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A B S T R A C T

Thermal management of Li-ion cells is critical for safety and performance of energy conversion and storage in
battery packs in a variety of applications. Phase change cooling is a promising approach towards this goal. In
contrast with several recent papers on experimental measurements of this approach, there is a distinct lack of
literature in theoretical modeling of phase change cooling of Li-ion cells. This paper presents a theoretical model
for solving the coupled heat transfer problem involving the cooling of a heat-generating Li-ion cell with a phase
change material. Results show that while phase change cooling effectively reduces cell surface temperature, the
cell core continues to remain quite hot. Improvement in cell thermal conductivity is shown to be critical for fully
benefiting from phase change cooling. On the other hand, the impact of increasing thermal conductivity of the
phase change material plateaus out at large values. Trade-offs between thermal management and energy storage
density of a Li-ion battery pack are analyzed by quantifying the extent of temperature rise and reduction in
energy storage density at large discharge rates. Comparison of phase change cooling with convective cooling is
also presented, indicating key trade-offs in these approaches. These results contribute towards understanding the
fundamentals of phase change cooling of Li-ion cells, as well as improving the performance of practical thermal
management systems for Li-ion cells.

1. Introduction

Li-ion cells are used commonly for energy storage and conversion in
a variety of applications including electric vehicles, renewable energy
storage, consumer electronics, etc. [1,2]. Despite favorable electro-
chemical characteristics compared to competing technologies, Li-ion
cells often suffer from overheating due to excessive heat generation
[3,4], which has severely limited the application of this technology.
Overheating is undesirable for both safety and performance. For ex-
ample, current draw from a cell is often throttled in order to limit
temperature rise, which reduces cell performance and lowers the power
density of the battery pack. Excessive temperature rise in a Li-ion cell
may also result in thermal runaway [5–8], which causes severe safety

problems due to fire and explosion. Some fundamental reasons behind
these severe thermal challenges in a Li-ion cell include poor thermal
conductivity within the cell [9,10], non-linear temperature-dependent
heat generation [7,8], particularly at high temperatures, and the
stacking of cells very close to each other in a battery pack in order to
maximize energy storage density [11].
Due to the reasons outlined above, thermal management of a Li-ion

battery pack is of utmost importance, particularly for aggressive ap-
plications that require large discharge rates. For reference, discharge
rate of a cell is often represented by its C-rate [3,4], which is the re-
ciprocal of the time needed for complete discharge in hours. The larger
the C-rate, the more aggressive is the discharge process in terms of heat
generation rate [3,4]. A number of thermal management approaches
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have been investigated in the past, and are well summarized in multiple
review papers [3]. These include cold plate cooling [12,13], single
phase convective cooling [14,15], heat pipe cooling [16,17], etc. In-
novations in materials within the cell have been pursued in order to
improve thermal conduction within the cell [18]. Both water and air
have been used as coolants in battery packs [11,15]. A variety of heat
pipe configurations including oscillating heat pipes have been im-
plemented, both within a single cell and between cells in a battery pack
[16,17]. The thermal effect of Boron Nitride coating on the cell casing
has been investigated [19].
In contrast to thermal management approaches outlined above,

phase change cooling involving melting and solidification may offer
many advantages. A much greater heat removal rate may be achieved
through phase change cooling compared to single phase thermal man-
agement due to the large latent heat associated with phase change. Due
to its promising nature, experimental investigation of phase change
cooling of Li-ion cells has been reported in several recent papers
[20–24]. Experimental measurements of the performance of phase
change materials (PCMs) such as paraffin wax for cooling of Li-ion cells
have been carried out, and a significant reduction in cell temperature
has been reported [21,25]. A number of innovative materials and
composites, such as metal foams have been investigated for further
improving the performance of phase change cooling through thermal
conductivity enhancement [20,21,24,25]. Experiments have shown
that phase change cooling can prevent propagation of thermal runaway
induced by nail penetration to neighboring cells [22]. However, phase
change cooling may lead to increased system complexity. Particularly,
in the context of a Li-ion battery pack, the insertion of phase change
material between cells reduces energy storage density. As a result, there
is a need for careful co-optimization of PCM cooling with other system-
level performance characteristics, for which, theoretical modeling is
critical.
In comparison with the extensive literature available on measure-

ments of phase change thermal management in Li-ion cells, there is a
lack of work on theoretical modeling of these processes. Rigorous the-
oretical modeling is critical not only for fully optimizing the benefits of
phase change cooling, but also for balancing trade-offs that exist with
other system-level performance parameters such as energy storage
density. Some simulation models using commercial finite-element tools
are available [21,26], but these do not provide good analytical insight
into the fundamental nature of the problem. Rigorous theoretical ana-
lysis of this problem is complicated considerably by the non-linear
nature of phase change [27], making it difficult to analyze using stan-
dard theoretical tools. The coupling between phase change heat transfer
and thermal conduction within the cell as well as electrochemical heat
generation further complicates this problem. From a heat transfer
perspective, this is a coupled problem [28–30], involving thermal

conduction in a heat-generating body and phase change heat transfer in
the coolant. While these two modes of heat transfer have been in-
dividually analyzed extensively, the coupled problem has not been paid
much attention. For example, while the well-known Stefan problem
addresses phase change in an infinite body with a constant temperature
boundary condition [27], the presence of thermal conduction in a heat-
generating solid body – the Li-ion cell in this case – makes the problem
much more difficult to solve.
A good theoretical understanding of this problem is important for

many practical reasons. The inclusion of a phase change material in a
battery pack reduces overall energy density, since the phase change
material increases pack weight and volume without contributing to
electrochemical energy storage. A robust theoretical model can help
understand the minimum amount of phase change material needed for
a given cell undergoing a specific discharge, and therefore avoid
overdesign of thermal management. A robust theoretical model can also
help predict the effect of PCM cooling on internal temperature of the
cell, which is critical for cell performance and safety, but is difficult to
measure directly. Predictions from a theoretical model can also be used
for accurate thermal management design in conditions where experi-
mental data may not be available in advance. A theoretical model also
helps understand the parametric dependence of the thermal char-
acteristics of the system on various parameters such as thermal prop-
erties of the cell and phase change material, geometry, dimensions, etc.
This paper presents a theoretical model for predicting the transient

temperature distribution in the cooling of a heat-generating Li-ion cell
with a phase change material. The novelty of the theoretical approach
in this work lies in solving the energy conservation equations in the two
bodies in an iterative fashion to determine the transient temperature
fields in both. This approach offers significantly reduced computational
time compared to finite element simulations, and provides key insights
into the fundamental nature of PCM cooling of Li-ion cells. A key result
from this work is that while improving thermal conductivity of the PCM
reduces cell surface temperature through greater melting rate, it does
not effectively cool the core of the cell, which remains a key short-
coming of PCM cooling. Most of the past experimental work evaluates
the effectiveness of PCM cooling based on surface temperature mea-
surement alone, whereas, this work shows that PCM cooling provides
only limited benefit to the core temperature. Results show that im-
proving thermal conductivity of the cell is critical for fully benefiting
from PCM thermal management. Another key contribution of this work
is the analysis of the system-level trade-off between thermal manage-
ment effectiveness and energy storage density. This paper not only
develops a good theoretical understanding of heat transfer during phase
change thermal management of a Li-ion cell, but also contributes to-
wards understanding key design trade-offs in practical thermal man-
agement systems for Li-ion cells.

Fig. 1. (a) Schematic of a prismatic Li-ion battery pack with phase change cooling in the repeating unit is shown; (b) Schematic of the overall coupled heat transfer
problem in the repeating unit.
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2. Mathematical modeling

Fig. 1(a) shows a schematic of the geometry of a battery pack with
multiple prismatic Li-ion cells being cooled by a phase change material
inserted between cells. Assuming uniformly spaced cells in a single
direction, symmetry could be used to analyze only one repeating unit of
the pack, shown in Fig. 1(b). Within this region, the relevant heat
transfer processes include heat generation inside the cell of half-thick-
ness W, thermal conduction within the cell, heat transfer from the cell
into the phase change material at the cell-PCM interface, conduction
into the PCM and phase change at the liquid-solid interface. Thermal
contact resistance between the cell and PCM is neglected due to the
expected intimate contact between the cell surface and PCM that melts
and solidifies repeatedly. Note that the location of the liquid–solid in-
terface, y(t), is a function of time – as more and more heat is absorbed
by the PCM, y(t) increases with time.
Given the complicated and coupled nature of this coupled heat

transfer problem, a direct solution may not be possible. Instead, this
problem is solved by splitting into two sub-problems, which are solved
individually while ensuring continuity of temperature and heat flux at
the cell-PCM interface. The two sub-problems are shown schematically
in Fig. 2. The cell sub-problem involves a certain heat flux q t( ) leaving
the cell at the cell-PCM interface, while the PCM sub-problem involves
a certain time-dependent temperature T0(t) at the interface. Both q t( )
and T0(t) are unknown. However, this problem can be solved in an
iterative process, wherein a certain T0(t) is guessed and used to solve
the PCM sub-problem. Based on the solution of this problem, interfacial
heat flux is calculated and used to solve the cell problem, which re-
quires the heat flux as an input. The solution of the cell problem is then
used to determine the interface temperature T0(t), which is used to
improve the initial guess of the interfacial temperature. The process is
then repeated iteratively until there is acceptably small change in T0(t)
from one iteration to the next. Fig. 3 shows a flowchart of the iterative
method for determining the solution of the coupled heat transfer pro-
blem.
Such an iterative process has been used for solving a variety of

coupled problems [11,29], including the problem of single phase
cooling of cells in a Li-ion battery pack. The novelty of the approach
adopted in this paper lies in the coupled analysis of the much more
complicated phase change problem. Further, unlike past papers, where
only steady state problems were solved [11,29], this paper addresses a
more realistic, transient problem, involving increasing cell temperature
with time, as well as a phase change front in the PCM that advances
with time.
The iterative approach described above requires analytical solutions

for the cell and PCM sub-problems, given the interfacial heat flux and
temperature respectively as functions of time. These solutions are de-
rived in the next two sub-sections.

2.1. Solution for the PCM sub-problem

The PCM sub-problem involves a one-dimensional phase change
material of thermal conductivity kp, specific heat capacity Cp,p, latent
heat L and mass density ρp being heated up by an imposed temperature
T0(t) at the boundary x=0, as shown in Fig. 2(b). Due to this tem-
perature boundary condition, the PCM slowly melts, starting at x=0.
The liquid-solid interface, located at x= y(t) progresses towards the
right as time passes, and more and more liquid is formed due to phase
change. Convection in the recently formed liquid phase is neglected.
This is a generalization of the well-known Stefan problem, in which a
constant temperature boundary condition is imposed, as opposed to a
time dependent T0(t) considered here. The governing energy con-
servation equation for Tp(x,t), the temperature field in the melted PCM
is
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where T0(t) is the imposed time-dependent temperature boundary
condition on the face of the PCM.
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where Tm is the PCM melting temperature. Eqs. (1) through (4) re-
present a non-linear phase change problem, which is further compli-
cated by the time-dependence in the boundary condition at x=0.
While a direct analytical solution for this general problem is likely not
possible, several approximate analytical methods have been presented
in the literature for solving similar problems, including integral
methods [31], perturbation methods [30], etc. In this case, the per-
turbation method [30] is used. Briefly, the solution is assumed to be a
power series expansion based on the Stefan number, =Ste C T T

L
( )p p m ref,

where Tref is a reference temperature [27,30]. The problem is trans-
formed in order to change one of the dependent variables from t to the
interface location y(t). The power series form of the temperature solu-
tion is inserted into the governing equation and simplified using
boundary conditions. Through a term-by-term comparison, a solution
for the temperature profile in the liquid is derived in terms of the in-
terface location. Finally, the location of the phase change front itself is
determined by using the principle of energy conservation at the phase
change front [30], given by Eq. (4). The interface heat flux is then
determined by differentiating the liquid temperature distribution as
follows:
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where f(t) is the non-dimensional time-dependent boundary tempera-
ture given by [30]

Fig. 2. Schematic of the two heat transfer sub-problems: (a) Cell problem; (b)
PCM problem.
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and the liquid-solid interface location, y(t) is given by [30]
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where αp is the PCM thermal diffusivity. The interfacial heat flux de-
termined in this manner from Eq. (5) can be used to solve the cell sub-
problem as described below.

2.2. Solution for the cell sub-problem

The cell sub-problem involves a one-dimensional body of thickness
W, thermal conductivity kc, specific heat capacity Cp,c and thermal
diffusivity αc generating heat at a volumetric rate of Q , as shown in
Fig. 2(a). There is zero heat flux at x=0 due to symmetry, whereas a
certain outgoing heat flux q t( ) is imposed on the boundary at x=W.
The governing energy conservation equation for the temperature dis-
tribution in the cell, Tc(x,t) is
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Boundary conditions associated with Eq. (8) are
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Due to the two non-homogeneities in the problem, the solution is
split into two parts, each of which account for one of the non-homo-
geneities. Since heat generation is assumed to be constant and spatially
uniform, the solution for the heat generation part is quite straightfor-
ward as follows:
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The method of undetermined parameters [32,33] is used for de-
riving the second part of the solution that accounts for the time-de-
pendent heat flux. The solution is assumed to be a series sum of ei-
genfunctions of the corresponding homogeneous problem.
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problem. The unknown coefficients Cn(t) in Eq. (12) are determined by
differentiating Eq. (12) with respect to time, substituting in the gov-
erning energy equation and using the boundary conditions and the
principle of orthogonality to simplify. This results in an ordinary dif-
ferential equation for Cn(t)
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for which, the solution, assuming zero temperature rise at t=0 is
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where Nn is the eigenvalue norm and n = 1 , 2, 3...
This completes the solution of the cell sub-problem shown in

Fig. 2(a), from where the interface temperature is found to be
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Note that in this case, the internal heat generation rate Q heats up
the cell whereas the heat flux q t( ) may cool the cell down. Therefore,
for this sub-problem, the cell temperature may go up or down with time
depending on the relative magnitudes of Q andq t( ).

Fig. 3. Flowchart of the iterative process for determining the solution of the coupled heat transfer problem.
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2.3. Iterative process

The iterative procedure for solving the coupled problem starts with
guessing an initial cell-PCM interface temperature curve, T0(t). The
PCM sub-problem is then solved using T0(t) as the boundary condition
as discussed in Section 2.1. The solution provides the cell-PCM interface
heat flux, q t( ) which can be used to solve the cell sub-problem. Solu-
tion to the cell sub-problem provides a new interface temperature
T0(t)new, which is used to repeat the iterative procedure. The interface
heat flux leaving the cell, q t( ), may be large in the first few iterations
due to the large temperature gradient between the cell and PCM caused
by the initial interface temperature. This large outgoing heat flux may
result in negative temperature, particularly if the initial interface
temperature is not accurate. To avoid such problems, the interface
temperature curve is blended with that from the previous iteration
using a low value of the blending factor in order to prevent instability in
the iterative process. Fig. 3 shows a flowchart of the iterative method,
including the blending process.
In summary, the iterative theoretical model presented in this section

predicts temperature distribution in the cell and the surrounding PCM,
taking into account various heat generation and heat transfer processes,
including propagation of the phase change front. The next section dis-
cusses the validation of and various results obtained based on this
theoretical model.

3. Results and discussion

3.1. Validation and optimization of analytical model

Since the analytical solution approach is iterative in nature, it is
important to track the predicted temperature distribution over multiple
iterations. A realistic case is considered, wherein a 20mm thick cell
generating heat at 87,000Wm−3 corresponding to a C-rate of 5C [34] is
being cooled by paraffin wax, a commonly used phase change material
of thermal conductivity kp=0.2W/m−1K−1 and latent heat
L=270.7 kJ kg−1 [25].
In these conditions, the computed temperature at the cell-PCM in-

terface is plotted as a function of time for multiple number of iterations
in Fig. 4. The initial guess for the interface temperature as a function of
time is also plotted. Fig. 4 shows that the temperature distribution
changes rapidly in the first few iterations, but eventually stabilizes as it
converges. Beyond seven iterations, there is minimal change in the
temperature distribution from one iteration to the next. This shows that
for the conditions assumed here, around seven iterations are sufficient

for obtaining the analytical solution. This is an important insight in
optimizing the computation of the analytical model since each iteration
requires additional computation time. Additional computations have
been carried out with multiple other initial guesses to verify that the
temperature field converges to the same value regardless of the initial
guess. Note that these results are obtained with a blend factor γ=0.1.
The convergence could possibly be obtained faster with a larger value
of γ. However, in case the initially assumed temperature distribution
deviates significantly from the correct temperature distribution, a large
value of γ may lead to instability. As a result, a conservative value of
γ=0.1 is used throughout this work.
Analytical solutions for the two sub-problems discussed in Sections

2.1 and 2.2 are also validated by comparison of the predicted tem-
perature distribution for specific cases with finite-element simulation
results for a set of parameters representative of realistic conditions. In
order to validate the PCM model, a one-dimensional transient finite-
element simulation is carried out in ANSYS CFX. A phase change ma-
terial of thermal conductivity kp=0.2Wm−1K−1 and latent heat
L=270.7 kJkg−1 is considered. A time-dependent temperature
boundary condition = +T t( ) 20 t

0 100 is imposed on the material at x=0
for 1000 s. Note that T0 is expressed relative to Tm. To carry out the
phase change simulation, the same geometry as Fig. 2(b) is modeled in
ANSYS CFX. A mesh sensitivity study shows that 2500 nodes are suf-
ficient for grid independence. PCM is defined as a homogenous binary
mixture of liquid and solid where the liquid part has the specific re-
ference enthalpy of 270.7 kJkg−1. Saturation properties for the binary
mixture are defined as well based on the PCM properties. The analytical
model is used for computing the melting front y(t) and compared
against finite-element simulation results. As shown in Fig. 5(a), the two
are in good agreement with each other. While the analytical model can
be computed quite rapidly, within 60 s, the transient finite-element si-
mulation takes about 20min, even when not accounting for the time
needed for setup and grid generation prior to the finite element com-
putations.
Similar to the PCM sub-problem, the cell sub-problem discussed in

Section 2.2 is also validated by comparison against finite-element si-
mulations. For a cell of thermal conductivity kc= 0.2 Wm−1 K−1 and
generating 106 Wm-3 with a given heat flux q t( ) on its boundary at
x=W, the predicted interface temperature as a function of time and
compared against finite element simulation results in Fig. 5(b). The
interfacial heat flux as a function of time, q t( ) assumed for this com-
parison is also shown in Fig. 5(b). In this case, the interfacial tem-
perature initially decreases due to the increase in heat flux leaving the
cell and insufficient generated heat reaching the boundary. As time
progresses, however, more and more heat generated in the cell diffuses
to the boundary, and also, heat flux imposed on the boundary de-
creases, resulting in an increase in the cell surface temperature.
Throughout the entire period, the predicted interface temperature is in
good agreement with finite-element simulation results. In this case, 500
eigenvalues are considered for the analytical solution represented by
Eq. (16). It is verified that additional eigenvalues do not significantly
change the predicted temperature distribution.
Comparison of the analytical models against finite-element simu-

lations shown in Fig. 5 provides a validation of these models. Phase
change based thermal management of Li-ion cells in a variety of sce-
narios is analyzed next.

3.2. Effect of phase change material properties

Thermal properties of the phase change material are likely to be
important for the design of phase change based thermal management
because this process is driven primarily by heat absorption during
phase change and because heat entering the phase change material
must first conduct through the melted liquid before being absorbed in
the phase change process. While phase change materials have reason-
ably high latent heat, the thermal conductivity is usually low, and

Fig. 4. Cell-PCM interfacial temperature rise, T0(t) as a function of time for
multiple number of iterations, including the initial temperature curve. Values
for PCM thermal conductivity and latent heat are kp=0.2Wm−1 K−1 and
L=270.7 kJ kg−1 respectively. The cell generates heat at 87,000Wm-3, cor-
responding to 5C discharge rate. Plot indicates that the temperature distribu-
tion converges within around seven iterations.
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multiple papers have attempted to improve thermal conductivity
through various mechanisms such as insertion of metal foams, fillers,
etc. [20–25]. The expected impact of these thermal property enhance-
ments on cooling effectiveness is investigated here.
For a cell with a thermal conductivity of kc=0.2 Wm−1 K−1 – a

realistic value based on past measurements [9] – undergoing 10C dis-
charge, peak temperature rise in the cell that occurs at its core is plotted
in Fig. 6(a) as a function of time for multiple values of the phase change
material thermal conductivity, assuming the latent heat to be
270.7 kJ kg−1. Fig. 6(b) shows the corresponding cell surface tem-
perature rise as a function of time. These plots show that while im-
proving PCM thermal conductivity has a significant impact on the cell
surface temperature rise, there is only a minor impact on cell core
temperature rise. This happens because while a greater PCM thermal
conductivity ensures better heat transfer through the PCM, and there-
fore, reduced cell surface temperature, the core temperature remains
relatively unaffected due to the slower rate of thermal conduction
within the cell. The impact of improving PCM thermal conductivity on
the core temperature of the cell saturates once the thermal conductivity
reaches a threshold. Beyond that, there is minimal impact of further
improving PCM thermal conductivity on the cell core temperature be-
cause the cell thermal conductivity is the rate-limiting property. This is
a critical issue for safety of Li-ion cells and highlights a key limitation of
attempts to improve thermal conductivity of phase change materials.
Fig. 7 presents a similar investigation of the effect of latent heat of

the phase change material. In this case, thermal conductivity is held

constant at kp=0.2 Wm−1 K−1. Fig. 7(a) and (b) plot temperature rise
at the cell core and surface respectively for multiple values of the latent
heat at 6C discharge rate. Similar to thermal conductivity, a strong
impact of latent heat on the cell surface temperature is seen. However,
similar to Fig. 6(a), the core temperature does not reduce significantly
with increasing value of the latent heat, once again due to the throttling
effect of the relatively poor thermal conductivity of the cell itself.
These results indicate that improving PCM thermal properties alone,

as has been proposed in several recent papers [20–25], does not ensure
effective cooling throughout the cell. Fundamentally, this occurs be-
cause, even if the PCM itself may have excellent thermal properties, low
thermal conductivity of the Li-ion cell severely limits the rate of heat
transfer from within the cell into the PCM. Therefore, enhancing heat
transfer within the cell and understanding the impact of improvements
in cell thermal conductivity is equally important, and is investigated
next.

3.3. Effect of cell properties

Measurements reported in the past show that Li-ion cells have re-
latively poor thermal conductivity, around 0.1–1.0 Wm−1 K−1

[3,9,35], due to which thermal conductivity may be a dominant para-
meter in determining the effectiveness of phase change thermal man-
agement. In order to investigate this, temperature distributions in the
cell and phase change material are computed for a discharge rate of 6C.
Fig. 8(a) plots these temperature distributions at the end of the

Fig. 5. Comparison of the analytical solution (red curves) and a finite element simulation carried out in ANSYS-CFX (blue circles) for the two sub-problems: (a) PCM
melting front, y(t) as a function of time for a time-dependent temperature boundary condition = +T t( ) 20 t

0 100 . (b) Cell core temperature rise as a function of time for
a given heat flux q t( ) on the x = W boundary. Plots indicate good agreement between analytical method and finite-element simulations throughout the entire
period. PCM thermal conductivity and latent heat are taken to be kp=0.2 Wm−1 K−1 and L=270.7 kJ kg−1 respectively, corresponding to paraffin wax. Cell
thermal conductivity and internal heat generation are taken to be kc=0.2Wm−1 K−1 and =Q 106 Wm−3 respectively.

Fig. 6. Effect of PCM thermal conductivity on (a) Cell peak temperature rise as a function of time; and (b) Cell surface temperature rise as a function of time. Results
indicate that improving PCM thermal conductivity significantly improves cell surface temperature but not the cell core temperature.
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discharge process for different values of the cell thermal conductivity
while holding all other parameters constant. A phase change material of
thermal conductivity kp=0.2 Wm−1 K−1 and latent heat
L=270.7 kJ kg−1 [25] is assumed. Fig. 8(a) shows significant im-
provement in cell temperature distribution at higher values of cell
thermal conductivity, including at the core of the cell. Up to 50% re-
duction in cell core temperature is seen for cell thermal conductivity of
2.0 Wm−1 K−1 compared to the baseline value of 0.2Wm−1 K−1, un-
like the case of improved PCM thermal conductivity, which reduces
surface temperature significantly but not the core temperature. In ad-
dition, Fig. 8(a) also shows significant improvement in temperature
uniformity across the cell, which is an important consideration in
electrochemical performance of the cell.
The importance of cell thermal conductivity has been largely

overlooked in past work on PCM thermal management, which has fo-
cused mostly on thermal properties of the PCM. Further, note that
improving thermal conductivity of a Li-ion cell remains a key challenge
due to the complicated, heterogeneous nature of the cell, with only
limited work available, based on material and interfacial changes
within the cell [18].
For the same conditions, Fig. 8(b) plots the solid-liquid interface

position y(t), measured from the cell-PCM interface as a function of
time. This plot shows higher rate of phase change in the PCM with
increasing cell thermal conductivity. This directly results from im-
proved heat diffusion through the cell, leading to greater heat absorp-
tion by the PCM. Fig. 8(b) further confirms that increasing cell thermal
conductivity is critical for fully benefitting from phase change based
thermal management.

3.4. Trade-off between thermal management and energy storage density

Heat generation rate in a Li-ion cell can change significantly with
time due to changes in the external load and discharge current. In
general, the greater the discharge current, the higher is the heat gen-
eration rate. Any passive thermal management strategy, such as one
based on phase change materials, must take these dynamics into ac-
count and be able to effectively cool the worst-case discharge rate ex-
pected during the duty cycle of the battery pack. As the discharge rate
goes up, the volumetric heat generation rate also goes up, but the
duration of heat generation reduces because the cell discharges faster
[34]. In order to understand the effect of these parameters on thermal
management, the peak temperature in the cell, which occurs at the cell
core, is plotted in Fig. 9 as a function of time for a number of discharge
rates. For these simulations, a phase change material of thermal con-
ductivity of 0.2 Wm−1 K−1 and latent heat of 270.7 kJ kg−1 is assumed.
Values for heat generation rate and thermal conductivity are taken from
past measurements [9,34]. Fig. 9 shows that the effect of increased heat
generation rate at larger C-rates dominates over the effect of reduced
time period, due to which the peak temperature is significantly greater
at higher C-rates. To investigate this further, Fig. 10 plots the maximum
cell temperature, which occurs at the end of the discharge period as a
function of C-rate. As expected, the peak temperature increases as
discharge rates increases. Further, as the discharge rate goes up, the
phase change front also increases, indicating the need for more and
more phase change material between cells in order to sustain phase
change cooling throughout the discharge process. Note that the phase
change material in the battery pack is electrochemically passive, and
therefore reduces energy storage density – a key performance

Fig. 7. Effect of PCM latent heat on (a) Cell core temperature rise as a function of time; and (b) Cell surface temperature rise as a function of time. Results indicate
that improving latent heat improves cell surface temperature but not the cell core temperature.

Fig. 8. Effect of cell thermal conductivity on (a) Cell peak temperature rise; and (b) PCM melting front, y(t) as a function of time. Plots indicate significant
improvement in cell core temperature and higher rate of phase change in the PCM with increasing cell thermal conductivity. PCM thermal conductivity and latent
heat are taken to be kp= 0.2 Wm−1 K−1 and L=270.7 kJ kg−1 respectively, corresponding to paraffin wax.
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parameter of the pack. To quantify this, Fig. 10 also plots the energy
storage density of the battery pack on a relative scale accounting for the
presence of the passive PCM in the pack. Fig. 10 shows that as the
discharge rate goes up, the peak temperature rise goes up, and conse-
quently, the energy storage density reduces due to need to include more
and more PCM. This quantifies a fundamental, system-level trade-off in
Li-ion battery pack design – large discharge rate inherently reduces
energy storage density due to the need for greater thermal manage-
ment. Many applications call for aggressive discharge rates, which
Fig. 10 shows will result in greater temperature rise and reduced energy
storage density. Based on overall system requirements, a balance be-
tween these performance parameters must be achieved.

3.5. Phase change vs forced convection thermal management

Finally, the phase change based thermal management approach is
compared with traditional, single phase convective cooling of the bat-
tery pack. For this comparison, the same cell as shown schematically in
Fig. 1(a) is considered, except with convective cooling with a heat
transfer coefficient h instead of the phase change material. In this case,
the transient temperature distribution in the cell can be easily derived
to be [27]
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For the case of a 20mm cell undergoing 6C discharge, Fig. 11 plots
the peak temperature in the cell as a function of time for multiple values
of the convective heat transfer coefficient h. For comparison, the peak
temperature expected for phase change based cooling with a phase
change material of kp=0.2 Wm−1 K−1 and L=270.7 kJ kg−1 is also
plotted as a function of time. Fig. 11 shows that convective cooling,
even with fairly low heat transfer coefficient up to 50 Wm−2 K−1 may
be as effective as PCM-based thermal management assuming baseline
PCM thermal conductivity. A higher convective heat transfer coefficient
of 100 Wm−2 K−1 compares well with the case of an improved PCM
thermal conductivity of 7.0 Wm−1 K−1 – a value that is at the higher
end of the range reported in the literature [24]. This result is consistent
with recent work where the performance of phase change cooling has
been compared with forced convection cooling of Li-ion cells [36]. For
comparison, Fig. 11 also plots the expected thermal response in case of
a PCM with a very high thermal conductivity of 15 Wm−1 K−1, and
shows that the impact of improving thermal conductivity saturates – the
curves for 7 Wm−1K−1 and 15 Wm−1 K−1 are nearly identical. In this
range, improving PCM thermal conductivity does not offer further im-
provement in performance.
This comparison demonstrates the limitations of PCM cooling in Li-

ion cells because of the short time duration of heating. In many cases,
convective cooling by itself may offer an attractive thermal manage-
ment option. On the other hand, phase change thermal management is
passive, easier to implement and does not require energy, whereas
providing fluid flow and high convective heat transfer coefficient to the
surface of each cell in a large battery pack complicates thermal man-
agement design, and may involve significant pressure drops, and
therefore higher energy costs. Therefore, a holistic approach combining
multiple thermal management may be more effective.

4. Conclusions

Phase change cooling of Li-ion cells is a promising approach for
thermal management of battery packs, particularly due to its passive
nature and minimal power requirement. Modeling of phase change
cooling, such as one presented in this work, involves several theoretical

Fig. 9. Effect of cell discharge rate on the peak temperature rise as a function of
time. Phase change material of thermal conductivity of 0.2 Wm−1 K−1 and
latent heat of 270.7 kJ kg−1 is assumed. Heat generation values corresponding
to different discharge rates are taken from past measurements [34]. Plot in-
dicates that the effect of increased heat generation rate at larger C-rates over-
whelms the reduced time period, due to which the peak temperature is greater
at higher C-rates.

Fig. 10. Plot of the maximum cell core temperature rise and relative energy
storage density of the battery pack as a function of C-rate. Plot indicates that at
larger discharge rates, there is greater temperature rise, and hence more PCM
needed for thermal management, resulting in reduced energy storage density of
the battery pack.

Fig. 11. Comparison of phase change cooling with convective cooling. Plot of
peak temperature rise in the cell during 6C discharge rate as a function of time
for multiple values of the convective heat transfer coefficient h. For comparison,
plots for PCM cooling with baseline (kp=0.2 Wm−1 K−1) and thermally en-
hanced (kp=7.0 Wm−1 K−1 and 15.0 Wm−1 K−1) cases are also plotted.
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challenges. Insights gained from such analysis can be critical for opti-
mization of thermal management systems, particularly when applied
together with experimental data. For example, multiple papers have
investigated thermal conductivity improvement of the phase change
material for battery cooling. However, this work shows that while such
an approach has a significant impact on the melting rate and the cell
surface temperature, adequate cooling of the core of the cell requires
substantial improvement in thermal conductivity of the cell. While this
is consistent with the basic principles of heat transfer, it has not been
recognized adequately in past work. The present theoretical model
quantifies this key challenge in PCM based thermal management.
Results also highlight and quantify the key system-level trade-off

between discharge rate and energy storage density, which can prevent
needless overdesign of thermal management. Another important insight
from this work is the comparison between phase change cooling and
convective cooling. It is expected that the theoretical model and key
results presented in this work will contribute towards accurate design of
practical thermal management systems for Li-ion battery packs, even-
tually leading to improvement in safety and performance of energy
conversion and storage devices.
The present theoretical approach ignores sensible heating of the

PCM prior to phase change, which may occur if the melting tempera-
ture of the PCM is greater than ambient temperature. While this is
unlikely to be a dominant effect due to the small value of Stefan number
for most phase change materials, accounting for this may be an inter-
esting direction for future work. Further, the model assumes perfect
symmetry between cells in the battery pack, and needs to be extended
to account for non-symmetric features in large battery packs. Further,
integration of experiments with theoretical modeling is also an im-
portant direction for future work. Incorporation of the theoretical
model presented here in practical Battery Management Systems (BMS)
of large battery packs is also important. Finally, the impact of the phase
change material in the battery pack on other battery functions, such as
battery heating in a cold environment – relevant for automotive ap-
plications – is also important.
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