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� Presents a transient thermal model for cylindrical Li-ion cells.
� Results are in excellent agreement with experimental data.
� Model helps understand transient thermal phenomena in Li-ion cells.
� Thermal performance during pulsed operation is analyzed.
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a b s t r a c t

Measurement and modeling of thermal phenomena in Li-ion cells is a critical research challenge that
directly affects both performance and safety. Even though the operation of a Li-ion cell is in most cases a
transient phenomenon, most available thermal models for Li-ion cells predict only steady-state tem-
perature fields. This paper presents the derivation, experimental validation and application of an
analytical model to predict the transient temperature field in a cylindrical Li-ion cell in response to time-
varying heat generation within the cell. The derivation is based on Laplace transformation of governing
energy equations, and accounts for anisotropic thermal conduction within the cell. Model predictions are
in excellent agreement with experimental measurements on a thermal test cell. The effects of various
thermophysical properties and parameters on transient thermal characteristics of the cell are analyzed.
The effect of pulse width and cooling time for pulsed operation is quantified. The thermal response to
multiple cycles of discharge and charge is computed, and cell-level trade-offs for this process are
identified. The results presented in this paper may help understand thermal phenomena in Li-ion cells,
and may contribute towards thermal design and optimization tools for energy conversion and storage
systems based on Li-ion cells.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Overheating and thermal runaway in Lithium-ion batteries is a
significant technological challenge that has caused several well-
documented incidents including fire in battery packs on aircraft
[1]. Such incidents highlight safety challenges that may affect the
adoption of Li-ion batteries in several applications with high C-
rates, despite several other attractive features such as high energy
density and specific energy [2,3]. The process of charging or dis-
charging of a Li-ion cell inherently generates heat due to a number
, Arlington, TX 76019, USA.
of well-known electrochemical and electrical mechanisms [4,5].
The temperature-sensitive nature of Li-ion cell technology makes it
particularly prone to a self-sustained sequence of exothermic re-
actions once the temperature exceeds a certain threshold. Funda-
mentally, this process involves decomposition of the Solid-
Electrolyte Inteface (SEI) [6,7], short circuit due to separator layer
rupture from dendrite formation, etc., which ultimately leads to
catastrophic failure [8]. This severely limits the use of Li-ion cell
technology in several applications, particularly where high
ambient temperature or high rates of cell discharge may be
encountered.

The capability of accurate prediction of temperature fields
within a cell is clearly of much technological importance. Such
capability will help understand the close coupling between
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Fig. 1. Schematic of the geometry of a cylindrical Li-ion cell under consideration.

K. Shah et al. / Journal of Power Sources 271 (2014) 262e268 263
electrochemical and thermal phenomena in the cell [4,5,9], and
evaluate the effectiveness of candidate cooling technologies for
thermal management of Li-ion cells [10,11]. However, despite the
critical nature of thermal conduction in ensuring safety of Li-ion
cells, only limited work exists on modeling of thermal transport
within the cell [11,19]. Due to the spiral wound nature of the
electrode stack, thermal conduction within the cell is expected to
be highly anisotropic, which has been confirmed by recent mea-
surements that report more than 100-fold difference between
axial and radial thermal conductivity [13]. Some research has been
reported on one-dimensional thermal models, including those
that treat the entire cell as a lumped thermal mass [15,16]. Three-
dimensional numerical simulations have also been presented [17].
System-level thermal simulations using finite-element tools have
been presented [20,21]. Analytical expressions for the steady-state
temperature field in a heat-generating Li-ion cell have been
derived and validated with experimental data [12]. Results from
this model show the strong dependence of temperature field on
radial thermal conductivity and the nature of the convective
boundary condition at the axial ends. In addition, this work also
shows the existence of significant temperature gradients within
the cell [12], due to which a lumped mass model may not appro-
priate for a Li-ion cell.

The operation of a Li-ion cell is inherently a transient thermal
phenomenon. As a Li-ion cell is charged and discharged at a rate
that changes with time based on variations in load requirements
and power availability, the heat generation rate within a Li-ion cell
also changes as a function of time. For example, sudden increase in
power demand may produce pulsed spikes in the heat generation
rate in the cell as a function of time, due to which the cell tem-
perature may also rise. Depending on the thermal mass of the cell
and the C-rate, a steady-state may never actually be reached, and
the entire operation of the cell may be transient in nature. In such a
case, it is important to predict the nature of temperature spikes in
response to changes in C-rates, so that appropriate thermal man-
agement mechanisms may be designed. This highlights the need
for a thorough fundamental understanding of transient thermal
behavior of a Li-ion cell and the capability of prediction of tem-
perature rise as a function of time due to time-varying heat gen-
eration rate.

Most research reported on modeling of thermal transport in Li-
ion cells only predicts steady state temperature distribution [12].
Given the inherently transient nature of the operation of a Li-ion
cell, development of transient thermal models in highly desirable.
Such a capability is expected to result in design rules for run-time
thermal behavior of Li-ion cells. For example, it would be of inter-
est to determine the expected temperature excursion for a given
increase in heat generation rate due to a short-time spike in power
flow into or out of the cell. Such design rules are expected to
contribute towards enhanced safety of Li-ion cells, and in resolving
system-level multi-disciplinary optimization problems, such as the
optimization between total discharge time and maximum tem-
perature reached.

This paper describes an analytical solution to the energy con-
servation equations that govern transient thermal transport within
a heat-generating cylindrical Li-ion cell. This approach results in
expressions for the temperature field in the cell due to time-varying
heat generation rate. Results are shown to be in good agreement
with experimental data on a thermal test cell. The experimentally-
validated analytical model is used to develop an understanding of
the role of various physical parameters on transient temperature
rise. The thermal response of the cell to a spike in heat generation,
and to a sequence of multiple discharge-charge cycles is also
investigated. Various trade-offs between thermal design and other
cell-level design considerations are identified.
The next section outlines the transient governing energy equa-
tions and presents their solution for time-varying transient heat
generation rate in the cell. Section 3 discusses experimental vali-
dation of the analytical model. Section 4 discusses applications of
the analytical model in order to develop an understanding of the
transient thermal phenomena that occur in a Li-ion cell and their
dependence on various physical parameters.
2. Analytical model

Fig. 1 shows a schematic of a heat-generating, cylindrical Li-ion
cell of radius R and height H. Heat generationwithin the cell occurs
due to a variety of physical mechanisms, including Joule heating,
entropic heating, enthalpies of reactions, etc. [4,5]. The volumetric
heat generation rate Q(t) is assumed to be uniform in space, but
time-dependent. Convective heat transfer is assumed to occur on
the outside surfaces, with heat transfer coefficients given by hr and
hz for the radial and axial outer surfaces respectively. Thermal
conductivity of the Li-ion cell is assumed to be anisotropic [13],
with values of kr and kz in radial and axial directions respectively.

The transient temperature field for this problem is governed by
the following energy conservation equation:
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where q(r,z,t) is the temperature rise above ambient.
Equation (1) is a non-homogeneous, transient partial differen-

tial equation subject to four homogeneous boundary conditions
given by
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q ¼ 0 at t ¼ 0 (6)

Deriving an analytical solution for Equation (1) subject to
boundary conditions (2)e(5), and initial condition (6) is not
straightforward due to the time-dependence of the heat generation
term. If this term were invariant with time, the problem could be
solved easily by splitting the solution into two components,
absorbing Q in the first component, and using a separation of var-
iables approach for the second component [22,23]. In this general
case, however, the time dependence of Q(t) requires that the so-
lution be derived using other methods, such as Laplace transforms.
To do so, Laplace transform of Equations (1)e(5) is carried out,
resulting in the following governing equation in the Laplace space:
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where qðr; zÞ and QðsÞ are Laplace transforms of the temperature
rise field q(r,z,t) and heat generation term Q(t) respectively. s is the
Laplace variable.

The governing energy equation in Laplace space is more
amenable to a solution since it does not involve transient terms.
The solution is determined by first splitting qðr; zÞ into an axially
varying component governed by an ordinary differential equation,
and the remainder, which is governed by a homogeneous partial
differential equation. The final solution is found to be

qðr;zÞ¼pðzÞþ
X∞
n¼1

cnI0ðlnrÞ½mnHcosðmnzÞþBiH sinðmnzÞ� (12)

where,
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The coefficients A and B in Equation (13) are determined by
using boundary conditions in the z-direction, which results in
B ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
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Note that the series coefficients cn in Equation (12) are given by
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The eigenvalues mn are obtained from roots of the transcen-
dental equation

tanðmHÞ ¼ 2BiH$ðmHÞ
ðmHÞ2 � Bi2H

(17)

where BiH and BiR are axial and radial Biot numbers [24], respec-
tively, defined as BiH ¼ hzH/kz and BiR ¼ hrR/kr.

Finally
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where g is the degree of anisotropy given by

g ¼ kz
kr

(19)

Equations (12)e(19) represent an analytical solution for the
temperature field in the Laplace space. Since the resulting expres-
sion is somewhat complicated, conversion into time domain is
carried out using de Hoog's quotient difference algorithm [25] for
inverse Laplace transformation, as implemented by Hollenbeck
[26].

While the solution methodology described above is applicable
for spatially-uniform heat generation rate, a different approach
needs to be adopted if, in addition to time, heat generation rate is a
function of space as well. This could be done similar to a recently
reported approach for solving the corresponding steady state
problemwith space dependent heat generation [12]. For example, if
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Q is a function of z and t, the forcing function in the governing
equation in Laplace space Qðz; sÞwill have a z-dependence. In order
to derive a solution for this case,Qðz; sÞ is expressed as a polynomial
expansion [27], following which the function pðzÞ can be obtained
through integration of the polynomial terms. Once pðzÞ is known,
determination of the remainder of the solution is similar to the
procedure described above. For further details, the reader is
referred to the recently reported solution of the steady-state
problem using this approach [12].
3. Experimental validation

A thermal test cell is utilized for experimentally validating the
thermal model presented in Section 2. This thermal test cell has the
same dimensions as a 26650 cell, and has a thin stainless steel
resistive heater rolled inside the cell body. The advantage of this
test cell over an actual 26650 cell is that the heat generation rate in
the test cell can be precisely controlled by changing the amount of
electric current passing through the resistive heater. In comparison,
it is difficult to obtain a specific heat generation rate in an actual Li-
ion cell, since the heat generation rate is known to vary with time,
even for constant current charge or discharge processes [5]. Since
the objective here is to validate an analytical model with a known
heat generation rate, the thermal test cell is preferred over an actual
26650 cell.

The test cell is placed in a chamber without forced air flow,
representative of natural convection conditions. A K-type thermo-
couple attached to the outside surface of the test cell at mid-height
provides temperaturemeasurements as a function of time, which is
compared against computations based on the model shown in
Section 2. A picture of the thermal test cell with the thermocouple
and lead wires for the heater is shown in the inset of Fig. 2. A
Keithley 2401 sourcemeter is used to source the heating current,
and a NI 9213 DAQ is used for temperature acquisition. All in-
struments are controlled by a LabVIEW code, which regularly
makesminor adjustments to the heating current in order to provide
constant power. This accounts for any increase in electrical resis-
tance of the heater due to increased temperature inside the cell.

The analytical model in Section 2 is used to predict the tem-
perature as a function of time for the experimental conditions.
Thermal properties of the same test cell used in experiments are
implemented in the model. These properties e radial and axial
thermal conductivities and heat capacitye are determined by using
a recently described experimental technique [13]. In this method,
external heat flux is applied on an insulated cell is either radial or
Fig. 2. Temperature plot showing experimental validation of the analytical model.
axial direction. The thermal response of the cell measured at a
specific location is compared against an analytical model to
determine the radial and axial thermal conductivities as well as
heat capacity of the cell. The measured values for the test cell are
found to be close to recently reported values for an actual
26650 cell. The convective heat transfer coefficients hr and hz are
assumed to be 10 W m�2 K�1, which is representative of natural
convection cooling [24]. As recently reported [12], a similar value of
hr and hz has been shown to result in excellent agreement between
experimental data and an analytical model for steady-state thermal
conditions.

Fig. 2 presents the measured temperature rise at the outer
surface at mid-height (r ¼ R, z ¼ H/2) as a function of time for three
different heat generation rates. The temperature variation pre-
dicted by the analytical model presented in Section 2 is also shown
in Fig. 2. In each case, the analytical model is in excellent agreement
with experimental data. The model correctly captures both abso-
lute temperature rise and the time scale for the temperature rise for
each power. The maximum deviation between the two during the
entire experiment is 0.63 �C.
4. Results and discussion

For further confirmation of the validity and accuracy of the
analytical model derived in Section 2, the temperature field is
computed as a function of time for two cases, and compared with
results from finite-element simulations. These cases address the
temperature response of a 26650 Li-ion cell to two different heating
profiles e a constant heating of 6 W, and a step function where the
heating power spikes from 2 W to 10 W between t ¼ 1000 s and
t ¼ 1500 s.

Note that the heat generation rate is closely related to the C-rate
through the discharge current and effective internal resistance of
the cell as follows:

Q ¼ I2$rint (20)

Thus, assuming a 2.6 A-hr cell with an effective internal resis-
tance of 20mU, the 6Wheating case corresponds to a C-rate of 6.7C
and the 2e10 W range corresponds to a C-rate range of 3.8e8.6C.

Fig. 3(a) and (b) plots the temperature profile computed for
these cases using the analytical model, along with results from
finite-element simulations. Adequately fine meshing is carried out
in these simulations to ensure grid-independence of results. In both
cases, there is excellent agreement between the analytical model
and results from finite-element simulations, which provides addi-
tional validation of the analytical model presented in Section 2.

Since the external heat transfer coefficient hr and radial thermal
conductivity kr are key parameters that determine thermal per-
formance of the Li-ion cell, temperature is computed as a function
of time for different values of these parameters, while considering
the same heat generation rate. These plots, presented in Fig. 4(a)
and (b) show that the temperature profile and the peak tempera-
ture are strong functions of both hr and kr. The cell temperature
reduces as hr increases, since greater convective heat transfer on
the cell surface reduces heat accumulated within the cell, and
hence the cell temperature. However, the effect of increasing hr on
lowering the cell temperature saturates, as seen in Fig. 4(a).
Increasing the value of hr beyond around 500 W m�2 K�1 has
negligible incremental effect on reducing the cell temperature. This
can be explained in terms of the overall thermal resistance
comprising of the thermal conduction resistance within the cell,
and convective resistance from the cell surface to the ambient.
Once the latter resistance has been reduced sufficiently, it does not
dominate any more, and the cell temperature becomes nearly



Fig. 3. Comparison of analytical model with finite-element simulations (a) constant, and (b) pulsed heat generation profiles.

Fig. 4. Plots showing variation in temperature profiles as function of (a) convective heat transfer coefficient, hr, (b) radial thermal conductivity, kr.

Fig. 5. Plot of the maximum cell temperature as a function of time for different pulse
widths.
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independent of the convective thermal resistance. On the other
hand, increasing the value of kr, which contributes towards
reducing the internal conduction resistance, is found to strongly
reduce the cell temperature, as shown in Fig. 4(b). No saturation
effect similar to Fig. 4(a) is observed in this case. The temperature
curve continues to drop with increasing kr. Note that the largest
value of kr examined in Fig. 4(b) is 30 W m�1K�1, which is the
experimentally measured axial thermal conductivity [13], and
hence likely to be the upper limit of kr.

The analytical model is also used to investigate the thermal ef-
fect of transient spikes in heat generation rate during the operation
of a Li-ion cell. It is assumed that the Li-ion cell encounters a pulse
of excess load resulting in a 13.5 W heat generation, corresponding
to 10C discharge rate. This is followed by zero heat generation rate.
Such a pulse can occur, for example, during sudden acceleration of a
hybrid/electric vehicle that demands large power draw from the
battery for a short amount of time [28]. It is clearly of much
importance to understand the thermal phenomena associated with
such a power draw, particularly the peak temperature reached by
the cell, and the time taken by the cell to recover to baseline
temperature after the power draw ends. Fig. 5 presents plots of the
cell temperature as a function of time for different pulse widths in
the 5e100 s range, which may be typical for vehicular applications
[28]. hr and hz are assumed to be 100Wm�2 K�1 each, and kr and kz
are assumed to be 0.2 and 30 W m�1 K�1 respectively, based on
measurements [13]. Fig. 5 shows that as the pulse width increases,
the cell temperature increases as expected. The time taken to cool
down back to a specific temperature also increases as the pulse
width increases. One possible strategy for timely cooling is to in-
crease convective heat transfer during the cooling process, for
example by blowing more air or coolant, which effectively in-
creases the value of hr. Fig. 6 plots the time required by the cell to
cool down to a temperature of 1 �C above baseline temperature
after a 50 s pulse of 13.5 W as a function of the convective heat



Fig. 6. Plot of cooling time required to cool down to a baseline temperature of 1 �C
above ambient as a function of the convective heat transfer coefficient hr.
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transfer coefficient hr. In general, the time required to cool reduces
as hr increases. However, this effect saturates, similar to the satu-
ration observed in Fig. 4(a), wherein beyond around
500 W m�2 K�1, increasing hr further results in only minimal
improvement in time needed to cool. As shown in Fig. 4(b), further
improvements in the thermal performance of the Li-ion cell must
come from improved thermal conductance within the cell due to
dominance of the internal conduction resistance in overall thermal
resistance.

Another pulsed power scenario with interesting and techno-
logically relevant thermal concerns is the discharge of a amount of
energy in a pulse. In case the cell is to discharge a specific amount of
energy, there may be a fundamental choice inwhether to discharge
the energy at high power over a short time, or at low power over a
large time. While the former choice increases the power dissipated
in the cell, there is more time in the latter for the cell temperature
to rise. This problem is examined using the analytical model pre-
sented in Section 2. In particular, the maximum cell temperature is
plotted in Fig. 7(a) and (b) as a function of time for a number of
discharges that each dissipate a fixed amount of energy, but at
different powers and discharge times. Fig. 7(a) addresses relatively
shorter pulse widths, with total 60 J energy dissipation, while
Fig. 7. Temperature profile for various discharge rates dissipating a constan
Fig. 7(b) addresses longer pulse widths, with total 600 J dissipation.
hr, hz, kr and kz are assumed to be the same as in Fig. 5. . Fig. 7(a)
shows that at low pulse widths, the peak temperature reached is
not a strong function of pulse width. On the other hand, for larger
pulse durations, as shown in Fig. 7(b), the cell temperature in-
creases with decreasing discharge time due to increased power.
Thus, it may be preferable to discharge over a longer time with
lower power, although this effect is not significant in the short
pulse width range.

Several energy conversion applications may require multiple
periodic discharges e each of which result in heat generation e

from the Li-ion cell, with a cooling time interspersed between
successive discharges. Such successive discharges may cause heat
buildup within the cell and excessive temperature rise, possibly
leading to thermal runaway. As a result, thermal analysis of a
multiple discharge process is of critical importance. The model
presented in Section 2 is utilized to compute the temperature as a
function of time for a 10-step process of successive discharges. Each
discharge is assumed to result in 6 W heat generation over a 10 s
period. Fig. 8(a) presents the resulting temperature curves for two
cooling times of 10 and 20 s. The cooling time is a critical parameter
in the thermal well-being of the cell during the multiple discharge
process. Fig. 8(b) plots the peak temperature rise at the end of the
ten-cycle process as a function of cooling time between successive
discharges. A large cooling time permits the cell to recover between
discharges, whereas heat buildup may occur within the cell if the
cooling time is too small. Increasing the cooling time e which is
clearly thermally beneficial e however, is in conflict with possible
system-level goals of reducing total energy conversion time. A
careful balance between conflicting objectives, driven by analytical
models such as ones presented here may be the key for safe and
optimal operation of Li-ion cell based energy conversion systems.
5. Conclusions

It is important to fully understand thermal characteristics of a
Li-ion cell in response to time-varying heat generation rate that are
likely to be encountered in practical applications for energy storage
and conversion. This paper contributes in this important direction
by developing an experimentally-validated model to predict tran-
sient temperature fields in a Li-ion cell. Following model validation
using experimental data obtained on a thermal test cell, the model
is utilized to understand the effect of various thermal parameters
on temperature distribution in the cell. The thermal response to
t total energy for (a) short pulse duration, and (b) long pulse duration.



Fig. 8. (a) Comparison of temperature profile for two different ten-step dischargeecharge processes with cooling times of 10 s and 20 s, (b) Plot showing dependence of maximum
temperature rise on cooling time.
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pulsed heating in a cell is studied. These results may be helpful in
designing effective thermal management tools for a Li-ion cell, and
in ensuring safe and optimal operation of a Li-ion cell.
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