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Accurate and rapid prediction of temperature distribution in a large Li-ion battery pack comprising thou-
sands of cells is critical for ensuring safety and performance of battery packs for electric vehicles. Due
to the multiscale geometry and the large number of individual cells in an automotive battery pack, full-
scale thermal simulations typically take a long time to complete. Approaches for rapidly computing the
temperature field in a large battery pack without significant loss of accuracy is, therefore, a key techno-
logical need. This paper presents thermal simulations of a large, air-cooled Li-ion battery pack containing
thousands of individual cells using the submodeling technique. A coarse model that neglects fine geomet-
rical details is first solved, and the results are used to solve a more detailed sub-model. It is shown that
this approach results in 7X reduction in computation time while preserving the accuracy of the predicted
temperature field. Trade-offs between computation time and accuracy are examined. The submodeling
technique is used to investigate the thermal design of a large Li-ion battery pack, including the effect of
discharge rate and coolant flowrate on temperature field, and the thermal response to a pulsed spike in
discharge rate. Limitations of the submodeling technique are discussed. The technique discussed here is
a general one, and may help significantly reduce computation time for thermal design and optimization
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of large, realistic Li-ion battery packs.
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1. Introduction

Li-ion cells are used widely for energy storage and conversion
in a variety of engineering applications. Compared to other stor-
age technologies, Li-ion cells offer superior energy density, power
density and cycling performance [1]. However, Li-ion cells are very
temperature sensitive, and thermal management of Li-ion cells and
battery packs remains a key technological challenge [2,3]. The poor
thermal conductivity of Li-ion cells [4] results in high temperature
rise even for moderate heat generation rates. Overheating of cells
can lead to initiation of decomposition reactions inside the cell
that eventually leads to fire and explosion due to thermal runaway
[5]. Li-ion cells are also known to perform poorly at low tempera-
ture, which is a key concern for operation in cold climates [6].

Li-ion cells are typically combined in series and/or parallel to
form a battery pack. Depending on the power requirement, the
number of cells in a pack may range from a few (eg. power tools)
to thousands (eg. electric vehicle). In a typical automotive battery
pack, a number of individual cells are arranged in series/parallel
to form a module [7]. In turn, several modules are assembled to-
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gether to form the entire battery pack. Several thousands of cells
are used in a single automotive battery pack [7]. An appropriately
designed thermal management system must be provided to ensure
sufficient and uniform cooling of the battery pack. Since experi-
mental measurements in a battery pack may be cumbersome and
expensive, computational tools for predicting temperature rise in
a battery pack are very important for design optimization. Accu-
rate thermal modeling is also important for run-time battery man-
agement during operation. Numerical simulation tools solve the
underlying mass, momentum and energy conservation equations
through a variety of methods. Through the ability to handle com-
plex geometries, such simulation tools offer an attractive option
compared to analytical solutions that can be mathematically com-
plicated [8-9] and limited only to simplified geometries.

A number of papers have presented numerical computation of
temperature rise in a Li-ion battery pack. While the computation
time is reasonably small for small battery packs, such as those for
a hoverboard [10] or a laptop [11], efficient and rapid simulation
remains a key challenge for large automotive battery packs com-
prising thousands of cells where meshing and computation may
be time-consuming due to the existence of multiple length-scales.
Several papers have presented simulation-based temperature pre-
diction for large battery packs. For example, thermal performance
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Nomenclature

Heat capacity (J/(kgK))

acceleration due to gravity (m/s2)
Thermal conductivity (W/(mK))
pressure (N/m?)

Internal heat generation rate (W/m3)
time (s)

Velocity (m/s)

Viscosity (kg/(ms))

Density (kg/m?3)
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of an air-cooled battery pack comprising 24 Li-ion cells was sim-
ulated [12]. Using around 6 million nodes, this simulation was re-
ported to take around 53 h to complete. In a similar work [13],
thermal-fluid simulations were carried out on a two-dimensional
model of a Li-ion battery pack. This simulation was reported to
take around 9 h. Numerical simulations have been presented for a
water-cooled battery pack containing 14 cells [14]. In another pa-
per, simulation of a 5000 cell battery pack was carried out using
a two-step projection method, where mass continuity and Navier
Stokes equations for the coolant liquid were solved first, followed
by computation of energy conservation equations [15]. Unfortu-
nately, the computation time was not specified, but was probably
very large. A lumped capacitance simulation model for the battery
pack has also been presented [13,16]. While this approach offers
rapid computation of temperature, it suffers from the approxima-
tions associated with lumped modeling. In some papers, thermal
simulation was carried out only for a small portion of the pack
instead of the entire pack [17-18]. While this approach computed
temperature within a reasonable time, the results may not be rep-
resentative of the entire battery pack. Specifically, non-uniformity
with a battery pack is important to understand, and cells not be-
ing adequately cooled must be identified, which can only be done
through a simulation of the entire battery pack.

The literature cited above clearly highlights the importance of
optimizing thermal simulations for a complex, large-sized Li-ion
battery pack. Rapid temperature prediction with acceptable accu-
racy is a critical need. Trade-offs between computational time and
accuracy need to be carefully understood and optimized. Tech-
niques such as submodeling [19], iterative sub-structure method
[20] and Model Order Reduction method [21] have been developed
for addressing such problems in other applications, but have not
been investigated for thermal simulations of Li-ion battery packs.

In the submodeling technique, a global model of the entire ge-
ometry of interest is first solved while using a coarse grid and
omitting fine geometrical details. A refined local model of the re-
gion of interest, also known as a sub-model, is then set up and
solved using boundary conditions obtained from the results of the
global model [19]. Submodeling is particularly attractive where ge-
ometrical features exist over multiple length scales, as is the case
in a Li-ion battery pack. The global model can be solved with-
out accounting for finer features, which can later be included in
the sub-model, resulting in faster computation with minimal loss
of accuracy compared to a full-scale simulation model. The use
of submodeling technique has been reported for a number of en-
gineering applications such as metal additive manufacturing [22],
microelectronic devices and systems [19,23], aerospace [24] and
structural engineering [25]. However, there is a lack of past work
on the use of submodeling for thermal simulations of Li-ion bat-
tery packs. The considerable geometrical complexity and existence
of multiple length scales in a battery pack make submodeling a
particularly suitable technique for thermal simulations of Li-ion
battery packs.
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Fig. 1. Schematic of a general sub-modeling thermal/mechanical simulation tech-
nique.

Sub-Model

This paper presents computationally efficient thermal simula-
tion of a large Li-ion battery pack comprising more than 6800
cells using submodeling technique. It is shown that the computa-
tion time can be reduced by around seven times, while incurring
minimal error compared to a full-scale model. The submodeling
technique is introduced in Section 2.1. The application of this tech-
nique for thermal simulation of a representative automotive Li-ion
battery pack is discussed in Section 2.2. Results are discussed in
Section 3.

2. Sub-modeling

This section introduces the basic concept behind the sub-
modeling technique, and then discusses implementation of sub-
modeling for thermal simulations in a large battery pack.

2.1. Sub-modeling procedure

The fundamental principle behind submodeling is the St.
Venant principle [26] which, in the context of mechanical loads,
states that two different but statically equivalent loads have nearly
the same effect sufficiently far from the load. As a result, one can
first solve the displacement field for a coarse model that ignores
fine geometrical details, and then transfer the displacement results
as boundary conditions to a more detailed submodel of a smaller
subset of the region. While developed originally for mechanical
stress simulations, the same principle also applies for thermal sim-
ulations.

Fig. 1 shows a schematic of a general body, for which compu-
tation of thermal/mechanical response to imposed loads is of in-
terest. There may be several multiscale geometrical features within
the body, due to which, an outright simulation of the entire body is
computationally challenging. Instead of modeling complete details
of the geometry within the body and carrying out a numerical sim-
ulation of the entire body, the sub-modeling technique first simu-
lates a coarse model that neglects the finer features in the geom-
etry. Results from this simulation are then transferred to a refined
region - usually the area where stress concentration or a thermal
hotspot may be expected - through the displacement/temperature
predicted by the coarse model along the interface boundary. The
refined region is referred to as the submodel. Simulation of the
sub-model then provides detailed temperature/stress distribution
within the submodel. In general, the accuracy of the results de-
pend on how well the coarse model is meshed, since, the greater
the number of nodes in the global model, the more accurate will
be the information along the interface boundary that is transferred
to the submodel. A key advantage of the submodeling technique is
that one can focus specifically on certain regions of the geometry,
such as those that are expected to produce the highest tempera-
ture rise, without the need to simulate fine geometrical details of
the entire geometry.

Although submodeling was originally developed for mechanical
stress analysis, it is equally effective for thermal and fluid simu-
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lations as well. In such a case, results from the global model are
transferred to the submodel in the form of fluid velocity and tem-
perature fields on the interface boundary, as shown in Fig. 1.

2.2. Sub-modeling for a Li-ion battery pack

Two specific thermal simulations related to air cooling of Li-
ion battery packs are set up using the submodeling technique. The
first is a proof-of-concept simulation comprising a relatively small
number of Li-ion cells in the battery pack. Once the first simu-
lation is validated, the second simulation addresses a much more
complicated and realistic battery pack comprising more than 6800
cells. The implementation of these simulations is described next.

2.2.1. Proof of concept

The general sub-modeling process outlined in Section 2.1 is
used for carrying out thermal simulation of a Li-ion battery pack.
Sub-modeling is implemented in ANSYS ICEPAK, which uses FLU-
ENT solver for thermal and fluid flow analysis. The simulation
solves the following equations representing conservation of mass,
momentum and energy, respectively:

VV=0 (1)

p(%‘t/ + (V.V)V) =-Vp+uVv (2)
oT 5

pep| 5y + (V.V)T ) =kV2T +Q (3)

The proof-of-concept simulation is carried out on a battery pack
comprising four modules of ten prismatic Li-ion cells each, for a
total of 40 cells. Each cell is sized 80 mm by 80 mm by 3 mm.
Each cell is assumed to generate 0.2 W heat, corresponding to a
C-rate of 1C [27]. Note that C-rate of a battery is defined as the
ratio of the current and the theoretical current that would cause
the battery to deliver its rated capacity in one hour [1]. As an ex-
ample, starting from a fully charged state, batteries discharging at
1C and 2C will completely discharge in one hour and 0.5 hour, re-
spectively. Thermal conduction in a Li-ion cell is known to be or-
thotropic [4] due to thermal contact resistance between layers in
the out-of-plane direction [28]. Therefore, in these simulations, in-
plane and out-of-plane thermal conductivity values of 30 W/(mK)
and 0.2 W/(mK), respectively, are taken, based on past measure-
ments [4]. The specific heat capacity is assumed to be 860 J/(kgK)
[29]. The cells are being cooled by natural convection to the sur-
rounding air, with the gravity vector pointing downwards. The
outer surfaces of the battery pack are convectively cooled with a
heat transfer coefficient of 100 W/(m2K). The initial temperature of
the entire geometry in this, and all subsequent analysis in this pa-
per is assumed to be 20 °C. Implementation of the sub-modelling
technique for this simple system is shown schematically in Fig. 2,
which shows the full-scale model as well as the global and sub-
models for the submodeling technique. In the submodeling tech-
nique, a global model is first solved, in which, the four modules
are modeled as homogeneous blocks without the details of the ten
cells contained in each module. These four blocks have the same
thermal properties as the individual cells in the full-scale model.
Further, the same external boundary conditions as the fullscale
model are applied. Temperature and velocity fields predicted by
the global model along the boundaries of the module are then
transferred as the boundary conditions for the submodel. Complete
details of the cells within each module are included in the sub-
model. Results of the submodel provide the complete temperature
distribution for each cell in the pack. For validation, a full-scale
simulation that directly accounts for each cell in each module in a
single simulation is also carried out.
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Fig. 2. Schematic showing the implementation of the sub-modeling technique for
a proof-of-concept simulation of a small battery pack comprising only 40 prismatic
cells.

Module

Fig. 3. Picture of a representative air-cooled automotive Li-ion battery pack com-
prising 16 modules of 427 cells each, for a total of 6832 cells.

2.2.2. Analysis of a realistic automotive battery pack

Submodeling technique is then used for thermal simulation of
a much larger, air cooled battery pack that is representative of an
electric vehicle battery pack. As shown in Fig. 3, this battery pack
comprises 16 modules, each of which contain 427 cylindrical Li-ion
cells of 18,650 configuration (18 mm diameter, 65 mm height) ar-
ranged in 14 rows. The total number of cells in the pack is 6832.
Note that there are two modules located on the left end of the
pack in Fig. 3, which are at a different height compared to the
other 14 modules. Consistent with experimental measurements [4],
thermal conductivity of the cell is assumed to be orthotropic, with
axial and radial values of 30 W/(mK) and 0.2 W/(mK), respectively.
The pack is cooled by forced convection due to air flow from a
fan, as shown in Fig. 3. Air flow rate is specified at the inlet as a
boundary condition. The outer boundaries of the battery pack are
assumed to be cooled by natural convection. Radiation and natural
convection are neglected. A convergence limit of 10-10 is used for
the energy residual in the simulations.

Two distinct sub-modeling approaches - single-stage and two-
stage — shown in Figs. 4(a) and 4(b) are investigated for submodel-
ing of this large battery pack. In both approaches, the global model
treats each battery module as a homogeneous solid block with a
heat generation rate equivalent to that of all the cells in the mod-
ule. Simulation of the global model captures the fluid flow around
each module, which, in addition to temperature, is then transferred
as boundary condition to the region of interest. The single-stage
and two-stage approaches differ from each other in how the sub-
model is treated. In the single-stage approach, all the cells in the
module are included in the sub-model, as shown in Fig. 4(a). On
the other hand, in the two-stage approach, as shown in Fig. 4(b),
the sub-model comprises a section of the module, which, in turn,
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Fig. 4. Schematics showing (a) single-stage and (b) two-stage submodeling of large Li-ion battery pack.
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Fig. 5. Results for proof-of-concept simulation: (a) Comparison of computed colorplots for a full-scale modeling and sub-modeling at t = 3600 s; (b) Comparison of temper-
ature as a function of time predicted by full-scale modeling and sub-modeling for two different locations A and B in the battery pack. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

leads to a second-stage sub-model that includes the geometrical
details of individual cells. The two submodeling approaches are
compared with each other, and with a full-scale model in terms
of accuracy and computational time.

3. Results and discussion
3.1. Proof-of-concept simulation

Fig. 5 presents a comparison of full-scale modeling with the
submodeling technique for the proof-of-concept battery pack with
only 40 cells. The C-rate for this case is 1C, with natural convection
cooling from cells to surrounding air and forced convective cool-
ing with heat transfer coefficient of 100 W/(m2K) from the outer
surfaces of the battery pack. Temperature colorplots at t = 3600 s
for the two approaches are shown in Fig. 5(a). Both global model
and sub-model results are shown for the submodeling technique.
Fig. 5(b) presents this comparison in terms of temperature as a
function of time at two locations A and B in two different mod-
ules in the battery pack. Colorplots in Fig. 5(a) show excellent
agreement between the full-scale and sub-modeling techniques. As
shown in Fig. 5(b), location A experiences a higher temperature
rise due to its location being in the middle of one of the inter-
nal modules, whereas temperature at location B is lower due to
its more favorable location. In both cases, Fig. 5(b) shows that the
submodel is in good agreement with fullscale simulation. The com-
putation time for the submodeling technique is 3.5 h compared to
5 h for the fullscale model. Thus, while taking about 30% lesser
computational time, the submodeling technique is able to predict
temperature rise with negligible error compared to the full-scale
simulation. This is a relatively simple, proof-of-concept simulation
that does not fully utilize the capability of the submodeling tech-
nique for computational efficiency. Simulation of a more compli-
cated and realistic battery pack is discussed next.
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Fig. 6. Results for the large battery pack containing 6832 Li-ion cells: (a) Tempera-
ture colorplot for the full-scale model; (b) Temperature colorplots for the submod-
eling technique, showing colorplots for the global model as well as the submodel.
In each case, temperature is plotted at t = 3000 s for 1 C discharge rate while the
pack is being cooled with 5 m/s air flow.

3.2. Simulation of a large scale battery pack

The submodeling technique is investigated for a much larger
and more realistic 6832-cell battery pack described in Section 2.2.
Due to the large range of lengthscales in the battery pack geom-
etry, a full-scale simulation is found to require around 10 Million
nodes in order to reasonably resolve each of the 6832 cells and ob-
tain mesh independence. This is expected to be very computation-
ally intensive and infeasible for practical applications. As an alter-
native, submodeling is explored for solving this problem. The bat-
tery pack is assumed to operate at 1C discharge rate, correspond-
ing to 0.2 W heat generation in each cell [27]. Note that the volu-
metric heat generation rate is taken from past measurements on a
2.6 Ahr LiFePOy cell. The coolant air flowrate is taken to be 5 m/s.
Fig. 6 compares results from the submodeling technique with a



V.V. Ganesan and A. Jain

27 ' | | | |
—Full-Scale Model - -
- -Sub-Model A —=
26|~ -sub-Model B et ST
- -Sub-Model C o -
O 25| ~Sub-Model D e .- _
-~ |=—Sub-Model E AF =T

o T

3 24 - A <=0 7

o e

0_23 — 'l - - i

:

I_ 22 [~ //:, ‘ ]
21+ -
20 | | | | |

0 500 1000 1500 2000 2500 3000
Time, s

Fig. 7. Temperature at the center of the 8" module in the battery pack as a func-
tion of time for the full scale model and five different submodels with varying num-
ber of elements. The pack geometry, heat generation rate and cooling conditions are
the same as those in Fig. 6.

full-scale simulation for these parameters. Note that in these Fig-
ures, the coolant air enters from the right and exits from the left of
the battery pack. Fig. 6(a) plots temperature colormap for the en-
tire battery pack at t = 3000 s based on a full-scale model. In com-
parison, sub-modeling results for both global model and submod-
els for two specific modules are shown in Fig. 6(b) at t = 3000 s.
The computational time for the submodel is only 20% of the time
taken for the fullscale model. Yet, these colorplots show that the
sub-modeling technique is able to capture key features of the tem-
perature distribution, including locations of the highest and low-
est temperature, as well as finer details of temperature distribution
amongst the cells within each module in the submodels.

For a more quantitative comparison between the two tech-
niques, temperature as a function of time for a cell located at
the center of the 8th module is plotted in Fig. 7. The discharge
rate is 1C and the pack is being cooled with air flow at 5 m/s.
Fig. 7 presents results from the fullscale model as well as five dif-
ferent submodeling approaches - A through E - that differ in mesh
size. Submodel A has the finest mesh, little over 3 million ele-
ments, while Submodel E has the coarsest mesh, less than 16,000
elements. Fig. 7 shows that as the mesh quality in the submodeling
approach improves, the results get closer and closer to those pre-
dicted by a fullscale simulation. In general, the finer the mesh in
the global model of the submodeling technique, the more accurate
the result are, although this comes at the price of increased com-
putational time. The fullscale simulation model takes around 150 h
to compute due to its very extensive mesh. For Submodel A, with
the finest mesh, the computation time is 20% that of the fullscale
simulation, with worst-case error of 3% compared to the fullscale
simulation. On the other hand, using the coarsest mesh, Submodel
E results in a much lower computational time - only 4.5% of the
time for fullscale simulation - but also results in greater error —
around 46% compared to the fullscale simulation.

This important trade-off between accuracy and computation is
investigated further in Fig. 8, which plots the percent error in sub-
modeling compared to fullscale model as well as computation time
as a percentage of the time taken by the fullscale model, both
as functions of the number of mesh elements in the submodel.
Fig. 8 shows that as the mesh gets finer, the results become more
and more accurate, but at the cost of increased computation time.
As the number of elements increases, the percentage error drops
rapidly at first, but then slows down somewhat. On the other hand,
the computational time continues to increase almost linearly with
increasing number of elements. Depending on the error tolerance
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Fig. 8. Error percentage and computation time relative to full scale model for a
number of submodels with different number of elements.
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Fig. 9. Temperature gradient within module 8 as a function of time. Results from
submodeling technique are compared with the full scale model.

and need for rapid computation in a given application, the sub-
modeling approach could be used with an appropriate balance be-
tween error and computation time, as shown in Fig. 8. A reason-
able trade-off between the two may exist in the middle of the plot
shown in Fig. 8 because increasing the number of elements further
does not improve the error very much, while still incurring signif-
icant increase in computational time.

Significant temperature non-uniformity is known to exist in Li-
ion cells [30], which is generally not desirable as it may lead to
electrochemical imbalance and reliability concerns. A comparison
of the submodeling technique with fullscale simulations is carried
out by plotting the temperature gradient (difference between max-
imum and minimum temperature) within a module as a function
of time. Fig. 9 plots the temperature gradient for module 8 as func-
tion of time predicted by the full scale model as well as the sub-
model. Geometry and other conditions are the same as Fig. 6. The
curves in Fig. 9 are close to each other, indicating the capability of
the submodeling technique to accurately capture the temperature
gradient within the module.

3.3. Single-stage vs two-stage submodeling

All the simulations described so far use a single-stage sub-
model to fully resolve the simulation geometry. It is also possi-
ble to use multi-stage submodeling to reduce the overall compu-
tation time, although there may be greater loss of accuracy. Mul-
tistage submodeling may be particularly helpful for very compli-



V.V. Ganesan and A. Jain

27 T T T

—Full-scale Model —
— -Single-Stage Sub-Model == "
26 Two-Stage Sub-Model 7
Qa5 g .
e" L7
3 24 — P ’ “““““ —
g % 7
Q_23 - 7 -
5
- 22 -
21 =
20 | | | | |
0 500 1000 1500 2000 2500 3000

Time, s

Fig. 10. Comparison of temperature at center of 8" module as a function of time
computed by single-stage and two-stage submodeling simulations with fullscale
simulation.

cated geometries that can not be fully resolved with just one sub-
model. In two-stage submodeling, as shown schematically in Fig. 4,
results from the global are used to solve a first-stage submodel,
which is then used to solve an even smaller, second-stage sub-
model. This approach is investigated and compared against full-
scale and single-stage submodeling for 1C discharge of the 6832-
cell battery pack cooled with 5 m/s air flow rate. Results are shown
in Fig. 10 in terms of temperature at the center of module 8 as
a function of time. Fig. 10 shows that while the single-stage sub-
modeling approach agrees nearly exactly with the full scale model,
there is around 25% error in the two-stage submodel. This is ac-
companied by a 10% improvement in computation time compared
to the single-stage submodeling approach. In order to determine
whether two-stage submodeling is attractive, the reduction in ac-
curacy must be weighed against the improvement in computation
time when using two-stage submodeling compared to single-stage
submodeling. In the present context, given the significant reduc-
tion in computation time even for single-stage submodeling, the
additional effort for setting up two-stage submodeling may not be
justified, unless reducing the computation time to the minimum
possible is extremely important.

3.4. Investigation of effect of discharge rate and coolant flowrate

The submodeling technique is used for thermal evaluation of
different thermal design scenarios in a Li-ion battery pack. Specifi-
cally, the impact of discharge rate and coolant air flow on temper-
ature distribution in the battery pack is evaluated.

Heat generation rate in a Li-ion cell is a strong, quadratic func-
tion of the discharge rate - the larger the rate at which energy is
drawn from the cell, the larger is the heat generation rate [27]. As
a result, the C-rate of the battery pack is a critical performance pa-
rameter that must be chosen to balance the objectives of meeting
the external load on the battery and keeping the battery tempera-
ture within safe limits. The submodeling technique is used to com-
pute temperature distribution in the 6832-cell battery pack operat-
ing at four different discharge rates. In each case, coolant air flow
at 5 m/s speed is considered and the entire discharge process from
fully charged to fully discharged is simulated. Fig. 11 plots the tem-
perature at center of module 8 in the battery pack as a function of
time for these cases. Note that the larger the discharge rate, the
shorter is the time period for the battery to fully discharge. As ex-
pected, the submodeling technique shows a non-linear increase in
temperature with increasing C-rate. The peak temperature rise at
1C discharge is reasonably small, and rises significantly with in-
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Fig. 11. Temperature at the center of module 8 in the battery pack as a function of
time for four different discharge rates, with 5 m/s coolant air flow in each case.
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Fig. 12. Temperature at the center of module 8 in the battery pack as a function
of time for four different coolant air velocities, with constant 4C discharge rate in
each case.

creasing C-rate despite the shorter discharge time. At 6C discharge,
the battery temperature may exceed the safety limits to prevent
thermal runaway. Results shown in Fig. 11 indicate that the C-rate
in the battery pack must be limited, or, alternately, the coolant
flowrate must be increased to keep the battery pack temperature
within a safe limit.

Fig. 12 investigates the impact of varying the coolant air veloc-
ity at a constant C-rate of 4C. The geometry and other properties
are the same as previous Figures for the 6832-cell battery pack.
A plot of temperature as a function of time at the center of the
8th module in the battery pack presented in Fig. 12 shows that
the temperature field approaches steady state faster with larger air
flow rate, which is consistent with the expectation of greater rate
of heat removal from the pack at larger air flow rates. In addi-
tion, as expected, temperature curve reduces as the air flow rate
increases, due to improved heat removal.

Plots such as Figs. 11 and 12 provide helpful design guidelines
for thermal management and operation of the battery pack. These
data can be used to carefully balance performance (battery load
and C-rate) with safety (temperature rise). These results are ob-
tained with significantly reduced computational burden compared
to fullscale simulations. The reduction in computational time may
enable capabilities in design, operation and thermal management
of the battery pack that are simply not possible when relying only
on time-consuming fullscale simulations.
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Fig. 13. Schematic of a single module showing the Copper connectors for electrical
interconnection of cells.
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Fig. 14. Impact of the presence of Copper connectors on temperature at center of
8™ module during an intermittent spike in discharge rate, which changes from 1 C
to 4 C between t = 1250s and t = 1750s.

Finally, the impact of metal interconnection present in battery
modules on temperature rise during a spike in heat generation rate
is investigated. Cells in each module are typically connected in a
series-parallel combination using metal connectors. Fig. 13 shows
a representative schematic of the metal connectors used to elec-
trically connect cells to each other. The connectors are typically
made of a metal such as Copper that has high electrical and ther-
mal conductivity. A past paper has demonstrated the importance of
the metal connector on temperature distribution in the cells [31].
However, this study was carried out on a pack of only five cells.
The impact of metal connectors in a large 6832-cell battery pack
such as the one analyzed in previous Figures is investigated here.
For this purpose, temperature distribution in the pack is compared
with and without the presence of Copper connectors of 5 mm
thickness and 9 mm width. A spike in discharge rate is modeled,
wherein the battery pack discharges at 1 C for the discharge dura-
tion, except between t = 1250s and t = 1750s, during which, the
discharge rate spikes to 4 C. In such a case, it is expected that the
thermal capacitive effect of the Copper connectors may help limit
temperature rise during the spike. Fig. 14 presents a comparison of
temperature rise at center of the 8" module in the battery pack
with and without the Copper connectors for the discharge process
described above using the submodeling technique. Fig. 14 shows a
lower temperature rise due to the presence of the Copper connec-
tors, which is attributable to the ability of the connectors to absorb
the extra heat generated during the C-rate spike. This is consistent
with a past study on a five-cell pack [31] but has been demon-
strated in the present work for a much larger and more realistic
battery pack. Fig. 14 demonstrates the capability of the submod-
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eling technique to compute temperature fields in the battery pack
for various design scenarios much faster than fullscale modeling.
In summary, the large number of cells and other geometrical
complexities in a realistic Li-ion battery pack present consider-
able challenges in thermal simulations. A full scale thermal sim-
ulation is often computationally infeasible. The submodeling tech-
nique discussed in this paper overcomes some of these challenges
and offers a means to balance computation time and accuracy. De-
pending on the computational resources available and accuracy re-
quirements, the submodeling technique may be adapted to fit spe-
cific needs of the problem at hand. It must be noted that the sub-
modeling technique may not be effective in the presence of non-
linear phenomena such as temperature-dependent thermal prop-
erties. Further, inaccurate transfer of boundary conditions from the
global model to the submodel may also result in inaccurate results.
This may happen, for example, for very complicated geometries.

4. Conclusions

While submodeling has been used extensively in other engi-
neering applications, particularly for mechanical stress simulations,
its use for thermal simulations of Li-ion battery pack has not been
described in the past. The present work addresses this aspect, and
shows that submodeling-based thermal simulations of large bat-
tery packs may dramatically reduce computational time (7X in the
present case) while preserving accuracy. The submodeling tech-
nique is demonstrated on a large 6832-cell battery pack. The work
described in this paper may help speed up thermal design and op-
timization, as well as run-time thermal control of large, realistic
Li-ion battery packs, such as those used in electric vehicles.
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