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Summary

Li-ion cells are used for energy storage and conversion in multiple applica-

tions, including electric vehicles and renewable energy. Unfortunately, Li-ion

cells are very temperature sensitive. A high-rate discharge may result in signifi-

cant heat generation, which, if not properly managed, may lead to overheating

and thermal runaway. On the other hand, operation in low temperature ambi-

ent results in significant performance degradation. Most thermal management

approaches investigated in the past do not address both cooling and heating

requirements for a Li-ion cell. This paper investigates dual-purpose thermal

management of a Li-ion cell using solid-state thermoelectric elements. Experi-

ments show that a thermoelectric element can effectively cool down a cell,

resulting in negligible surface temperature rise up to 5C discharge rate. By sim-

ply reversing the polarity of thermoelectric current, the same thermoelectric

element is shown to cause rapid heating of the cell in a low temperature ambi-

ent. Experiments show that in a 0�C ambient, the cell surface temperature

rises to 20�C within 10 s with 1.5A thermoelectric current. Experimental data

are shown to be in good agreement with a numerical simulation model. Even

though high power consumption and cost may be important concerns, the

seamless switching between heating and cooling functions makes thermoelec-

tric elements an attractive option for thermal management of Li-ion cells in

specific applications.
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1 | INTRODUCTION

The intermittent nature of renewable energy sources
such as solar and wind power necessitates a robust mech-
anism for energy storage. A number of different energy
storage technologies have been investigated in the past,
including sensible and latent thermal energy storage,1

thermochemical energy storage,2 electrochemical energy
storage,3 etc. Among these, electrochemical energy stor-
age in Li-ion based cells and battery packs offers several
advantages, such as compact energy storage, high

discharge rates, etc. As a result, Li-ion cells have been
widely investigated for electrochemical energy storage, in
addition to applications in consumer electronics, electric
vehicles, and military applications.4 Overheating of Li-
ion cells during energy conversion and storage processes
presents a key technological challenge that affects both
performance and safety.5,6 Heat generated in a Li-ion cell
during charge or discharge leads to significant tempera-
ture rise due to its poor thermal conductivity.7 If the tem-
perature exceeds a certain threshold, a series of cascading
exothermic decomposition reactions occur that result in
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ever-increasing cell temperature, eventually leading to
fire and explosion.8 Manufacturers often specify a maxi-
mum permissible temperature in the range of 60-70�C to
avoid thermal runaway.

On the other hand, low temperature operation of Li-
ion cells is also undesirable, as it has been shown to
reduce performance and lifetime.9 A Li-ion cell at low
temperature must be rapidly heated up to an optimum
window of 15-35�C. This is a particularly important con-
sideration for Li-ion cells in an electric vehicle that may
be required to rapidly start and operate in cold climates.

As a result of these considerations, a robust, dual-
purpose thermal management system is critically impor-
tant for the performance and safety of Li-ion cells. The
thermal management system must be able to limit cell
temperature rise due to heat generation during charge/
discharge. It must also be able to rapidly heat up the cell
from a low temperature ambient. Ideally, the same ther-
mal management technique must be able to address both
heating and cooling requirements, with seamless
switching between the two modes.

A number of different approaches have been demon-
strated separately for cell cooling and heating. Cooling
approaches include air and liquid cooling,10 heat pipes,11

phase change cooling,12 and thermoelectric cooling.13 Air
cooling is typically easiest to implement, but may not be
effective in aggressive conditions. Studies on air cooling
systems have mainly focused on optimization of flow
configuration and cell layout. Results of a parametric
study on staggered battery pack identified top-located air-
flow inlet and outlet as the best cooling strategy.14 A
reciprocating air flow pattern including forward and
backward cycles was proposed to optimize temperature
distribution of a single pouch cell.15 Compared to air
cooling, liquid cooling systems remove more heat, but
are more complicated and required greater power.16

Experiments on thermal silica plates integrated with
water tubes show significant increase in cooling capacity
and reduction in maximum temperature of the battery
module.17 Many other papers have also reported on opti-
mization of cold plates for water cooling battery thermal
management systems.16,18,19 Phase change and heat pipe-
based thermal management systems offer the advantage
of being passive in nature.20 In order to heat up a cell in
a cold climate, Joule heating in a metal foil inserted in
the cell has been shown to result in rapid self-heating.21

Self-heating using alternate current passed through the
cell has also been proposed.22 Most thermal management
approaches investigated in the past, including the litera-
ture cited above, do not simultaneously address both
cooling and heating requirements of a Li-ion cell.

Thermoelectric-based thermal management may be
an attractive approach for Li-ion cells because of the dual

ability to remove heat from and pump heat into the cell
as needed. Thermoelectric modules are solid-state heat
pumps that produce a directional heat flow in response
to an applied potential difference based on Peltier
effect.23 A standard single stage thermoelectric module
consists of N-type and P-type semiconductor junctions
connected electrically in series and thermally in paral-
lel.24 A potential difference applied across the device
results in the flow of heat from one face to the other.
Reversing the polarity of the potential difference results
in reversal of direction of heat flow, and therefore, heat
can be either removed or pumped into the system of
interest. Performance of a thermoelectric element is char-
acterized by the figure of merit, which is governed by the
Seebeck coefficient, electrical conductivity, and thermal
conductivity of the thermoelectric element. Bismuth tel-
luride (Bi2Te3) alloys are widely used bulk material in
commercial thermoelectric elements.25 Thermoelectric
elements offer reliable and passive operation, with no
moving parts, but often suffer from high power consump-
tion due to low figure of merit.26

Despite the high power consumption, a thermoelec-
tric element may be suitable for Li-ion cell thermal man-
agement for niche applications where cooling during
charge/discharge and heating in a low temperature ambi-
ent are both critical needs. While thermoelectric ele-
ments have been used widely for heating and cooling,
their application for thermal management of Li-ion cells
is somewhat limited. Most available literature focuses on
numerical simulations rather than experimental mea-
surements. More importantly, the dual use of thermoelec-
tric elements for cooling and heating of Li-ion cells has
not been recognized and investigated in the past. Numer-
ical simulation of thermoelectric cooling has been com-
pared to experimental data in the context of cooling of
battery pack of an electrical vehicle.27 In a related study,
cooling of Lithium iron phosphate cells with thermoelec-
tric element was evaluated.28 Numerical simulation of a
battery pack cooled by thermoelectric elements was car-
ried out.29 Heat exchanger design optimization was per-
formed with numerical simulation of a battery cell cooled
by thermoelectric modules.30 In another paper, thermo-
electric elements were used to cool down the heat trans-
fer fluid that, in turn, cools a cylindrical heater that
mimics a Li-ion cell.31 Given the theoretical possibility of
obtaining both cooling and heating effects by reversing
the polarity of the thermoelectric current, thermoelectric
elements may offer an attractive approach for dual-
purpose thermal management of a Li-ion cell.

This paper presents experimental and numerical anal-
ysis of dual-purpose thermal management of a Li-ion
polymer cell using thermoelectric elements. Excellent
cooling of the cell at aggressive discharge rates, as well as
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rapid heating of the cell in a low temperature ambient,
are demonstrated by simply reversing the polarity of ther-
moelectric current. Experimental data are found to be in
very good agreement with numerical simulations. These
results demonstrate the capability of thermoelectric ele-
ments to simultaneously address two critical thermal
management challenges in Li-ion cells. Experiments and
numerical simulations are described in Sections 2 and 3,
respectively. Section 4 discusses key results, including
experimental measurements, comparison with numerical
simulations and prediction of core temperature of Li-
ion cell.

2 | EXPERIMENTS

All experiments are carried out on a Li-ion polymer cell
manufactured by Skyrich Battery Company. The cell has
4000 mAh nominal capacity and 3.2 V nominal voltage.
Cell dimensions are 51 mm by 140 mm by 5 mm thick.
The thermoelectric elements used in this work are man-
ufactured by Hebei I.T. (Shanghai) Co. The rated maxi-
mum current and voltage of each thermoelectric element
are 6.4 A and 16.4 V, respectively. Since each

thermoelectric element covers an area of around 40 mm
by 40 mm, the Li-ion cell is covered by three thermoelec-
tric elements on each face for full coverage. All thermo-
electric elements are connected in series to an Extech
Instruments DC power supply (model number 382270).

Figure 1 shows a picture of the first set of experiments
in which the cooling effect of thermoelectric elements
during high-rate cell discharge is characterized. In these
experiments, a 9-fin aluminum heat sink, and a brushless
DC fan are mounted on the hot side of the thermoelectric
elements for heat removal to ambient air. The fans are
powered by a 12 V Keysight E3644A power supply. The
Li-ion cell is charged/discharged in room temperature
ambient by a Kikusui PFX2512 battery charge/discharge
controller that controls an electronic load PLZ14W and a
power supply unit PWR800L for desired charge/discharge
cycling of the cell. BPChecker3000 software is used for
programming the charge/discharge cycle and for acquir-
ing cell voltage and current data. Cell surface tempera-
ture is measured at two points using K-type
thermocouples from Omega. Thermocouples are con-
nected to a National Instruments NI-9213 data acquisi-
tion system controlled by LabVIEW software for
temperature data acquisition. Three different

FIGURE 1 Pictures of the setup for thermoelectric-based cell cooling experiments: (A) and (B) show side-view and top-view pictures,

respectively; (C) shows a schematic top view, including dimensions and thermocouple locations [Colour figure can be viewed at

wileyonlinelibrary.com]
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thermoelectric currents and two different discharge rates
are investigated in these experiments.

In the second set of experiments, the heating up of
the cell from a cold ambient by the thermoelectric ele-
ments is investigated. The cell is first kept inside a low
temperature chamber long enough for thermal equilibra-
tion with the set temperature of the cold chamber, and
then heated up by the thermoelectric elements. Current
is passed through the thermoelectric elements with
switched polarity, so that the side connected to the cell
now serves as the hot side, and the thermoelectric ele-
ments effectively pump heat into the cell, as opposed to
removing heat in the first set of experiments. Cell tem-
perature data acquisition is carried out similar to the first
set of experiments.

3 | SIMULATION MODELING

A finite-volume based heat transfer and fluid flow simu-
lation is carried out in ANSYS Icepak software that
numerically solves the equations governing thermal and
fluid flow. These simulations serve to validate experimen-
tal measurements, as well as predict the core temperature
of the cell, which is difficult to measure directly due to
lack of access to the core of the cell. For these simula-
tions, a model of the cell along with thermoelectric ele-
ments and heat sink, similar to the experimental setup
shown in Figure 1A is placed inside a cabinet geometry.
An opening with pressure outlet is modeled on the sides
of the simulation domain. Continuity, momentum and
energy equations govern incompressible flow and heat
transfer in the simulation as follows:

r:V =0 ð1Þ

ρ
∂V
∂t

+ V :rð ÞV
� �

= −rp+r:τ+ ρg ð2Þ

ρcp
∂T
∂t

+ V :rð ÞT
� �

= kr2T+Q ð3Þ

where V, p, τ, and Q denote velocity vector, pressure,
viscous stress tensor, and heat source term, respectively.
ρ, cp, k, and g are density, heat capacity, thermal conduc-
tivity, and acceleration due to gravity, respectively. Vis-
cous dissipation is neglected in the energy equation.
Associated boundary conditions include openings for
inflow and outflow, while no-slip is defined at other
boundaries.

The geometry of the cell, thermoelectric elements,
heat sinks, and fans is modeled in order to closely match
experimental conditions. The simulation domain is
meshed with hex-dominant mesh elements. A total of
920 232 nodes are used. Further mesh refinement is
found to result in negligible change in results. Values of
thermal properties reported for a Li-ion polymer cell of
the same chemistry and similar size as the present cell32

are used in simulations. Thermal conductivity of the
Li-ion cell is modeled to be anisotropic in nature, with
values of 0.99 and 24.6 W m−1 K−1 in the through-plane
(thickness) and in-plane directions, respectively. Specific
heat capacity of the cell is taken to be 1050 J kg−1 K−1, as
reported by the same paper. Mass density of the cell is
determined through measurements to be 2050 kg m−3.

The value of heat generation rate as a function of
C-rate has been reported in the past for a Li-ion polymer
cell of the same chemistry and similar size as the cell in
the present study.32,33 These values of heat generation
rate are used in simulations. Heat generation rate is
expressed on a volumetric basis to account for the differ-
ent capacities of the present cell and the one in the previ-
ous paper. Heat generation rate in the cell is assumed to
remain constant during the discharge period.34 The use
of previously reported thermal parameters in these simu-
lations is reasonable because the cell in the present has
the same chemistry and similar size as the previously
reported cell. Unfortunately, direct measurement of heat
generation rate was not possible on the present cell.

Standard thermal properties of aluminum are used
for the heat sink. Air speed from the fan is measured
directly using an Extech 45118 anemometer and provided
as a boundary condition for the simulations. Mixing
length turbulent model is used for flow simulations,
which is appropriate due to the fairly simple geometry
and flow characteristics.35 Radiative heat transfer is
neglected due to the relatively small temperature rise. A
fixed time step of 0.05 s is used throughout the computa-
tions, which are run for the entire charge/discharge dura-
tion. Residual convergence criterion is set to 10−5 for
continuity and momentum equations, and 10−7 for
energy equation. A library of different thermoelectric ele-
ments is available in the simulation tool. In each case,
the values of thermoelectric element properties including
Seebeck coefficient, electrical resistivity, and thermal
conductivity are defined as third-order polynomial func-
tions of absolute average temperatures between the cold
and hot side. While such data for the specific thermoelec-
tric elements used in present experiments are not directly
available, values for a thermoelectric element from Laird
Company, that has very close mechanical and thermal
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properties compared to the present thermoelectric ele-
ment, are used. Based on the expressions for
temperature-dependent properties, the thermoelectric
effect is simulated and combined with thermal and fluid
flow calculations to predict temperatures of cold and hot
sides of the thermoelectric element for a specified ther-
moelectric current. Considering the standard simplified
energy equilibrium for a thermoelectric module, the
cooling capacity Qc can be described as

Qc = αITc−k Th−Tcð Þ−0:5RI2 ð4Þ

where α, k, R, I, Tc, and Th represent Seebeck coefficient,
thermal conducance (W/K), resistance, current, cold side,
and hot side temperatures of the TEC module, respec-
tively. The input electrical power for the TEC module is
given by

Pe = αI Th−Tcð Þ+RI2 ð5Þ

which represents the sum of Joule heating and work
done against the Seebeck effect.24

4 | RESULTS AND DISCUSSION

A number of experiments are carried out to characterize
the cooling and heating aspects of thermoelectric-based
thermal management. These experiments help under-
stand the extent of cooling expected during high-rate dis-
charge, as well as the capability of fast heating of a cell
by operating the thermoelectric element in reverse polar-
ity. Experimental data are compared with results from
simulations described in Section 3.

4.1 | Cooling effect of thermoelectric
elements

The Li-ion cell is discharged at 4C and 5C rates while
being cooled by thermoelectric elements on both surfaces
using the experimental methodology presented in Sec-
tion 2. The cell surface temperature, measured at point A
(see Figure 1C) is plotted as a function of depth of dis-
charge (DOD) for 4C and 5C discharge rates in Figure 2A,
B, respectively. During a discharge process, the value of
DOD changes from 0.0 (fully charged) to 1.0 (fully dis-
charged). In each case, three different thermoelectric
cooling currents are used, and compared against the base-
line case without thermoelectric cooling. Figure 2A shows
that the cell surface temperature increases steadily during
4C discharge for the baseline line without thermoelectric
cooling. In comparison, there is a significant reduction in
temperature when the thermoelectric element is used.
For each thermoelectric current, the cell surface tempera-
ture first reduces below ambient temperature and then
slowly rises. Even at the end of the discharge process, the
cell surface temperature is actually lower than the tem-
perature at the start of the discharge process. Compared
to the 20�C temperature rise in the baseline case, this is a
very favorable thermal outcome.

The reason for the temperature dip in the initial
period is that as the discharge process proceeds, the cell
surface is first influenced by the cooling effect of the ther-
moelectric element, which begins as soon as thermoelec-
tric current begins to flow. As expected, the extent of the
initial temperature reduction is greater for higher ther-
moelectric currents. As time passes, diffusion of heat gen-
erated within the cell to the surface becomes more and
more significant, causing an increase in temperature.

FIGURE 2 Cell surface temperature as a function of depth of discharge during thermoelectric-based cooling for (A) 4C and (B) 5C

discharge rates. In each case, data are plotted for three different thermoelectric currents and the baseline case with no thermoelectric cooling

[Colour figure can be viewed at wileyonlinelibrary.com]
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While the thermoelectric cooling effect is near-instanta-
neous, in contrast, the heating effect of heat generation
within the cell takes longer to reach the cell surface due
to the finite diffusion timescale. This explains why the
cell surface temperature first drops and then steadily rises
with time. Cell surface temperature at the end of the pro-
cess is largely invariant of the thermoelectric current.

The nature of measurements at 5C discharge rate
shown in Figure 2B is consistent with the 4C data—cell
surface temperature reduces first and then rises steadily. By
comparing measurements with the baseline case, there is
somewhat greater benefit of thermoelectric cooling (com-
pared to the baseline) in the 5C case than in the 4C case.

These data show that thermoelectric cooling is very
effective for thermal management during high rate
discharge—there is nearly zero temperature rise at the
surface compared to a temperature rise of 20-25�C for the
baseline case without thermoelectric cooling. Note that
the high power consumption of the thermoelectric ele-
ments may be a concern. The thermoelectric element is
estimated to consume around 2.6 W power at 0.75 A cur-
rent. Some strategies to minimize this power consump-
tion may be possible. For example, experiments described
here resulted in nearly zero temperature rise at 0.75A
thermoelectric current. Depending on the application, it
may be possible to tolerate a small temperature rise with
the benefit of a lower thermoelectric current. Pulsed
operation of thermoelectric elements may be another
option for reducing power consumption.

4.2 | Heating effect in cold ambient

Fast heating of a Li-ion cell in a cold ambient is also an
important thermal management need for practical

applications. For example, in a cold environment, it is
important to rapidly heat up the cells in an automotive
battery pack to the optimal operating temperature range.
This may be relevant, for example, when an electric car
has been parked outside overnight in a very cold climate
and the battery pack now needs to be rapidly heated up
for optimal performance. By reversing the polarity of
the thermoelectric element, it is possible to pump heat
into the Li-ion cell instead of removing heat, and thereby
help address this important thermal management
requirement.

A number of experiments are carried out in order to
characterize the thermoelectric heating effect on the Li-
ion cell. In each case, the Li-ion cell, with thermoelectric
elements attached on both faces is placed in a cold ambi-
ent for a long time. Once the cell has reached thermal
equilibrium with its ambient, electric current is passed
through the thermoelectric element with reversed polar-
ity compared to experiments in Section 4.1, with the goal
of providing heating to the cell, so that the optimal oper-
ating temperature can be reached as soon as possible.
Three different thermoelectric currents are investigated
at two different values of the cold ambient temperature.
There is no charge/discharge of the cell during these
experiments, since the goal is simply to characterize the
impact of the thermoelectric element on heating up of
the cell.

Figure 3A plots cell surface temperature at point A as
a function of time for three different thermoelectric cur-
rents for a 0�C ambient. In each case, the cell tempera-
ture rises with time, with a greater rate of increase for
larger thermoelectric currents. Taking 20�C as the target
cell temperature, it is seen that it takes around 75 s for
the cell to heat up when the thermoelectric current is
somewhat low, at 0.75 A. At greater thermoelectric

FIGURE 3 Cell surface temperature as a function of time during thermoelectric-based heating for (A) 0�C and (B) −23�C ambient

temperature. In each case, data are plotted for three different thermoelectric currents, with polarity reversed compared to cooling

experiments [Colour figure can be viewed at wileyonlinelibrary.com]
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current, cell temperature rises much faster. For both 1.0
and 1.5 A cases, the cell reaches 20�C within 30 and 10 s,
respectively, which is a relatively short duration.

In order to characterize the thermoelectric heating
effect in even more stringent conditions, these experi-
ments are repeated in a −23�C ambient. These results,
plotted in Figure 3B show that with 1.5A thermoelectric
current, optimal cell temperature is reached in about
70 s. As expected, at 1.0A thermoelectric current, the cell
reaches 20�C after much longer, by around 310 s. With
0.75A thermoelectric current, the cell does not reach the
optimal 20�C temperature at all, instead stabilizing at a
lower temperature. These data are along expected lines,
since a lower ambient temperature makes it more chal-
lenging to heat up the cell, and therefore, it takes longer
time, and in some cases, the desired temperature is not
reached at all.

It is quite significant that the desired temperature can
be reached within 10 and 70 s for ambient temperatures
of 0�C and −23�C, respectively with 1.5-A thermoelectric
current. These data show that thermoelectric elements
can help heat up a Li-ion cell into its optimal operating
temperature range within a short time. Following initial
warmup, the same thermoelectric element can be used
for cooling the cell during charge/discharge by simply
reversing the polarity of the thermoelectric current. This
represents effective and seamless management of two key
thermal challenges in a Li-ion cell.

Taken together, the data in Figures 2 and 3 demon-
strate the dual benefit of thermoelectric elements. When
the cell discharges at a high rate and therefore generates
a lot of heat, thermoelectric elements may be an effective
mechanism for thermal management, resulting in nearly
zero temperature rise during discharge, while consuming
relative low electrical energy. On the other hand, when
the thermal requirement is to rapidly heat up the cell in a
cold ambient, the same thermoelectric element, with
reversed polarity can drive heat into the cell, thereby rap-
idly heating up the cell. Switching from one to the other

merely requires changing the direction of the thermoelec-
tric current. Even in fairly adverse ambient conditions,
experiments demonstrate a relatively short time to heat
up the cell with the thermoelectric element.

4.3 | Comparison of measurements with
simulations

As discussed in Section 3, finite-volume simulations are
carried out for comparison against experimental
measurements.

Figure 4 compares temperature as a function of time
obtained from experiments and simulations for a 5C dis-
charge process at three different thermoelectric currents
in the cooling mode. In each case, the cell surface temper-
ature and heat sink temperature on the other face of the
thermoelectric element are both plotted and compared.
For each thermoelectric current, Figure 4 shows good
agreement between experiments and simulations for both
cell and heat sink temperatures. Simulations confirm the
non-monotonic behavior of cell temperature over time
due to the interplay between thermoelectric heat removal
and diffusion of heat generated in the cell. As expected,
temperature at the heat sink is greater than at the cell
surface because in the cooling mode, the thermoelectric
element pumps heat from the cell into the heat sink.

While Figure 4 plots the measured data at constant
discharge rate for different thermoelectric currents,
Figure 5 plots the measured data at constant thermoelec-
tric current for different discharge rates. Cell surface and
heat sink temperatures are plotted as functions of time
for two different discharge rates in Figure 5A,B. In both
cases, the current passing through the thermoelectric ele-
ment is held constant at 1.0 A. Similar to Figure 4, there
is good agreement between experimental measurements
and finite-volume simulations. For both cell and heat sink
temperatures, the nature of the experimentally measured
curve is consistent with that predicted by simulations.

FIGURE 4 Comparison of experimental measurement and numerical simulation for cell surface and heat sink temperatures during 5C

discharge for (A) 0.75A, (B) 1.0A, and (C) 1.5A thermoelectric current [Colour figure can be viewed at wileyonlinelibrary.com]
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There may be several reasons behind the relatively
minor deviation between measurements and simulations
in Figures 4 and 5. In addition to uncertainties in experi-
mental measurement, the constant heat generation rate
assumption during the discharge process may also be a
source of error. Thermal contact resistance between com-
ponents may play a small role, even though a thermal
paste is used throughout to minimize thermal contact
resistance.

4.4 | Core temperature estimation

Experimental data presented in Figure 2 show that the
cell surface temperature may actually decrease during
high rate discharge due to the cooling effect of the

thermoelectric element. It is important to recognize that
cooling impact of the thermoelectric element may be
lesser at the core of the cell than at the cell surface, due
to the large thermal resistance within the cell because of
low thermal conductivity7 and large interfacial thermal
resistances within the cell.36 In addition to the reported
surface temperature measurements, it is important to
quantify the impact of thermoelectric cooling on the core
temperature of the cell.

Unfortunately, it is not possible to directly measure
the core temperature of the cell since a temperature sen-
sor may not be inserted into the hermetically sealed cell.
While some methods for non-invasive core temperature
estimation are available,37 these methods may not be
directly applicable here. In light of these difficulties,
finite-volume simulations are carried out to predict the
core temperature. There is high confidence in the simula-
tion methodology due to good agreement with experi-
mental measurements shown in Figures 4 and 5.
Simulation results are presented in Figure 6 that plots
predicted core and surface temperatures as functions of
time for a 5C discharge process with 0.75A thermoelectric
current. Figure 6 shows, as expected, that the cell core
temperature is greater than the cell surface temperature.
Figure 6 shows that while the cell surface temperature
has a sharp drop followed by gradual rise, the core tem-
perature increases for a very small time, followed by a
reduction and finally, a gradual increase. This is
explained on the basis of the balance between heat gener-
ation within the cell during discharge and heat removal
by the thermoelectric element. There is a short period of
temperature rise at the cell core due to heat generation
being dominant until the cooling effect of the thermo-
electric element diffuses from the cell surface to the cell
core. This short period is consistent with the thermal
penetration time calculated by thermal diffusion

FIGURE 5 Comparison of experimental measurement and numerical simulation for cell surface and heat sink temperatures with 1.0A

thermoelectric current for (A) 4C and (B) 5C discharge [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Core and surface cell temperatures predicted by

numerical simulation for 5C discharge in the presence of cooling

with 0.75A thermoelectric current [Colour figure can be viewed at

wileyonlinelibrary.com]
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considerations. As the core begins to be influenced by the
thermoelectric element, the core temperature begins to
reduce. Eventually, heat generation and thermoelectric
cooling balance each other out, and the core temperature
rises again in a nearly linear fashion until the end of the
discharge process. While Figure 6 shows greater tempera-
ture rise at the core compared to the surface, neverthe-
less, the net temperature rise during the entire process in
the presence of thermoelectric cooling is negative even at
the cell core.

4.5 | Effect of partial thermoelectric
coverage

While experiments described above show effective ther-
mal management of the Li-ion cell with thermoelectric
elements, it is also important to understand the limits of
thermoelectric cooling in practical scenarios. Specifically,
the extent of cooling possible when the thermoelectric
elements are operating partially must be studied. In order
to do so, experiments are carried out where two of the
three thermoelectric elements on each side of the Li-ion
cell are considered to be inoperational by cutting off cur-
rent supply. This mimics a practical scenario of partial
failure of the thermoelectric-based thermal management
system. The geometry for this case is shown in Figure 7,
which indicates two locations A and B on the cell surface
where temperature is measured. While point A is directly

FIGURE 7 Schematic top view of thermoelectric cooling

during partially disabled scenario. Only the middle thermoelectric

element shown in this figure is active [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 8 Comparison of cell surface temperatures at two different points for fully enabled and partially disabled scenarios for three

different thermoelectric currents. (A)–(C) plot data for point A for 0.75, 1.0, and 1.5A thermoelectric currents. (D)–(F) present similar data

for point B. In each case, the baseline temperature curve without thermoelectric cooling is also plotted for comparison [Colour figure can be

viewed at wileyonlinelibrary.com]
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under the single operational thermoelectric element,
point B is under one of the failed thermoelectric
elements.

Figure 8 summarizes temperature measurements at
points A and B during discharge at 5C rate for fully cov-
ered and partially covered scenarios. Data are presented
for three different thermoelectric currents. Figure 8A–C
shows that thermal performance at point A in the par-
tially covered case is nearly as good as the fully covered
case. This is along expected lines, since point A lies
directly underneath the single operating thermoelectric
element, and therefore is not dramatically influenced by
failure of the other thermoelectric elements. On the other
hand, failure of two thermoelectric elements does have a
more pronounced effect on temperature at point B, as
shown in Figure 8D–F, even though temperature rise at
point B is still lower than the baseline case. The behavior
described above is consistent for all three thermoelectric
currents investigated in these experiments. Figure 8
quantifies the effect of thermoelectric cooling in a sce-
nario of partial operation.

5 | CONCLUSIONS

This paper shows that thermoelectric elements may offer
an effective approach for simultaneously meeting the
cooling and heating requirements for a Li-ion cell. Both
cooling and heating of a Li-ion cell are demonstrated,
with good agreement between experimental data and
numerical simulation results. The seamless switching
between cooling and heating modes by simply changing
polarity of thermoelectric current makes this approach
particularly attractive.

It is important to note that there may be significant
energy consumption in the thermoelectric elements for
thermal management of the Li-ion cell. At 0.75A thermo-
electric current, the power consumption in the thermo-
electric element is estimated to be 2.6 W. Even though
the thermoelectric element is able to dissipate the energy
it consumes to its hot side, and from there to the ambient
by the heat sink and fan, nevertheless, the high power
consumption of the thermoelectric element may be a
concern for several applications. The trade-off between
thermal management and power consumption is likely to
be application-specific and needs to be carefully consid-
ered and optimized. Techniques for minimizing thermo-
electric power consumption, such as those discussed
briefly in Section 4.1, need to be investigated further.
Despite the high power consumption and cost, thermo-
electric elements may offer an attractive option for dual-
purpose be suitable for thermal management of Li-ion
cells in specific applications.
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