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Abstract. Lithium-ion batteries have been used for an extensive range of quite demanding applications, and are supplied
in a large variety of shapes and sizes by many manufacturers around the world. The electro-thermal-chemical character-
ization of the batteries electro-chemical cells is receiving attention, but the variety of these cells is such that frequently
the end users need to make some characterization themselves. The most usual and standardized approach is to make
controlled cell charges and discharges in an environment of more or less controlled temperature, without control of the
heat released and absorbed by the cell along these processes. Another pretty common approach is to use an adiabatic
calorimeter to measure the heat released by the battery, without temperature control. This work presents initial results
of an effort to develop a very low cost Arduino based equipment to control a prismatic cell surface temperature, with
the future intention of monitoring the heat it releases, using Peltier modules. The influence of the ambient temperature
was minimized using expanded polystyrene plates. The use of a heat conduction analytical solution in thermophysical
properties estimation employing the equipment here presented is exemplified. The already performed experiments re-
vealed some cautions to be exerted in the use of such low cost equipment: a temperature set-point below the environment
dew point caused some trouble, the electromagnetic noise produced by switched power supplies was really detrimental to
temperature measurements performed using analog sensors. In spite of these difficulties, these tests indicated that the tem-
perature control by low cost Peltier modules can be very effective and practical in prismatic Li-ion cells characterization
experiments.
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1. INTRODUCTION

Some use of Peltier modules as an alternative to conventional liquid and air cooling strategies, for little packages of
small cylindrical Li-ion battery cells is reported in the literature (Li et al., 2019; Lyu et al., 2021; Singh et al., 2021).
The low coefficient of performance, COP, (under sizeable temperature difference and heat flux) of these Peltier modules,
however, have hindered its use in larger scale. For laboratory setups, used for short periods of time, the low COP is not so
problematic and the possibility of very effective temperature control allowed by the Peltier modules is rather conducive.
Aware of this the authors aimed to develop a laboratory application of Peltier modules helpful in the characterization of a
prismatic relatively large (1.8 kg, 113 A·h) NMC(881)/graphite Li-ion cell model CALB L221N113A.

The authors first assessment of the mentioned Li-ion cell thermal properties, for use in previous works (Gonçalves
et al., 2022; Santos et al., 2022), was made using ice and water baths. This approach was subsequently avoided due to
difficulties in isolating the cell from water while keeping good thermal contact and allowing passage of the temperature
sensors wires, the fire risks associated to the eventual contact of metallic lithium with water and the corrosion of the cell
electrical terminals promoted by moisture. These risks made clear that an alternative mean of performing such properties
assessments should be devised and the use of low cost Peltier modules (available at refrigeration shops for use in silent
domestic drinking fountains) seemed to be a promising one.

1.1 Specific goals

The primary goal at the start of the present work was to put together a low cost equipment able to safely drive a
prismatic Li-ion cell to a chosen temperature (between -20 and 55 ºC to avoid any cell damage) and keep it at the chosen
temperature.
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A secondary goal was to verify the viability of using this equipment directly to assess some thermal properties of the
cell and get some experience in using Peltier modules for this kind of task. The work of Muratori et al. (2010) indicated
that good results could be achieved, but it should be noted that the commercial cold plate coolers used by them are not
so inexpensive as the Peltier modules to be used here and that the Li-ion cell tested by them was much smaller than the
considered here and was just 7,2 mm thin. An essential tool for achieving this secondary goal is a mathematical model
like that descibed in section 4..

There are more conventional and reliable ways of assessing thermal properties of a battery cell (Liu and Lijun, 2021;
Murashko et al., 2020; Maleki et al., 1999) but the equipment required was not as readily available to the authors as the
material used in the assembly described in section 2..

1.2 Essential information about the Peltier modules

The Physics behind Peltier modules are explained in sources like Thermoelectric Cooling (2023) and will not be
reviewed here. Nevertheless it is convenient to recall some practical facts about these components. A Peltier module is
generally a thin plate (the model used in the present work had ceramic external surfaces) with two wires protruding from
its sides to connected it to a DC power supply. When it is powered a heat flow is created from one of its sides to the
other (which side is cooled and which is heated may be reversed changing the polarity of the connections to the power
supply). The heated side receives all the heat drawn from the cooled side plus some heat internally generated (the module
has its own inefficiency as the second law of thermodynamics remains valid). A consequence of this greater ability of
Peltier modules to heat than to cool is the fact that, if adequate heat dissipation means (as a heat sink) are not provided at
the heated side, it easily gets overheated and permanently damaged (since its internal semiconductor - bismuth telluride
mostly - elements do not endure temperatures above 200 ºC). Another aspect to be remembered when using the Peltier
module as a cooling device is that its performance is inferior to that of a vapor compression system (Hermes and Barbosa,
2012).

The performance of a Peltier module is described in charts provided by its manufacturers (the performances of modules
of different manufacturers hardly present any difference if the modules have the same dimensions, materials, number of
couples and capacity). For the model used in the present work a pretty accurate chart is offered by TE Technology (2013).
Computer implementations of mathematical models for the Peltier module performance are readily available, one of those
is used as example in Mathworks (2023), but they were not explored in the present work.

2. EXPERIMENTAL APPARATUS

The temperature control system was composed of:

• two Peltier thermoelectric modules TEC1-12708 thermally coupled to heat sinks;

• a 12 V switched voltage supply (adjustable between 11,5 and 13,2 V) and 30 A capacity to power the Peltier
modules;

• an Arduino MEGA 2560 controller board with an LCD Keypad Shield (to provide a portable HMI);

• a driver BTS7960 in H bridge to realize the pulse width modulation (PWM) of the power delivered to the Peltier
modules and the polarity change when commuting from heating to cooling and vice versa;

• a Pt100 thermoresistor connected to a Bigeng BIG 1608-2 signal conditioning board (this Pt100 is the sensor used
to control the Peltier modules);

• another 12 V voltage source (typical of a portable personal computer) to power the controller board and the ther-
moresistor signal conditioner (without the much higher noise of the 30 A power supply used for the Peltier modules);

• an LM35 temperature sensor used to monitor the temperature at the Li-ion cell side opposite to that where the
Peltier modules were coupled.

Many researchers have used, for different purposes, systems with some resemblance to this one, a well documented
example is presented by Cunha (2019). The control method adopted in the present work was of the proportional-integral
(PI) type, with constants KP = 50 and KI = 0.5 chosen following the section 10.5 of the book written by Normey-Rico
and Morato (2021). The PID library written for Arduino by Beauregard (2017) was used. This system (except the Peltier
modules and the sensors to be attached to the Li-ion cell) is shown in Fig. 1. Eventually the switched voltage source was
replaced by an adjustable (from 0 to 30 V and 0 to 10 A) linear power supply .

To clarify how the temperature sensors, the Peltier modules and the insulation were assembled around the Li-ion
cell the sequence of pictures shown in Fig. 2 was created. Figure 2(a) shows the LM35 temperature sensor above the
bottom expanded polystyrene thermal insulation plate. Figure 2(b) shows the Li-ion cell placed above the LM35 sensor.
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Figure 1. Temperature control electronics.

Figure 2(c) shows all the expanded polystyrene insulation already in its place around the Li-ion cell, but the sandwiches
composed by the Peltier modules between the heat sinks and small aluminum plates are upside-down and aside from their
final positions. Figure 2(d) shows the assembly complete, with the Peltier module sandwiches already at their intended
places. White thermal grease (visible in Figs. 2(b) and (c)) was applied at the interfaces between the LM35 sensor and the
cell, inside the Peltier module sandwiches and between these sandwiches and the cell.

(a) (b)

(c) (d)
Figure 2. Assembly of sensors, Peltier modules and insulation around the Li-ion cell.

The role of the Peltier modules and of the heat sinks (acting as sinks of cold when the Li-ion cell is heated) are easy
to grasp, but the small (40 x 40 x 10 mm) aluminum plates in the sandwich deserve explanation. The one appearing at the
left side of the pictures in Fig. 2 has the Pt100 temperature sensor inside a cylindrical hole drilled in that plate (to avoid
difficulties in thermally coupling the Pt100 cylindrical encapsulation with the Peltier module and with the Li-ion cell).
The other is used o make the assembly nearly symmetrical. Both these small plates work as spacers providing, with the
Peltier modules, room for a 12 mm layer of expanded polystyrene thermal insulation between the heat sinks extensions
beyond the Peltier module size and the Li-ion cell.

Figure 3 shows the complete apparatus including a personal computer to receive the data sent via USB cable by the
Arduino and also the adjustable linear source used eventually used (in one test with Peltier modules under 8.5 V and othe
under 12 V and improved cooling).

3. EXPERIMENTAL RESULTS

The intention in the experiments here presented was to impose a step change to the temperature at the Li-ion cell side
where the Peltier modules were coupled and monitor the temperature response at the opposite side of the cell. A series of
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Figure 3. The complete experimental apparatus performing data acquisition and using an adjustable linear power supply.

tests was performed, applying different voltage levels to the Peltier modules (with the switched power supply one could
obtain or 12 V, connecting them in parallel, or 6 V, with them in series, but using the adjustable linear power supply almost
any value between 0 and 12 V could be chosen).

3.1 The best results

In some tests the control system goal (quickly driving the temperature of the Li-ion cell face coupled to the Peltier
modules to the selected set point) was not really achieved. These results are discussed in the next subsection. Figure 4
shows a heating and a cooling experiments where the temperature of the Li-ion cell face with the Peltier modules was
effectively controlled (quickly reaching the chosen set point and not drifting too away from it). Both tests were performed
with the two Peltier modules connected in series to the switched power supply, each of them subjected to 6 V (but with
the PWM acting to restrict the effective current in accordance with the control algorithm).

(a) (b)
Figure 4. Results from experiments of cell heating (a) and cooling (b), where the temperature at the Peltier module side

of the Li-ion cell was reasonably controlled.

The results of the heating test shown in Fig. 4(a) were considered satisfactory. The limited resolution of the temperature
measurements is visible, but is not problematic. The results of the cooling test in Fig. 4(b), however, clearly show an
excessive noise (even after smoothed by a moving average filter). Further tests revealed that this noise was essentially
absent when the linear power supply was used instead of the (ligther and cheaper) switched power supply. Some switching,
however, is inherent to the use of PWM. and seems to be recommendable the substitution of the analog temperature sensors
used in the present work by digital sensors like the DS18B20 (Analog Devices, 2023) used by Cunha (2019), that are less
susceptible to electromagnetic noise. A waterproof encapsulation (lacked by the LM35 used here) is also recommended
for these sensors as air moisture condensation plagued the cooling tests.

3.2 The difficulties in cooling

As mentioned in the introduction, the cooling is expected to be more difficult than the heating. The difficulties found
in trying to promote a twenty degrees step change in cooling (equivalent to that readily obtained in the heating test) were
such that none of the attempts to be reported here was deemed well succeeded. Figure 5 shows the results of the sequence
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of these attempts. The sequence begins in the Fig. 5(a) obtained using 6 V. Then comes Fig. 5(b) obtained using 8.5 V
from the adjustable linear power supply. Figure 5(c) was obtained using 12 V and finally Fig. 5(d) was obtained using a
second time 12 V but with a more powerful heat sink cooling the hot side of the Peltier modules.

(a) (b)

(c) (d)
Figure 5. Results from experiments where the temperature at the Peltier module side of the Li-ion cell was reasonably

controlled.

The results shown in the Fig. 5 illustrate the main aspect of the manufacturers performance maps (TE Technology,
2013): if the hot side of the Peltier module is adequately cooled, to increase the voltage increases the refrigeration capacity.
If the voltage is increased without an adequate cooling of the hot side of the Peltier module, the refrigeration capacity
falls. The more powerful heat sink used to obtain the improved refrigeration capacity revealed in the Fig. 5(d) is rather
voluminous and hardly a good design option. Using a water block (that also facilitates an estimate of the heat removed by
measuring the water flow and temperatures at its inlet and outlet) seems to be a much better option.

4. MATHEMATICAL MODEL

The experiments where the temperature control was effective (results shown in the section 3.1) can be reasonably
modeled by the linear transient one-dimensional heat conduction differential equation shown below with the following
initial and boundary conditions

∂2θ

∂x2
=
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= 0 θ

∣∣∣∣
x=0

= 1

(
∂θ
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where x and t are the spatial and temporal coordinates respectively,

θ =
T (x, t)− T0

TP − T0
(2)

is the dimensionless temperature, with T (x, t) being the primitive unknown temperature function, T0 the initial temper-
ature of the Li-ion cell, and TP the temperature imposed by the Peltier modules at one of the largest cell faces. α is the
cell thermal diffusivity (in the x direction, since prismatic Li-ion cells are usually modelled as orthotropic media). U
is the global heat transfer coefficient between the opposite (to that with temperature controlled by the Peltier modules)
cell largest face and the external environment. That environment is supposed to remain, throughout the experiment, at
the same temperature T0 at which the cell was at t = 0. k is the cell thermal conductivity (in the x direction) and α the
corresponding thermal diffusivity.

The initial-boundary value problem denoted by Eq. (1) is a non-homogeneous one, but its solution may be obtained as
the superposition, θ = θs + θh, of the solution θs of a steady state non-homogeneous problem and the solution θh of an
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homogeneous transient problem easily solved by separation of variables, as taught in textbooks (Öziçik, 1993). So

θ = 1− U

k + UL
x−

∞∑
m=1

cm exp(−αβ2
m t) sin(βm x) (3)

where coefficients determined by the initial condition of the associated homogeneous problem are

cm =
1

βmN(βm)

{
1− cos(βm L)− U

k + UL

[
sin(βm L)− βm L cos(βm L)

βm

]}
(4)

the eigenvalues βm are the roots of

k βm cot(βm L) + U = 0 (5)

and

N(βm) =

[
β2
m + (U/k)2

]
L+ U/k

2 [β2
m + (U/k)2]

(6)

are the norms of the eigenfunctions sin(βm x).

4.1 Theoretical results compared with experiments

Table 1 shows most of the values used to obtain the theoretical results to be discussed here. The cell thickness and
its density are easily measured in any cell. The specific heat appearing in the table was determined through the relatively
unsafe calorimetric method mentioned in the introduction. One goal, now, is to use the experimental results, combined
with the mathematical model, to verify the value of the cell thermal conductivity, that is expected to be near the value
shown in the table, given by Kleiner et al. (2020) for a smaller cell from a different manufacturer, but also prismatic in
shape and with NMC chemistry.

Table 1. Properties used to model the CALB L221N113A cell

Property symbol unit value
Thickness L m 3.336× 10−2

Thermal conductivity(1) k W/(m·K) 0.7
Density ρ kg/m3 2.3× 103

Specific heat cp J/(kg·K) 9.3× 102

(1) Across the cell thickness (a larger value is observed in directions parallel to the largest faces).

Another variable to be estimated by comparing the experimental and theoretical results is the global coefficient of heat
transfer U . It is interesting to note that these two variables, k and U appear in the model grouped: the global coefficient
of heat transfer appears divided by the thermal conductivity and the thermal conductivity appears also grouped with the
density and the specific heat in the thermal diffusivity formula

α =
k

ρ cp
(7)

Recognizing, however, that once the density and specific heat are chosen, the thermal diffusivity is proportional to thermal
conductivity and recalling that that the diffusivity is the property determining the speed of the temperature rise when the
material is heated (or of the temperature fall when it is cooled) the possibility of tuning the thermal conductivity to make
the model reproduce a temperature response time experimentally observed becomes clear. With the conductivity tuned
it is easy to choose the global coefficient of heat transfer in such a way to match the steady state temperature found
experimentally. Normally the estimation of both variables will take some iterations.

The procedure resumed in the preceding paragraph, that could be refined until become a parameter estimation inverse
problem solution technique, is essentially what was done for confirming the thermal conductivity already given in Tab. 1
and estimate the global coefficient of heat transfer for the heating experiment as U = 3 W/(m2·K) and for the cooling
experiment something around U = 50 W/(m2·K). These were the values used in calculating the theoretical and to nondi-
mensionalize the experimental results depicted in the Fig. 6. To make Fig. 6 understandable, however, the definitions of
the dimensionless time (Fourier number)

τ =
α t

L2
(8)
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and of the dimensionless heat transfer coefficient (Biot number)

Bi =
U L

k
(9)

used there, must be given

Figure 6. Comparison between experimental and theoretical dimensionless temperatures at the face opposite to that where
the Peltier modules were placed.

Figure 6 seems to depict a good agreement between the experimental and theoretical temperatures when the Peltier
module was used to heat the Li-ion cell. The U = 3 W/(m2·K) global coefficient of heat transfer used to obtain this
agreement, however, is at least three times larger than what was expected. Considering just the Leps = 40 mm thickness
of insulation in expanded polystyrene with conductivity keps ≈ 0.038 W/(m·K) one would get

U <
keps

Leps
≈ 0.038 W/(m·K)

0.040 m
= 0.95 W/(m2 ·K) (10)

Probably the non-uniformity of the temperature in the Li-ion cell face heated by the Peltier module lead the experimental
heat flux field to important deviations form the uni-dimensional character hypothesized in the mathematical model. The
global heat transfer coefficient is therefore overestimated to accommodate heat losses that, in reality, were not to the
environment (through the polystyrene insulation) but to cell extremities inadequately heated by the Peltier module.

In the case of cooling the condensation make these deviations from uni-dimensional heat flux much larger. An ag-
gravating aspect of this most well succeeded cooling experiment, with results shown in the Figs. 4(b) and 6, is that the
temperature step chosen was four times smaller than the temperature step selected in the heating experiment. This choice
was made to make the cooling easier to the Peltier modules (even without very efficient heat sinks coupled to their hot side)
and minimize condensation. It led, however, to a proportionally small signal-to-noise ratio in the temperature response.

5. PROBLEMS AND RECOMMENDATIONS

The goals declared in subsection 1.1 were not fully accomplished yet, and the main findings of the present work are
the problems to overcome. A list of these problems and solutions devised for them is presented below.

• Heat sinks: small water blocks can remove a higher heat rate than voluminous heat sinks that are more difficult to
arrange spatially around a prismatic Li-ion cell. Additionally, the water blocks allow the estimation of the heat it
removes by measuring the water temperature at its inlet and outlet.

• Small quantity of Peltier modules: as low cost Peltier modules do not have a high cooling capacity, to use more
of them at the larger faces of the prismatic Li-ion cell is recommended. Besides improving the cooling or heating
capacity the larger quantity of Peltier modules can render more homogeneous the temperature at the faces where
they are applied.

• Analog temperature sensors: the use of digital temperature sensors, less susceptible to electromagnetic interference,
avoids the high level of noise observed in analog temperature sensors signals when using compact switched power
sources.
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• Air humidity condensation: to deal with air humidity condensation in this kind of experiment adds difficulties at
thermal insulation and risks to the integrity of the test equipment and of the Li-ion cell being tested. Therefore,
avoid to cool down surfaces near the Li-ion cell to temperatures below the surrounding environment dew point is
recommended.

Refrigerating in hot environments is almost always more challenging than heating in cold environments, as we expect
from our knowledge of the Second Law of Thermodynamics. So, all the above problems are more acute, and some only
exists, in the Li-ion cell cooling. Nonetheless, these recommendations should provide a good guidance to perfect the
equipment being developed, before trying to couple it to an electronic load and a solution for the heat conduction with
heat generation inside the prismatic Li-ion cell, to allow a more complete characterization of this kind of cell.

6. CONCLUSION

In the present work low cost Peltier modules were used to heat and to cool a Li-ion battery prismatic cell at one
of its largest faces. The heating was performed with little difficulty, but to heat using electric resistances is easy and
inexpensive, although less energetically efficient . The cooling possibility, that is the most appealing advantage of using
Peltier modules, demanded much more work and was quite precariously realized. The difficulties in cooling were mostly
related to the need of a really powerful heat sink effectively coupled to the hot side of the Peltier modules and also to the
condensation that takes place when the temperature goes below the dew point of the surrounding air.

Notwithstanding these difficulties a comparison, between temperatures observed at the Li-ion cell largest surface
opposed to that where the Peltier modules were coupled and those predicted by a simplified mathematical model, was
possible. This comparison allowed an assessment of the Li-ion cell thermal conductivity, a coarse estimate of the heat
transfer between the cell and the environment and brought a better insight on the experimental difficulties.

Developing a low cost equipment for heating and cooling Li-ion cells (without immersing them in water) is a worthy
goal. It was not fully realized in the present work, but hopefully its realization will be helped by what was learnt in it.
The mathematical model parameter estimation employing this equipment is also interesting and deserves further efforts.
Nevertheless even more ambitious goals can be pursued, like evaluating the heat generated by the Li-ion cell when it is
being charged or discharged with one of its faces at a fixed temperature (nowadays tests are performed with the temperature
of the air surrounding the cell fixed, but the cell surfaces temperature vary according factors such as the air velocity field
around the cell). To accomplish that, the experimental apparatus here described need not only to be improved, but also
complemented by instruments enough to measure every bit of heat leaving (or getting into) the cell and to control the
amperage (or voltage) of charge and discharge. The thermal part of the equipment that would result of such developments
probably will end up being a kind of modernized guarded hot plate apparatus (ISO 8302) like HFM (2023), but hopefully
cheaper. Overcoming the difficulties reported here, however, comes first.
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