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Li-ion batteries are used widely for electrochemical energy storage and conversion. Heat generation dur-
ing the operation of a Li-ion cell results in large temperature rise, particularly at high discharge rates.
Accurate prediction of temperature rise during operation is a key technical challenge that directly affects
both performance and safety. Li-ion cells are often used in cyclic charge/discharge manner, making this a
particularly important process to study. This paper presents an experimentally-validated analytical
method to rapidly and accurately predict the temperature field in a Li-ion cell undergoing cyclic charge
and discharge. Based on recursive solution of the governing energy equation during the cyclic process,
this method computes temperature around 16X faster than finite-element simulations, and is found to
be in very good agreement with experimental data for over fifty cycles of high-rate cycling of 18650
Li-ion cells. Results indicate that heat loss through the metal foil that provides electrical interconnection
is a critical process that governs overall thermal behavior of the cell. A novel technique based on deter-
mining the effective heat transfer coefficient of the interconnection is described, which is shown to agree
very well with experimental data. Results from this paper may be helpful for design of Li-ion cell systems,
as well as real-time temperature prediction and performance optimization.

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

Li-ion cells are used widely in energy conversion and storage
devices due to excellent energy storage and power characteristics
[1–3]. However, heat generation due to Ohmic and non-Ohmic
mechanisms [4–7] during the operation of a Li-ion cell is a serious
technological challenge [8,9]. It is well known that elevated
temperatures dramatically reduce battery lifetime [9]. Even at
temperature as low as 80 �C, degenerative processes begin to occur
in a Li-ion cell, which cause severe safety issues and lead to ther-
mal runaway [10]. Thus, the dissipation of generated heat through
the cell material and into the ambient is an important transport
process [8,9]. Impedance to thermal transport through various
material interfaces in the cell [11,12] results in large temperature
rise [13,14], which not only reduces electrochemical performance,
but also leads to safety problems [15–17]. Such problems have
been responsible for several recent, well-publicized events of
thermal runaway and fire in batteries in automobiles, aircraft
and consumer electronic devices.
It is critical to develop thermal management approaches for
reducing temperature rise in a Li-ion cell [8,17]. This has been
accomplished in the past through external mechanisms, such as
the flow of a coolant over the outer surface of the cell [18], embed-
ding the cell in a phase change material [19], the use of heat pipes
[20], etc. Some limited work has also been carried out for internal
cooling of a cell, for example by heat pipe insertion [21], by using
current collector as a heat spreader [22] or by recirculating elec-
trolyte [23] that acts as a coolant. In each case, it is important to
accurately determine the cell temperature since it will govern
whether thermal management is needed or not, and if so, the
extent needed. Ideally, a temperature sensor must be present
inside the cell to measure and report the cell temperature, which
can be used for active control of thermal management. However,
it is not always possible to embed temperature sensors within.
Only a limited amount of work exists on internal temperature
measurement of a Li-ion cell [24–29]. Due to these experimental
limitations, the accurate prediction of temperature rise through
mathematical modeling tools is critical. Such thermal prediction
tools can play a key role in thermal management of cells, since
accurate knowledge of the temperature rise in a cell can be used
for proactive cooling of the cell. For example, a prediction of immi-
nent temperature rise can be used for modulating the thermal
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management system, or in an extreme case, completely shut down
a cell to prevent thermal runaway. Temperature prediction is also
critical for performance optimization, both at the design stage, as
well as at run-time. For example, such tools can be used for evalu-
ating and optimizing the thermal performance of a cell. During
actual operation of a cell or a battery pack, accurate prediction of
temperature rise can be a critical tool for performance optimiza-
tion strategies such as load balancing.

Like in any other energy conversion system involving heat
transfer, there are two distinct approaches for developing predic-
tive tools for temperature rise in Li-ion cells. Finite-element sim-
ulation tools can be used for thermally modeling the operation of
a Li-ion cell and numerically solving the governing energy equa-
tions along with appropriate boundary conditions to determine
the temperature field in the Li-ion cell. A significant amount of
literature already exists on such approaches [17]. On the other
hand, an analytical approach can also be used where possible to
derive an exact solution for the governing energy equation,
resulting in an exact expression for the temperature rise. A lim-
ited amount of literature exists on the use of analytical methods
for predicting temperature rise in Li-ion cells [13,14,30,31]. Both
steady state and transient methods have been used on cylindrical
as well as prismatic cells. Simulations are sometimes preferred
due to the flexibility in geometry, thermal properties, etc. How-
ever, analytical methods have the advantage of being more accu-
rate and faster to compute compared to numerical simulations.
Further, in the context of Li-ion cells, analytical solutions may
be preferable for implementation in battery management systems
because these can be directly implemented and computed on a
microprocessor instead of having to interface with a separate
finite-element simulation code, which is often expensive, requires
extensive computational power and is in general difficult to inter-
face in real-time.

Cyclic charge and discharge of a Li-ion cell is of specific inter-
est because it models the operation of the Li-ion cell in several
realistic scenarios. Heat generation rate during a charge/dis-
charge process is a key parameter that may govern temperature
rise. Past measurements show that heat generation rate is a
strong function of the discharge rate [7,12]. Key questions to
address through the thermal modeling of a cyclic charge and dis-
charge process include the effect of thermal properties and
ambient thermal conditions on the temperature distribution in
the cell, the effect of rest periods between successive discharges,
and the role of electrical interconnection such as metal tabs on
the cooling of the cell. The latter is a particularly important fac-
tor that has not been investigated much in the past. Since the
metal tab or foil that electrically connects the cell to the power
source and load usually has high thermal conductivity, its role in
determining the temperature distribution of the cell is important
to investigate.

This paper presents experimental measurement of temperature
rise in a cylindrical 18650 cell during multiple successive cycles of
charge and high-rate discharge, and a theoretical heat transfer
model that accurately predicts the temperature rise under such
conditions. The theoretical model accounts for thermal conduction
within the cell, convection to the outside, as well as heat loss
through the metal tabs connected to the cell poles. It is shown that
heat loss through the metal tabs plays a critical role in determining
the thermal behavior of the cell, and a novel technique to accu-
rately account for this effect is discussed. These results demon-
strate the capability of real-time computation of temperature
distribution in the cell as a function of its electrochemical perfor-
mance. This analytical approach is around 16X faster than finite-
element simulations and offers the capability of close integration
with electrical control components of a battery management
system.
2. Experimental measurements

Commercially available high power Nickel Manganese Cobalt
Oxide Li-ion cells of type INR18650-15L from Samsung are used
for experimental measurements. The cells have a nominal capacity
of 1500 mAh and internal resistance of 29.0 mO (±0.5 mO). Electri-
cal connections are made via 0.3 mm thick Ni-coated steel foils
welded to the poles. Prior to the measurements, the steel foil is sol-
dered to a 1 mm thick copper plate. For the cycling tests, five cells
are connected in parallel via screws to a 5 mm thick copper bar and
placed in a temperature-controlled climate chamber (VC7034,
Vötsch, Germany) maintained at 25 �C. Fig. 1(a) shows a picture
of the prepared Li-ion cell. Fig. 1(b) shows a picture of the test
environment. All cycling is conducted using a Maccor Series 4000
cell cycler. The five-cell string is charged initially with constant
current of 7.5 A (1C) until voltage of 4.2 V is reached and then
the voltage is kept constant until the current reaches 0.1 A. The
constant voltage charging is followed by 10 min open circuit step.
The discharge is performed with 52.5 A (7C) to a cut off voltage of
2.5 V with a subsequent open circuit step for 10 min. This sequence
is repeated for 50 cycles. The temperature of each cell is monitored
throughout the process using a Pt-100 temperature sensor
attached to one of the cell poles. The sensor is configured in a
four-wire circuit for improved measurement accuracy. The
obtained temperature profiles as functions of time are used to val-
idate the theoretical model.

3. Theoretical modeling

Consider a cylindrical, axisymmetric Li-ion cell of radius R,
height H, mass density q and heat capacity Cp as shown in Fig. 1
(c). Assume the thermal conductivity of the cell to be orthotropic
[32], with kr and kz as the radial and axial thermal conductivities
respectively. The cell undergoes a cyclic charge/discharge process
during which the temperature field within the cell as a function
of time is of interest. In order to determine the temperature distri-
bution, the cyclic process is split into N stages that occur in
sequence. Each stage is characterized by a fixed heat generation
rate Qi, i = 1, 2, . . . N. The duration of each stage is between ti = 0
and ti = tF,i, where tF,i is the final time of the ith stage. The cell is con-
vectively cooled on the outside surfaces, which is modeled with
convective heat transfer coefficients hr,i and hz,i applied on the
curved surface, and top/bottom surfaces respectively. These coeffi-
cients may vary from one stage to another in order to model
changes in convective cooling conditions between charge, dis-
charge and rest stages.

The problem of determining the transient temperature
distribution during the charge/discharge process may be solved
in a recursive fashion by splitting the temperature distribution
into temperature distributions during each stage, Ti(r,z,ti), so that
the temperature field during the ith stage is determined based on
the temperature distribution at the end of the previous, (i�1)th

stage.
Based on the problem description above, the transient temper-

ature distribution in the Li-ion cell during the ith stage is governed
by the following energy conservation equation:

kr
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Boundary conditions for this problem are as follows:
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Fig. 1. (a) Picture of the 18650 Li-ion cell used for thermal measurements during high-rate, cyclic loading, (b) Picture of the experimental setup, (c) Schematic of the geometry
of a single Li-ion cell undergoing cyclic charge and discharge.
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The recursion in solution of the temperature distribution occurs
through the initial condition for this problem, which states that
the initial temperature for the ith stage is the same as the tempera-
ture at the end of the (i�1)th stage.

Tiðr; z;0Þ ¼ Ti�1ðr; z; tF;i�1Þ ð6Þ

A solution for Eq. (1) subject to boundary conditions (2)–(5) and ini-
tial condition (6) can be derived using the method of separation of
variables. To start with, the solution is written as

Tiðr; z; tiÞ ¼ uiðr; zÞ þ v iðr; z; tiÞ ð7Þ
where ui(r,z) and vi(r,z,ti) provide the steady state and transient
components of the solution respectively. ui(r,z) is determined first
using the method of separation of variables, which provides the ini-
tial condition for determining vi(r,z,ti). The final solution is found to
be
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The eigenvalues ln,iH and bm,iR are roots of the following equations
respectively
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Further, note that the coefficients in equations (8) and (9) are
given by
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where T0,i is the initial temperature for the ith stage.
Eqs. (7) through (13) complete the definition of the solution,

which provides the temperature distribution in the ith stage based
on T0,i, the initial temperature of the ith stage, which is the same as
the final temperature of the previous stage. For the very first stage,
the initial condition is obtained from the initial condition of the
overall problem, which is used to solve the temperature distribu-
tion for i = 1, the first stage. This solution is then used to obtain
the initial condition for i = 2, the second stage, and the procedure
is repeated recursively until the temperature distribution in each
stage has been determined.

4. Results and discussion

Fig. 2 presents a comparison of experimental measurement of
the cell temperature, measured at the end-face of the cell with pre-
dictions from the analytical model presented in Section 3 for over
fifty consecutive cycles. Fig. 2 also shows the measured variation in
current as a function of time during this process. Fig. 2 shows
excellent agreement between experimental data and the analytical
thermal model over a very long time period. The degree of agree-
ment can be seen better in Figs. 3 and 4 that show this comparison
for only the first five and last five cycles respectively. The maxi-
mum deviation between the two is less than 1.0 �C, or around
5.7% over all fifty cycles. The highest deviation typically occurs
around the end of the discharge, when temperature is the highest.
During the remaining of the operation, the experimental data and
analytical model are in even better agreement. Key contributors
towards the small deviation most likely include the assumption
of constant heat generation during charge or discharge and the val-
ues of convective heat transfer coefficients for the analytical
model. Moreover, given that the deviation is mostly less than 1 K
Fig. 2. Comparison of experimental measurement and analytical computation of the en
cycles. Very good agreement is found over all fifty cycles.
for most of the duration of the experiment, uncertainties in the
experimental setup and measurement accuracy could also con-
tribute to the small deviation. Regardless, the good agreement
observed over a large number of cycles is encouraging and demon-
strates the capability of the model to accurately predict thermal
behavior of a Li-ion cell during operation.

Note that in order to compute the thermal model, thermal prop-
erties of the 18650 cell including kr, kz, Cp and q are taken from past
measurements [32]. Heat generation rates during charge and dis-
charge are determined from previous measurements based on
the C-rates implemented in the experiment [7]. Since these data
were obtained for a 26650 cell, a volumetric scaling is carried
out to estimate heat generation rate of the 18650 cell. A convective
heat transfer coefficient of h = 10W/m2K corresponding to natural
convection is assumed on the radial outer surface of the cell. At the
end-surface, a higher value of h = 205 W/m2K is used during the
low-current charge and open circuit rest periods in order to
account for enhanced heat loss during these periods through the
metal foil that provides electrical connection to the end-face of
the cell. This value is estimated from a separate finite-element sim-
ulation of the electrical connection to the cell, discussed later in
this section. The modeled time durations for each charge, discharge
and rest period are based on the experimental cell cycling data.

Heat loss from the outer surfaces of the cell plays a key role in
determining the thermal response of the cell. While heat transfer
from the radial outer surface of the cell may reasonably be
expected to occur through natural convection when the cell is
not being actively cooled, as is the case in these experiments, heat
transfer from the end surfaces of the cell may be more complicated
due to the presence of metal foil tabs that electrically connect the
cell to the power source or load. Such metal tabs typically have
high thermal conductivity and may therefore conduct significant
d-surface temperature of a 18650 cell undergoing over fifty charge-discharge-rest



Fig. 3. Comparison of experimental measurement and analytical computation of
the end-surface temperature of an 18650 cell during the first five cycles of a multi-
cycle process.

Fig. 4. Comparison of experimental measurement and analytical computation of
the end-surface temperature of an 18650 cell during the last five cycles of a multi-
cycle process.
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amount of heat. In addition, during high-rate discharge, the metal
foil may also be generating heat due to Joule heating from the high
current, and therefore may only have a limited heat removal role
during high rate discharge. It is important to account for the role
of the metal foil in determining the thermal response of the cell.
In this case, this is done by carrying out a separate finite-element
thermal simulation to determine the total thermal resistance of
the metal foil assembly, and calculating the effective heat transfer
coefficient representative of this total thermal resistance, which is
then used in the analytical model during the charge and cooloff
periods. The geometry of the metal foil is shown in Fig. 5(a). A con-
stant temperature boundary condition is applied on the cell face in
a finite-element simulation, which is used to determine the total
heat loss from the cell face through the metal foil into the ambient,
assumed to be at zero temperature. The temperature distribution
from the simulation is shown in Fig. 5(b).The total thermal resis-
tance of the metal foil is then calculated as the ratio of the applied
temperature difference to the total heat flow. The effective heat
transfer coefficient, determined from the definition of Newton’s
law of cooling is found to be 205 W/m2K, which is significantly
larger than the typical value of 10W/m2K for natural convection
conditions. This shows that there is significant heat loss through
the metal tab during charge and cooloff periods when the foil does
not generate any heat by itself and therefore acts as a thermal fin to
remove additional heat from the cell. On the other hand, during
high-rate discharge, the fin effect is eliminated because the foil
itself generates Joule heating. Fig. 6 presents a comparison of
experimental data with the theoretical model computed without
and with consideration of the fin effect of the metal foil. When
the fin effect is neglected, heat loss from the ends occurs only
through natural convection, with a low value of h. On the other
hand, when the fin effect is taken into account, the value of h is lar-
ger, as computed from the finite-element simulations described
above. Fig. 6 clearly shows much better agreement with experi-
mental data when the fin effect is accounted for. The predicted
temperature is too large without the fin effect, and is much closer
to experimental data with the fin effect. This demonstrates the
importance of heat loss through the metal foil that provides elec-
trical interconnection to the cell. Even though heat removal is
not the key function of the metal foil, it is nevertheless an impor-
tant phenomenon primarily due to the high thermal conductivity
of the foil. Determining and implementing an effective heat trans-
fer coefficient as outlined above results in improved accuracy of



Fig. 5. (a) Schematic geometry of the metal foil attached to the end-face of a Li-ion cell for electrical interconnection, (b) Temperature distribution in the metal foil due to an
imposed temperature gradient, for determination of the effective heat transfer coefficient of the metal foil.

Fig. 6. Comparison of experimental data for temperature rise during five cycles and
analytical model without and with consideration of heat loss through the metal foil.
This comparison shows that heat loss through the metal foil is important and must
be accounted for.
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the temperature prediction. This is also an effective approach since
it combines the effects of geometry, configuration, etc. into a single
effective heat transfer coefficient. Based on specific geometry,
Fig. 7. Comparison of the analytical model with finite-elem
thermal properties and other parameters associated with a given
problem, the effective heat transfer coefficient needs to be calcu-
lated only once through analysis of a simple finite-element simula-
tion as outlined here.

For further validation of the analytical model, a comparison is
carried out against finite-element simulations in ANSYS CFX 15.0.
The same geometry, boundary and heat generation rates are spec-
ified in the simulations as in the analytical model. The grid for
finite-element simulations is chosen to be fine enough so that
there is no grid-dependence of the results. The grid chosen for
the final simulation utilizes 1.26 million elements. Fig. 7 compares
temperature as a function of time predicted by the analytical
model with finite-element simulations for 50 consecutive cycles.
A zoomed-in plot for first five cycles only is shown in Fig. 8. There
is very good agreement between the two over all 50 cycles, with a
peak deviation of less than 1.8 �C, or 10.8% that occurs at the end of
the discharge cycle. For most of the remainder of the period, the
agreement is even better. Note that the peak temperature reached
at the end of each discharge varies from cycle to cycle due to dif-
ferences in the discharge times, which are obtained from experi-
mental data. The good agreement with finite-element
simulations provides further validation of the analytical model.
In comparison with finite element simulation models, the analyti-
cal model computes temperatures much faster. For example, for
the first five cycles, the finite-element simulation takes around
4839 s, excluding the time for geometry setup and grid generation,
whereas the analytical model takes 290 s to compute the entire
ent simulations results for a large number of cycles.



Fig. 10. Core and outside surface temperatures of a 18650 Li-ion cell undergoing
cyclic loading, as predicted by the experimentally-validated analytical model.
Results demonstrate the capability to predict core temperature that may be useful
for design and real-time performance optimization.

Fig. 8. Comparison of the analytical model with finite-element simulations results
for the first five cycles only.
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temperature field with ten eigenvalues, and only 15 s for a single
eigenvalue.

The analytical treatment in Section 2 derives the temperature
distribution in the form of an infinite series. In practice, only a
finite number of terms can be computed to determine the temper-
ature. The number of eigenvalues to be used is important, because
in general, increasing the number of eigenvalues is expected to
improve accuracy at the expense of increased computation time.
Fig. 9 plots temperature as a function of time determined from
the analytical model for five charge-rest-discharge-rest cycles,
computed with 1, 5 and 10 eigenvalues. This plot shows very little
difference between these three cases, indicating that even a single
eigenvalue results in reasonably accurate computation of the tem-
perature field. There is only a minor discontinuity in the predicted
temperature with a single eigenvalue, which is fixed by the use of
five eigenvalues. As a result, it may be reasonable to consider only
the first five terms in the summations in eqs. (8) and (9) without
Fig. 9. Effect of the number of eigenvalues on temperature predicted by the
analytical model over five cycles. Results indicate that even a single eigenvalue
provides reasonable accuracy.
much loss of accuracy. Computation of temperature with a single
eigenvalue reduces the computation time by 20X compared to
ten eigenvalues. This is a useful insight for implementation of this
model for real-time temperature prediction in battery manage-
ment systems.

The experimentally validated model is capable of a wide variety
of temperature computations for cyclic operation of a Li-ion cell.
For example, Fig. 10 plots the core temperature and the outside
surface temperature of a Li-ion cell undergoing a multi-cycle pro-
cess similar to the experiments described in Section 2. As expected,
the core temperature is larger than the outside temperature, par-
ticularly at the end of each discharge, when it is as much as 15%
greater. The capability to accurately predict the core temperature,
enabled by this analytical model is critical, because most experi-
mental techniques are unable to directly measure the core temper-
ature without invasive insertion of a temperature sensor into the
Li-ion cell. The analytical model in this paper, validated through
experimental measurements provides a useful tool for analyzing
what-if scenarios as well as real-time monitoring of the core tem-
perature of the cell. Such information can be valuable for thermal
design of the cell and the cyclic charge/discharge process, as well
as for run-time performance management such as load redistribu-
tion based on core temperature.
5. Conclusions

A Li-ion cell is commonly subjected to cyclic charge and dis-
charge for energy conversion and storage. Temperature rise during
such processes is important since excessive heating may lead to
performance reduction and safety issues such as thermal runaway.
This paper presents experimental validation of a recursive thermal
model that accurately predicts the temperature rise during a cyclic
process by splitting the process into a number of stages, and deriv-
ing a solution for the temperature profile during each stage based
on the temperature distribution at the end of the previous stage.
Experimental data on cylindrical NMC 18650 cells undergoing high
rate discharge over a large number of cycles are in very good agree-
ment with the model predictions. This work demonstrates the
importance of accounting for heat loss through the metal tabs that
provide electrical interconnection, and shows that determining the
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effective convective heat transfer coefficient of the current conduc-
tor tab may be an effective means of doing so. The method
described here computes temperature around 16X faster than
finite-element simulations and is much easier to integrate with
battery management systems. Results from this paper may be
helpful for effective design, as well as run-time thermal and multi-
disciplinary performance optimization.
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