to-noise
ratio for a low impedance system, particularly under high
temperature operating conditions.

Three distinct features were extracted for comparison from
EIS data, i.e., Ror/Ronm (from ECM), DRT peak heights and
phase shift (from raw data). DRT was proven to have an advan-
tage over ECM-based interpretation due to its model-indepen-
dent nature. DRT managed to effectively separate the over-
lapping distinct electrochemical processes, thus facilitating
identification of the temperature sensitive peaks. To build an
DRT based Arrhenius relation, two distinct DRT peaks C2 and
D2 were selected for cylindrical and pouch cells respectively.
Two peak properties analyzed, shift in time-constant and
reduction of height with increasing temperature, can be attrib-
uted to faster electrochemical kinetics.

Through cross-validation of the Arrhenius fit with reference
cells, it was concluded that Rey (cylindrical) and Ropp (pouch)
outperforms other features by yielding the lowest estimation
errors of 0.41 °C and 2.22 °C, respectively. Following, DRT
peaks exhibited errors of 1.63 °C and 2.56 °C for cylindrical
and pouch cells, respectively. Importantly, it was noticed that
the useful detectable range for phase-temperature sensitivity
for pouch cells is much smaller than cylindrical cells, there-
fore, a comparatively high validation error of 5.13 °C was
observed for pouch cells as opposed to better performance of
cylindrical cells model with an error of 0.76 °C.

In summary, this study considers the method of sensor-less
thermal estimation with promising accuracy, and highlights
two main challenges i.e., the accuracy decrease when applied
to very low impedance cells, and feature-temperature corre-
lation becoming non-linear over higher temperature ranges. If
solely relying on traditional Arrhenius fit, there should be a
consideration of applying secondary fit to account for multiple
activation energies for temperatures above 45 °C. As impe-
dance of cells tends to converge with increasing temperature,
accurate EIS measurements are crucial to selecting the optimal
features. Future work should be directed towards universality
of this method over different battery formats and chemistries,
or adapting to select features insensitive to battery’s state of
health for ageing studies.
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