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Li-ion cells are a technologically important class of devices for electrochemical energy storage and con-
version. Overheating of a Li-ion cell during operation is undesirable as it directly affects performance and
safety. Although a number of methods have been used for temperature measurement in Li-ion cells, there
is a lack of non-invasive techniques to determine the peak temperature at the core of the cell. Measuring
only the outside surface temperature, while straightforward, is not sufficient since the core temperature
may be much higher. This paper presents non-invasive measurement of the core temperature of a Li-ion
cell using a recently developed technique that utilizes space and time integrals of the measured temper-
ature field at the outside surface. The surface temperature field of an operating Li-ion cell is measured
using infrared thermography at multiple discharge rates up to 10C, using which, the core temperature
is predicted as a function of time. In each case, there is excellent agreement throughout the discharge per-
iod between the predicted core temperature and measurements from a thermocouple embedded at the
core of the cell. These measurements quantify the temperature gradient within the cell, which is partic-
ularly high at large discharge rates. The non-invasive core measurement methods described here may
contribute towards performance optimization and improved safety of Li-ion cells.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Accurate measurement of temperature in a Li-ion cell is a crit-
ical research challenge for ensuring performance, safety and relia-
bility of systems that utilize Li-ion cells for energy conversion and
storage [1–3]. Temperature rise occurs in a Li-ion cell due to heat
generation during energy conversion, particularly at high dis-
charge rates [4–6]. The amount of heat generated in a typical cylin-
drical 26650 Li-ion cell is not extremely large. For example, about
10W heat generation has been reported during discharge at an
aggressive 10C rate [7,8]. For reference, the C-rate of a charge/dis-
charge process is defined as the reciprocal of the number of hours
needed to completely charge or discharge the cell [1,7]. However,
due to poor thermal conductance of the cell [9] resulting from
material and interfacial thermal resistances in the cell [10], this
causes significant temperature rise [11,12], particularly in the core
of the cell, where heat accumulation tends to occur due to the lack
of a direct access for heat removal [13]. While high core tempera-
ture may result in some performance improvement due to reduced
internal resistance, it is also known that high cell temperature
increases the rate of capacity fade [14,15]. Further, in many cases,
the Battery Management System (BMS) may throttle cell power in
response to a high cell temperature to keep the cell within a safe
envelope, thereby resulting in reduced performance. This necessi-
tates the design and implementation of an effective thermal man-
agement strategy in order to keep the cell temperature below a
threshold value and prevent undesirable conditions such as ther-
mal runaway [16–18]. A number of thermal management strate-
gies have been reported in the past, which have been well
covered by recent review articles [14,15,19]. Most thermal man-
agement techniques focus on heat removal from the outside sur-
face of the cell. This is accomplished either by the flow of an
appropriate coolant such as air or water over the cell surface, or
by cold plates [20], heat pipes [21] or phase change materials
[22] in the battery pack. Other more intrusive thermal manage-
ment techniques include the use of electrolyte as a coolant [23],
heat absorption from current collector foils [24], as well as the
integration of a heat pipe protruding out of the cell [13].

Accurate measurement of temperature of the cell, particularly
the peak temperature that occurs at the core of the cell is critical
for effective thermal management and thermal control. Measure-
ment of surface temperature alone does not provide much infor-
mation about the core temperature since the surface temperature
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may not rise much even when the core is much hotter and is in
urgent need for cooling. In past experiments, for example, a tem-
perature difference of as much as 15 �C has been reported between
surface and core temperatures of a Li-ion cell undergoing high rate
discharge [7,25]. Therefore, thermal management based on surface
temperature measurement may lead to insufficient cooling, and
measurement of the core temperature is critical. This may improve
not only the effectiveness of thermal management but also electro-
chemical performance optimization of Li-ion batteries. For exam-
ple, core temperature measurement of multiple cells in a battery
pack may be used for load balancing within the pack by decreasing
the load on an overheated cell.

Due to its importance in thermal control, a significant effort has
been expended for measuring the core temperature in several
other engineering systems. For example, in computer microproces-
sors, temperature sensors are embedded deep within the micro-
processor chip where the highest temperature is expected to be
encountered [26]. Similar core temperature measurement is also
desirable for Li-ion cells. While the temperature on the surface of
a Li-ion cell can be easily measured using thermocouples or other
thermal sensors [7], measurement of the core temperature is not
straight-forward. The electrochemically active environment inside
a Li-ion cell presents challenges for the survival of any temperature
sensor embedded within. Due to the hermetically sealed nature of
the cell, connecting to an embedded sensor is also difficult. Ther-
mocouples have been inserted in Li-ion cells [7,8,25,27], but this
approach is unreliable and often causes cell failure. Some research
has been carried out to utilize certain electrochemical characteris-
tics of the cell as indicators of its temperature [28], but this
approach only yields the volume-averaged temperature, and does
not give information about the peak temperature at the core of
the cell. The insertion of fiber Bragg sensors has also been investi-
gated [29], however, this approach is expensive and cumbersome,
and unlikely to be a candidate for implementation at a large scale.
Non-invasive temperature measurement techniques such as ultra-
sonic temperature measurement – in which the speed of propaga-
tion of an ultrasonic wave through a device is used to determine
the average temperature along the path [30] – have not been used
for a Li-ion cell, possibly due to lack of data on speed of sound as a
function of temperature in a Li-ion cell. Given the shortcomings of
the current state-of-the-art, development of new, non-intrusive
core temperature measurement techniques is very desirable for
Li-ion cells. This is likely to have a direct impact not only on ther-
mal management of the cell, but also on real-time performance
optimization.

In the recent past, a transduction-free method for measurement
of core temperature in a heat-generating cylinder based on mea-
surement of surface temperature fields has been developed
[31,32]. In this method, the steady-state [31] or transient [32] core
temperature of the cylinder has been shown to be related to sur-
face temperatures through appropriate space and time integrals.
Accurate measurement of the core temperature based on non-
invasive, infra-red (IR) measurement of the surface temperature
field has been demonstrated. This method has the advantage of
being non-intrusive and based entirely on the surface temperature,
which is relatively easy to measure. Past papers [31,32] have
demonstrated this method for non-electrochemical test cells in
which heat is generated through Joule heating, a much simpler
mechanism compared to active electrochemistry inside a Li-ion
cell.

This paper presents non-invasive measurement of the core tem-
perature of a 26650 Li-ion cell during high-rate discharge. The core
temperature is determined using a theoretical model that utilizes
measurements of the transient temperature field on the outside
surface of the cell. Core temperature is measured in this manner
for multiple discharge rates, and for a discharge process involving
sudden change in discharge rate. In each case, good agreement is
found with independent measurements of the core temperature
using an embedded thermocouple. These experiments demon-
strate an effective, non-invasive method for determining the core
temperature of an operating Li-ion cell, which may be helpful for
thermal control, performance optimization as well as monitoring
of thermal runaway.

2. Theoretical model

A theoretical model to predict the core temperature of a heat-
generating cylinder as a function of time based on measurements
of the temperature field on the outside surface of the cylinder
has been presented in a recent paper [32]. Fig. 1(a) shows a sche-
matic of an infinite cylinder of radius R with volumetric heat gen-
eration Q(t) occurring within. This model can be applied to a heat-
generating, cylindrical Li-ion cell shown in Fig. 1(b), for which the
core temperature T0(t) is of interest. The outside surface tempera-
ture of the cylinder, Tout(h,t) is measured circumferentially and as a
function of time. When the heat generation rate Q(t) is known, it
has been shown [32] that utilizing the measured outside tempera-
ture as a transient boundary condition, the governing energy con-
servation equations can be solved using the method of
undetermined parameters. This has been shown [32] to result in
the following expression for the core temperature T0(t)
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In Eqs. (2) and (3), lnR are roots of J0, the Bessel function of the
first kind and order zero. The eigenfunction normalization integral
Nr,n is given by
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Finally, w0I(s) is the circumferential integral of the outside tem-
perature Tout(h,s) at any time, given by
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Note that when the heat generation rate Q is a function of time,
the first term T0,A(t) in Eq. (1) must be replaced by
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where L�1 is the inverse Laplace transform, Q is the Laplace trans-
form of Q(t), and I0 refers to modified Bessel function of the first
kind and of order zero. The Laplace transform Q can be determined
once the expression for Q(t) is known, which may vary either
smoothly or sharply with time.

Eq. (1) provides the basis for determining the core temperature
of a Li-ion cell undergoing a discharge process that generates a cer-



Fig. 1. (a) Schematic of the geometry considered in this work, (b) Picture of a 26650 Li-ion cell with embedded thermocouple. Note the black graphite film on one side of the
outer surface for infrared surface temperature measurements.
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tain amount of heat based on measurements of the outside surface
temperature. Note that the core temperature at any given time
depends on the measured surface temperature field at all prior
times, which must be integrated in space as shown in Eq. (5) and
then in time as shown in Eq. (3). Details of this key theoretical
result may be obtained from a recent paper [32].

3. Experimental methods

3.1. Assembly of Li-ion cell with embedded core thermocouple

In order to fabricate an operating cell with a core-embedded
thermocouple for validation of the non-invasive core temperature
measurement method, Lithium iron phosphate (LFP) cells of a
26650 form factor are received from the manufacturer, as shown
in Fig. 2(a). The cells have no electrolyte and are unsealed, which
allows for thermocouple insertion before the cell becomes electro-
chemically active. To precisely mimic the performance of produc-
tion cells, electrolyte of the same formulation used in the
production cells (1:1:1 of EC:DEC:DMC with LiPF6 salt) is obtained.
The production version of these cells has a nominal capacity of
2.85 Ah, and is capable of operating between a maximum range
of 2.0–4.1 V at a maximum rate of 42 A continuous discharge and
5 A continuous recharge. The nominal voltage for these cells is
3.2 V during discharge at the nominal 1C rate of 2.85 A. In order
to ensure the best seal possible for the cell after fabrication, a hole
is first drilled in the underside pressure cap below the top nip con-
nection on the positive terminal, as shown in Fig. 2(b). During dril-
ling, the cell is mounted on its side and the opening exposing the
jelly roll is covered to prevent any metal shavings from falling in.
After this is accomplished, a 2.3 mm steel rod is used to carefully
widen the space in the center of the jelly roll in order to create
enough space for the thermocouple assembly to be inserted into
the core.

The thermocouple assembly consists of three thermocouples,
which are epoxied to the inside of a heat shrink tube at different
lengths from the base of the cell, as shown in Fig. 2(c). When the
epoxy is dried out, a heat gun is used to collapse the heat shrink
around the thermocouples. This assembly is then carefully inserted
into the core of the test cell and the other end of the thermocouple
wires are fed through the drilled hole and out of the small ports
between the top nip and the pressure cap, as shown in Fig. 2(d).
The hole in the pressure cap is then filled with marine epoxy,
and the cell is mounted upside down to allow the resin to fill the
entire cavity between the nip and the pressure cap. This ensures
a robust seal to avoid leakage of electrolyte and reactivity with
the ambient environment. The cell is then left for twenty-four
hours to allow time for the epoxy to cure completely before elec-
trolyte filling begins.

After the marine epoxy completely cures, the cell is transferred
into a glove box and filled with 10 mL electrolyte solution using a
3 mL long needle syringe, as shown in Fig. 2(e). The electrolyte is
introduced in stages to ensure complete filling. Three to five filling
stages are required to completely introduce all 10 mL into the cell.
In each of these stages, electrolyte is introduced until the level is
near the brim of the casing. Fifteen minutes are allowed between
stages or until the level of electrolyte solution had gone down far
enough for another session to begin. This ensures that the elec-
trode films are saturated with electrolyte solution. After this is
complete, the cell is ready to be crimped.

In order to press the crimping dies for these cells within the
glove box, a makeshift hydraulic press is constructed by using
two steel plates and a hydraulic lifting cell as shown in Fig. 2(f).
The first die bends the top lip into a cone shape, while the next
two dies are flat, which press the bent lip firmly against the rubber
seal. The dies have a through hole in the center to allow the ther-
mocouple wires to be fed through and prevent damage from com-
pression. After the three stages of dies have been pressed onto the
cell, it is allowed to sit in the glove box for twenty-four hours to
achieve chemical neutrality.

3.2. Experimental setup for core temperature measurement

A picture of the experimental setup and a schematic of the
experimental data flow for non-invasively measuring the core tem-
perature of the fabricated Li-ion cell using surface temperature
measurements, are shown in Fig. 3. The Li-ion cell is placed on
two thin, tapered foam risers to minimize stray heat loss, and
placed on an optical breadboard directly under a FLIR A6703 InSb
infrared camera. The external surface of the Li-ion cell is covered
with a DGF graphite aerosol spray to ensure a high and uniform
surface emissivity. As shown in Fig. 3(a), lead wires from a MAC-



Fig. 2. Pictures of various steps in the fabrication of a 26650 Li-ion cell with embedded thermocouple in the core of the cell.

Fig. 3. (a) Picture and (b) Schematic of the experimental setup for determining core temperature during high-rate discharge using surface temperature data acquisition and
analysis.
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COR Series 4000 Automated Test System are attached to the power
leads of the cell for charging and discharging the cell. A separate set
of wires also connect the cell to a PARSTAT 4000 Potentiostat for
EIS testing between experiments. The cell is subjected to a variety
of programmable charging and discharging profiles. A small Fuge-
tek HT-07530D12 computer fan is used for forced convection
experiments to provide cooling to the Li-ion cell. The fan is placed
on a metal riser in order to align the fan with the longitudinal axis
of the Li-ion cell. This ensures direct and symmetrical impinge-
ment of air from the fan to the cell. A variable resistor controller
is then used to control the speed of the fan for variable fan speed
experiments. Air speed from the fan is measured using an Extech
mini thermo-anemometer to be around 3.0 m/s. Thermocouples
embedded in the cell are connected to a NI-9213 DAQ thermocou-
ple module. Data acquisition is carried out through LabView soft-
ware with a frequency of 1 Hz. Infrared temperature
measurements are carried out using ResearchIR software, also at
a frequency of 1 Hz. This measurement rate is appropriate for this
systemwhich has a relatively larger time constant (estimated to be
around 48 s based on forced air cooling of a 26650 cell) compared
to the data acquisition time interval.
3.3. Electrochemical measurements

The initial cycling procedure conducted on the test cell is
intended to grow the initial layers of surface film on the electrodes.
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The cell is charged at 0.56 A to 4.1 V using a constant current-
constant voltage profile (CC-CV) and a current cutoff of 0.30 A.
While the maximum voltage for this chemistry is normally
3.65 V, the range is extended in order to promote the formation
of the solid electrolyte interphase layer. This surface film is critical
to the cycle life of the cell. After this step, the cell is cycled five
times at the same rate using the same CC-CV procedure and a CC
discharge procedure, also at 0.56 A. To ensure that the cell is safe
to operate, an initial discharge is conducted at approximately ten
times the nominal rate (25 A).

After the high rate discharge test, the cell is recharged to 100%
state of charge (SOC). An initial galvanic EIS spectrum is collected
from 1 kHz to 5 mHz with a 1.00 A amplitude. For comparison,
EIS of a baseline cell filled and sealed without any thermocouples
inserted in its core is also carried out. The EIS spectra presented
in Fig. 4 show very similar electrochemical behavior of the control
cell (dashed line) and the thermocouple cell (solid line). There is
only a slight increase in the real impedance of the cell due to inser-
tion of the thermocouple assembly. The magnitude of the imagi-
nary impedance in the mid-frequency semi-circle for the
thermocouple cell is only 1 mX less than that of the control cell.
This indicates that while the Ohmic resistance of the cell is
increased by the presence of the thermocouple assembly, there is
no reaction with battery chemicals and active material. The Ohmic
resistance, which is found from the x-axis intercept of the Nyquist
plot, is only a few mX greater than that of the baseline cell. Simi-
larity between the test and control cells is further supported by the
observation that the Warburg tail in the low frequency region after
the initial semi-circle remains virtually unchanged. The slope of
the Warburg tail is nearly the same for the control cell and the test
cell, which shows that impedance to diffusional processes such as
the transport of Lithium ions in electrode materials remains unaf-
fected by the presence of the thermocouple assembly. Thus, in
comparison to the control cell, the test cell does not exhibit any
abrupt change in its electrochemical behavior due to the presence
of the embedded thermocouple.
3.4. Core temperature measurements

Infrared temperature measurement requires exhaustive calibra-
tion. In this case, the surface of interest is coated with a graphite
film, which is calibrated in advance by measuring the temperature
of an Instec HCS662V thermal stage coated with the same graphite
spray. Since the same graphite spray is used in all experiments, the
Fig. 4. Comparison of electrochemical characterization of the 26650 cell containing an
Shows a Nyquist plot, and (b) Shows a voltage-capacity plot.
calibration needs to be performed only once. Measurements of the
surface temperature during a defined temperature ramp are com-
pared with the true temperature of the stage measured by an
embedded thermocouple, showing very close agreement between
the two for the entire ramp duration, with a peak deviation of only
0.31 �C. This establishes a baseline calibration for the camera and
shows the capability of accurately measuring the temperature of
a surface coated with graphite spray.

Once calibration is completed, a number of experiments are car-
ried out at different discharge rates in order to measure the core
temperature of the Li-ion cell using the method outlined in Sec-
tion 2. In each case, the Li-ion cell starts fully charged at ambient
temperature, and a constant or time-varying discharge is con-
ducted using the MACCOR cycler. The temperature distribution
on the surface of the cell is measured in time using the infrared
camera until the cell potential reaches 2.0 V. This is controlled by
a shut off flag in the cycling procedure. The temperature field
around the circumference of the cell at mid-height is extracted
from the measured two-dimensional temperature field from the
infrared camera. These data are subjected to a mathematical trans-
formation to account for the projected view of the curved surface
of the Li-ion cell as viewed by the infrared camera [32].

Three sets of experiments are carried out on the Li-ion cell. First,
the core temperature of the cell is measured using surface temper-
ature measurements at a number of discharge rates while the Li-
ion cell is cooled via natural convection conditions. Then a set of
experiments is carried out for the same discharge rates, with forced
convective cooling from a fan operating at various speeds. Finally,
experiments are carried out to simulate an anomalous increase in
heat generation, as in the case of thermal runaway [18], for each of
the previously discussed cooling conditions. In these experiments,
the MACCOR provides a constant 4C discharge load for a period of
7.5 min, followed by a much larger 10C load for another 3 min,
during which, the cell discharge is complete.

A stabilization time of a few minutes is provided in each exper-
iment with air flow from the fan before the experiment com-
mences. At the completion of each experiment, the cell is
charged at a rate of 1 C and allowed to cool for a few hours. An
EIS test is carried out to ensure that the EIS profile and cell internal
resistance have not changed appreciably before proceeding to the
next experiment. An extended cool-down period is provided
between experiments to ensure that each experiment begins with
the entire cell at ambient temperature. In each experiment, the
core temperature of the cell is determined using the experimen-
embedded thermocouple and a control cell without embedded thermocouple. (a)
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tally measured surface temperature distribution in conjunction
with the theoretical model presented in Section 2. These core tem-
perature measurements are compared against measurements from
the embedded thermocouple in the Li-ion cell to validate the tem-
perature measurement method.
4. Results and discussion

Fig. 5 shows results from an experiment in which the 26650 cell
with embedded thermocouple is subjected to 10C discharge while
its surface temperature distribution is measured using infrared
thermography. Using the surface temperature data and Eqs. (1)–
(5), the two components of the core temperature, T0,A and T0,B are
calculated as functions of time. 415 eigenvalues are used for T0,A
and T0,B. Past work suggests slow convergence of the infinite series
for T0,B [32], which necessitates computation of a large number of
terms. Fig. 5 plots these components as well as their sum, which,
according to the theoretical model determines the core tempera-
ture of the cell as a function of time. For reference, the true core
temperature of the cell, measured through the embedded thermo-
couple is also plotted. Fig. 5 shows that both T0,A and T0,B increase
as the discharge process progresses. T0,A is convex in nature, rising
fast initially and then plateauing out. On the other hand, T0,B
remains flat to begin with, and then starts rising in a concave fash-
ion. The sum of T0,A and T0,B is found to closely match the actual
core temperature of the cell measured by the embedded thermo-
couple. The worst-case disagreement between the two over the
entire experimental duration is less than 1 �C. This demonstrates
the capability of this experimental method to accurately determine
the core temperature based on measurements of the surface tem-
perature distribution.

Fig. 5 shows that the component T0,B remains relatively small
for the first several minutes of the experiment. In such a case,
the computational effort in determining the core temperature
can be significantly reduced by computing only the T0,A compo-
nent. If so, it will be important to determine when T0,B begins to
become significant, which will depend on the relative values of
internal heat generation rate and surface temperature measure-
ment, as well as on the level of accuracy desired for the core tem-
perature measurement.
Fig. 5. Plot of the predicted core temperature and its components T0,A, T0,B as
functions of time for a 10C discharge. For reference, the core temperature measured
by the embedded thermocouple is also plotted.
Note that determining the core temperature in this fashion
requires information about the heat generation rate in the cell, as
well as various thermal properties of the cell, including thermal
conductivity and specific heat. In this case, the heat generation rate
is obtained from prior measurements on a 26650 cell [7] that
showed that heat generation rate in a 26650 cell increases quadrat-
ically with C-rate. Further, since heat generation also depends lin-
early on the internal resistance of the cell, the heat generation from
past measurements is scaled based on the ratio of the internal
resistances from EIS measurements. Heat generation rate could
also be determined through the dependence of its components
on electrochemical parameters such as a current, voltage and over-
potential. The heat generation rate is assumed to be a constant,
although in reality, there may be minor variations with time, par-
ticularly towards the start and finish of the discharge process [33],
which may be the reason behind the increased disagreement
between these measurements and thermocouple measurement of
the core temperature at the start and finish of the discharge pro-
cess. Further, there may be spatial non-uniformity in heat genera-
tion due to additional Ohmic heat generation at the current tabs
inside the cell, although this effect is expected to be negligible
for a well designed cell.

Note that the thermal conductivity and heat capacity of the
26650 cell are obtained from past papers [9,34] that have reported
these measurements for a 26650 Li-ion cell.

These experiments are repeated at a number of discharge rates.
In each case, the computed core temperature based on the theoret-
ical model is compared against core temperature measurement
using the embedded thermocouple during the entire discharge
period. This comparison is shown in Fig. 6. As expected, the tem-
perature rise is greater for higher C-rates due to increased heat
generation rate. There is good agreement between the core tem-
perature prediction and the thermocouple measurement over the
entire discharge duration for each C-rate. The agreement between
the two is particularly good at higher discharge rates, which is also
where accurate measurement of the core temperature is particu-
larly critical due to large temperature rise and the need for effec-
tive thermal management. There is somewhat greater
disagreement at lower C-rates, possibly because at lower C-rates,
the temperature rise itself is so small that measurement uncertain-
ties are relatively larger. Further, variation in heat generation rate
as a function of time appears to be more significant at lower C-
rates. Regardless, the disagreement between the core temperature
Fig. 6. Comparison of core temperature determined from the technique described
in this paper with direct measurements from the embedded thermocouple for a
number of discharge rates.



Fig. 8. Comparison of predicted core temperature with the measured mean surface
temperature for 10C discharge, showing significantly higher core temperature
compared to surface temperature.
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determined through surface temperature measurements and direct
thermocouple measurements is less than 1.4 �C for the worst-case
2C discharge and less than 1.0 �C for the 10C discharge.

In addition to constant-rate discharge, processes involving mul-
tiple rates of discharge are also common and technologically rele-
vant. A change in the rate of discharge may occur when the power
load changes, for example, in an electric vehicle due to acceleration
and deceleration. In an extreme case involving abuse of the cell, the
discharge rate can also go up dramatically due to short circuit. In
each case, as the discharge rate increases, so does the rate of heat
generation, and hence it becomes critical to be able to monitor the
core temperature of the cell during such processes. In order to
demonstrate the capability of this core temperature measurement
method in such a scenario, the 26650 Li-ion cell is discharged,
starting at 4C, and then increasing abruptly to 10C. The core tem-
perature of this cell, measured using the embedded thermocouple
is compared with the prediction from the theoretical model using
surface temperature distribution measurements. There is good
agreement between the two, as shown in Fig. 7, which shows that
the temperature increases slowly during the 4C discharge, and the
rate of temperature rise increases once the discharge rate goes up.
During both phases of discharge, the predicted core temperature is
in good agreement with measurements from the embedded ther-
mocouple. The somewhat increased discrepancy in this case com-
pared to constant C-rate cases may be due to reduced accuracy in
heat generation rate. When the C-rate changes sharply, it is possi-
ble that the heat generation rate changes more smoothly. The pre-
dicted core temperature is somewhat lower than the thermocouple
measurement towards the end of the higher-rate discharge, which
could possibly be due to larger-than-expected heat generation rate
towards the end of the discharge period.

A key goal for this method of determining the core temperature
of the cell is to provide a better estimate of the thermal health of
the cell. In the absence of a method to determine the core temper-
ature of the cell, thermal management and performance optimiza-
tion may need to be based on surface temperature measurement
alone, which is clearly not representative of the peak temperature,
which most likely occurs at the core of the cell. Fig. 8 plots the non-
invasively measured core temperature and the circumferentially
averaged surface temperature of the cell as a function of time dur-
ing a 10C discharge. These data clearly show that while the surface
and core temperatures are close to each other at the start of the
Fig. 7. Comparison of core temperature determined from the technique described
in this paper with direct measurements from the embedded thermocouple for a
discharge process where the C-rate changes abruptly from 4C to 10C.
discharge process, the difference between the two grows as the cell
discharges. By the completion of discharge, there is an almost 10 �C
difference between the core and surface temperatures. This
demonstrates the importance of using the measured core temper-
ature instead of surface temperature for thermal management and
performance optimization. Even with a factor of safety, a surface
temperature based thermal design of the cell may fail since the
core may be much hotter. Cooling of the cell based on surface tem-
perature may lead to under-provisioning of cooling when the core
of the cell is actually much hotter and in urgent need of cooling.

Note that as shown in Eqs. (3) and (5), the method described
here requires information about the past values of surface temper-
atures on the cell. While in the present work, the entire past ther-
mal history of the cell is measured through an infrared camera, it
would be interesting to determine the extent of reduction in accu-
racy of the method in predicting the core temperature if incom-
plete information is available about the past thermal history of
the cell. Similarly, while surface temperature measurements have
been taken with a very accurate infrared camera in this work, there
is likely to be reduction in accuracy when there is significant inac-
curacy in these measurements, or when the surface temperature
measurement data is available only at discrete points instead of a
near-continuous measurement provided by an infrared camera.
While this may be acceptable for applications where the accuracy
requirement for core temperature measurement is not very high,
for other applications, this may present a limitation of this method.

Experimental uncertainty in the measurement of the core tem-
perature arises from uncertainty in the measurement of the under-
lying parameters used for determining the core temperature. These
include thermal conductivity, heat generation rate and surface
temperature measurement. The uncertainties in each of these
parameters are combined using a standard error propagation anal-
ysis [35]. Uncertainties in thermal conductivity and heat genera-
tion rate are taken from papers that have reported these
measurements [7,9]. Uncertainty in surface temperature measure-
ment is obtained from the calibration curve for the graphite spray
to be around 0.31 �C. When combined, the overall uncertainty in
the core temperature measurement is estimated to be around
15%. This value may be somewhat larger for lower C-rates, where
the temperature rise itself is relatively small. Further, if a less accu-
rate IR camera is used, which offers a greater uncertainty in surface
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temperature measurement, then the overall uncertainty in core
temperature measurement will go up accordingly. When cost is a
concern, or when space around the cell is limited, for example in
a battery pack in an electric vehicle, the use of multiple thermo-
couples or other discrete temperature sensors may be needed
instead of an IR camera. In such a case, the integral in Eq. (5) will
need to be evaluated approximately using the discrete data, which
may incur some error that can be minimized by using sufficiently
large number of thermocouples and by optimizing the location of
the thermocouples. For applications such as electric vehicles where
direct optical access to a cell may not be possible due to tight pack-
ing in a battery pack, these trade-offs must be considered carefully.
5. Conclusions

Internal temperature measurement in Li-ion cells is a critical
metrology need that directly affects performance and safety. The
non-invasive measurement method described in this paper
directly addresses this need by determining the core temperature
using a theoretical relationship with the outside surface tempera-
ture distribution and other parameters predicted by solving the
underlying energy conservation equations. The outside tempera-
ture distribution is determined through infrared temperature mea-
surements. Core temperature measurements are found to be in
close agreement with direct measurements from an embedded
thermocouple for a variety of cell discharge conditions.

While measurements have been demonstrated and validated in
this paper on cylindrical cells, a similar approach could be adopted
for prismatic cells as well. Further, while the focus of this work is
on high rate discharge, a similar approach can be used to deter-
mine the core temperature during high rate charging, as long as
the heat generation rate is known.

Further work may be needed for utilization of this method for
extreme events such as thermal runaway, during which the rate
of temperature rise is extremely large, and there is a lack of infor-
mation about the large heat generation rates. In such a case, time
lag between surface and core temperatures may be significant
and must be accounted for.

Information about the core temperature of the cell during oper-
ation using this method can be used for a performance manage-
ment as well as for taking proactive decisions for ensuring
thermal safety of the cell. This work contributes towards improved
thermal and electrochemical design of energy conversion and stor-
age systems where overheating is a concern due to high discharge
rates or unforeseen events such as thermal runaway.
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