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Theoretical and Experimental Analysis
on Thermoelectric Cooling Devices
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University of L’Aquila, 67100 L’Aquila, Italy

The prediction of the performance of Peltier cells as cooling devices is complex inasmuch as it consists of
several quite different processes simultaneously present and deeply interrelated (Seebeck and Joule heating effects
and conductive and convective heat transfer). However, there are great expectations for these devices for mass
production, mainly as air conditioning units for fixed or vehicles onboard application. The advantages with respect
to the conventional solutions appear to be even more important. A model that predicts the performance of a Peltier
module for cooling applications is presented. An experimental activity demonstrates the validity of the model and

its capability as a design tool.
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Introduction

HERMOELECTRIC cooling (TEC), based on the Peltier ef-

fect, has very interesting capabilities with respect to conven-
tional cooling systems.! The absence of moving componentsresults
in an increase of reliability, a reduction of maintenance, and an in-
crease of system life; the modularity allows for the application in
a wide-scale range without significant losses in performance; the
absence of a working fluid avoids environmental dangerous leak-
age; and the noise reduction appears also to be an importantfeature.
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Moreover, the intrinsic behavior of TEC devices allows for the con-
trol of the heat load and of the temperatures of the system to be
cooled that are strictly proportional to the applied voltage. This
feature appears to be particularly interesting if compared to the in-
efficiencies of conventionalrefrigeratingsystems for partial loading
behavior. Because of these advantages, it is expected that interestin
TEC systems will increase in those sectors where the environmental
pollution and performance at partial loading appear to be more im-
portant. This is the case, for instance, of the vehicle’s conditioning
units where the working conditions are critical for a conventional
system (on-off control, weights, overdesigned components, etc.).?

In spite of these advantages, the diffusion of TEC results are lim-
ited due to the low coefficient of performance (COP) values that can
be reached through the present-day technology. TEC applications
are restricted to particular fields where the cooling power is low
(~100 W per module), and system miniaturizationand high preci-
sion in temperature control are the design key factors (laboratories,
electronic components, space, etc.).> The possibility of increasing
the areas of application of TEC devices, in terms of COP and cool-
ing power, are mainly related to the materials and the design of the
overall system.*

For the improvement of the material properties, increase of the
Seebeck coefficient and reductions in the thermal conductivity and
the electric resistivity are particularly significant. The science and
technology of materials promises performance that seems to in-
crease continuously for other applications (semiconductor science,
electronics, etc.).”*® The availability of a complete model that con-
siders, from an engineering point of view, all of the processesoccur-
ring in a Peltier cell is still far from being achieved. The simulation
of the Peltier effectand thatof Joule heating,deeplyinterrelatedwith
a heat transfer problem (conduction inside the semiconductors and
convection with the environment), is characterized by great com-
plexity; the spatial distribution of these effects is also important for
optimization of performance. This requires distributed parameter
models that must be specifically conceived for design tools.

In the literature, the modeling of thermoelectric systems aimed at
design has been performed following simplified procedures based
on lumped parameters approaches’™!3 that can be suitable for the
applications for which the TEC systems are currently used. For
these applications, for instance, the geometries of the cells are quite
simple (normally all of the thermoelementsare distributed on single
or stratified planes): This will produce heat transfer situations that
can be easily predicted. In spite of this, from a pure theoretical point
of view, the Peltier effect has been the subject of intense studies to
discern the interior physics of the process.'*!3

In this paper, a design tool for TEC devices is presented. It is
based on a finite element model of different thermoelectric mod-
ules with any thermal and electric connection (in series, in parallel,
and mixed). The model allows for the evaluation of the steady and
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unsteady thermal fields inside the module, starting from the voltage
applied, and considers the material nonlinearitiesas well as the true
geometry and dispositionof the cells inside the module. Heat fluxes
exchanged between the cells, therefore, can be evaluated, as well as
the relative COP. Because of this feature, the model allows for op-
timization according to different optimum criteria (maximum heat
flux, maximum COP, maximum temperature difference, minimum
space for a given application, etc.). A first experimental activity
has been performed to assess the validity of the model. The perfor-
mance of a commercial Peltier module have been predicted with a
high degree of accuracy.

Model

A TEC device is a sequence of elementary cells that can be rep-
resented as shown in Fig. 1. Two n-type and p-type semiconductors
are electrically connected by means of two junctions. Two ceramic
plates (electrically insulator and thermally conductive) separate the
single cell from the environment (or from other cells). Supplying
a continuous voltage to the cell, the junction at the n-p transition
behaveslike a heat sink, Q., and in the p-n transition, a heat source,
Qy, is produced. Because of Q,, the temperature at the cold junc-
tion 7, reduces, and a heat flux at the surface Q. is drained. Q,,
produces an increase of the hot-junction temperature 7}, so that the
heat flux Oy is reversed. O, and Q. are related to the Seebeck
coefficients o, and o, of the semiconductors,to 7}, and T, and to
the electric current / flowing through the semiconductors and the
junctions according to

Qc = [an(Tm) - ap(Tm)]TcI (la)
Qh = [O[p(Tm) - an(Tm)]ThI (lb)

Here, o, and «, depend on the mean temperature of the semicon-
ductors, evaluated as 7, = (T, + T.) /2 .

The electric current depends on the applied voltage V, on the
Seebeck voltage Vs, which opposes the current, and on the electric
resistance of the cell R:

I=V-Vy)/R ()
with
T
Vs =/ [op(T) — a,(T)]dT (3)
Te
2 L
R = Asc./o pse(T) dx 4)

In Eq. (4), the electric resistance of the junctions has been ne-
glected, because their resistivities are about three orders of mag-
nitude smaller than that of the semiconductors. To Q. and Q}, the
Joule heating effect that results distributed inside the semiconduc-
tors must be added (Q; = RI?).

Models currently available in the literature, having an engineer-
ing approach, fall in the class of lumped parameters and consider a
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Fig. 1 Elementary Peltier cell.

heat source at the module hot side and a heat sink at the cold side as
the boundary conditionsbetween the fluids and the module surfaces.
The thermal fluxes derived from Eqs. (1a) and (1b), with the contri-
bution of the Joule heating effect subdivided into two equal parts,
are applied to the module sides through a convective heat transfer
process. The approach easily leads to the evaluation of the thermal
field inside the module and, then, to the Peltier and the Joule heating
effects starting from the hot and cold fluids temperatures.”%!!:12 In
this way several limitations are introduced:

1) The module (semiconductors, electric connections, ceramic
plates, etc.) is considered in a one-dimensional context, neglecting
the effects of the real geometry on the thermal field (edge effects,
air gaps among the inner surfaces, different heat transfer situations,
etc.).

2) The Peltier and the Joule heating effects are concentrated on
the surfaces facing the hot and the cold fluids; in reality they are
distributed inside the module according to the real position of the
thermoelectricmaterials and to the electricresistivity of the different
elements inside it.

3) The Peltier effect in terms of Q. and Q,, cannot be consid-
ered as boundary conditions, as in the literature, occurring inside
the module across the thermoelectric junctions; the presence of the
equivalentheat sources and sinks inside the module leads to temper-
ature levels at the boundaries that produce a net (convective) heat
transfer between hot and cold fluids.

In this paper these limitations have been overcome, producing
a more effective approach in the modeling of TEC modules: The
real geometry and disposition of the different materials have been
accountedfor, as well as the thermoelectricand Joule heating effects
being located where they actually take place. The different heat
transfersituationsacross the module surfaces have been considered,
discerning between forced and natural convection on vertical and
horizontal plates. To take into accountthese effects, a finite element
model has been developed using a commercially available code as
a mathematical solver.

In Fig. 2, the finite element model of a Peltier cell is shown: It
can be considered as representative of a portion of a TEC module
composed of a number of cells connected electrically in series and
thermally in parallel. The location of the ceramic plates, of the
electric junctions, and of the semiconductors is presented: In this
way, the different thermophysical properties can be accounted for.
The n-type (j — 1) and p-type (j) semiconductors are welded to
the cold junction (i). The p-type (j) and the next n-type (j + 1)
semiconductors form the hot junction (i 4+ 1). The Peltier effect is
represented in terms of heat flux sinks and sources given by

Qci = —(oj 1 Ty +o; T ;)] (5a)

Oniv1 = +(o; Ty +ajpi Ty j)1 (5b)

whereo; = (T, ;) =, (T, ;) + lo, (T, HI1/2and T, ; = (T), ; +
TC_J»)/Z.
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Fig. 2 Finite element model of a Peltier cell.
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The temperaturevalues (T, ;_1, T.;, T, jy1, Thj—1, Thi, Ty, j1) at
the semiconductorscold and hot sides are evaluated as mean values
on the surfaces between the electric junctions and the semicon-
ductors; the temperature of a semiconductor 7, ; is evaluated as a
mean value on its overall volume. Q. and Q, are located inside the
module, in the finite elements that represent the electric junctions,
uniformly distributed like heat terms per unit of volume.

The current / in Egs. (5a) and (5b) is evaluated according to
Eq. (2), where

NSC
VS = ZOleTj (6)

j=1

Nsc Nsc L

R=Y R, = Zpsc_.,»A—-; @)

Jj=1 j=1

with AT; =T, ; — T. ; and ps ; = p(T,, ;). In this way, the contri-
butions due to the different materials have been taken into account,
as well as all of the terms that influence the electric resistance. Once
I is known, the Joule heating effect Q, ; = R;I? is applied in each
semiconductor finite element.

Equations(5a), (5b), (6), and (7) can be reformulated to represent
the relative processes occurring inside TEC modules, where single
cells are connected anyway from the electric and thermal points of
view, as well as for different geometrical configurations. This fea-
ture is particularly useful for design purposes because it allows for
the optimization of several working parameters of the TEC, such
as temperature differences between hot and cold external surfaces,
COP, heat fluxes, and so on. This allows also for representing dis-
tribution of cells filling complex geometries to fulfill given space
constraints.

The thermal field inside the cells has been calculated solving the
Fourierequation where heatsinks and sourcesterms have been intro-
duced inside the correspondingelements. As known, this computa-
tionis notstraightforwardbecausethe problemis strongly nonlinear,
where these nonlinearities are spread inside each finite element. In
this procedure, the calculation starts from an open circuit condition
with the module in thermal equilibrium with the surroundings. Volt-
age is then applied, and an initial current starts to circulate through
the cells following Ohm’s law, with the Seebeck voltage Vi equal
to zero due to the uniformity in temperatures. The sink and sources
terms are evaluated by Eqs. (5a) and (5b) and are applied to each el-
ement of the junctions. Joule heating is also applied to the elements
of the semiconductors. A new thermal field is then calculated, and
the thermoelectric material properties are evaluated as a function of
the new temperatures, leading to the Seebeck voltage equation (6),
to the electricresistanceequation (7), and then to the electric current
equation(2). The new value for I determineschangesin Q., Q,, and
Q,, whose upgraded values are applied to the next time step. This
explicit numerical scheme corresponds to the need for a suitable
choice for the time-space grid.

To reproduce the real heat transfer situations at the boundaries,
this model introduces a detailed description, which considers the
following:

1) Natural convection is specified for vertical or horizontal sur-
faces, facing upward and downward. This heat transfer usually ap-
plies inside the module.

2) There is forced convection when the hot and cold fluids are
directly facing the ceramic plates.

3) Finned plates are present as additional components in thermal
contact with the ceramic surfaces. In this case, the geometry of
the module increases in complexity, and a suitable heat transfer
coefficient (natural or forced convection) is applied on the surfaces
facing the environment. Appendix A lists the correlation used for
the evaluation of the heat transfer coefficients.

Results

The model has been detailed for a commercially available TEC
module, produced by Melcor (Model CP2-127-06L), with the fol-
lowing characteristics: Vipux = 15.4V, Iy =14 A, Qs max = 120W,

AT o = 67°C, values referred to a hot-side surface temperature
equal to Ty, =25°C. The module is composed of 127 elementary
cells (Fig. 1) and has dimensions 62 mm in width, 62 mm in length,
and 4.6 mm in thickness. All of these cells are mounted on a layer
that results in being electrically in series and thermally in paral-
lel. The TEC module has been represented with 3200 elements;
the temperatures are evaluated on 6700 nodes. The semiconductor
thermoelectric properties have been computed as function of the
temperature (see Appendix B).

To evaluate the validity of the model, an experiment has been
carried out with the following boundary conditions applied to the
external plates: case A, with natural convection on both surfaces,
and case B, with fixed temperature on the hot surface and natural
convection on the cold surface.

For case A, the module has been suspendedin air. The fluid bulk
temperature has been varied from the room conditions (about 20°C)
to 0°C. Case B has been obtained by facing the hot surfaceon a block
of steel with a suitable mass representing a high thermal capacity
able to keep the temperature constant independent of the heat flux
received from the module.

From the theoretical point of view, the boundary conditions ap-
plied to the model to reproduce the situations A and B refer to the
correlations for natural convection for vertically disposed planes
(see Appendix A). The natural convection among the elementary
cells has also been accounted for, differentiating between horizon-
tal and vertical surfaces according to Appendix A. The two hot and
cold surfaces have been instrumented by means of five k-type ther-
mocouples disposed in a way as to give a mean temperature value
on each surface.

The following test procedure has been adopted: Starting from an
equilibriumthermal condition, the moduleis supplied with a voltage
step variation until a steady thermal state is obtained. The voltage
is then removed. Figures 3a-3d show, for experimental conditions
A, a comparison between the theoretical and the experimental tem-
perature on the hot and cold sides of the Peltier module. Figures 3a
and 3b refer to two constant voltage supplies equal to 1 and 1.9 V.
The initial temperatures of the module are 22.2°C for Fig. 3a and
23.6°C for Fig. 3b. At t =0 s, the voltage step variation is applied
up to £ = 1500 s, where the temperatures of the two junctions are
in equilibrium; then the voltage is removed. The agreementis quite
satisfactoryduring the first temperature transients,during the reach-
ing the equilibrium state, and during the transient that follows the
cooling of the two surfaces after switching off the voltage. The max-
imum temperature differencesare less then 1°C, which guaranteesa
precision quite satisfactory for design purposes. This is mainly due
to the inherentuncertaintiesof the heat transfer coefficients for natu-
ral convectiongiven by the correlations(A1-AS5) (see Appendix A).
These differences are also of the order of magnitude of those intro-
duced by the sensor placement.!® The agreement is kept also when
the initial temperature of the module is decreased to 7.4°C (Fig. 3¢c)
and to 0.4°C (Fig. 3d).

In these experimental situations, the two surfacesreach tempera-
tures above the ambient value. This means that the overall behavior
of the module is as a heating device at two temperature levels. Fig-
ure 4 shows, for these testing situations, the heat balance at equilib-
rium. The Joule heating effect Q; and the Peltier effect Q) at the
hot junction dominate over the Peltier effect Q. at the cold junction
thus producing heat fluxes on the surfaces toward the environment.
Figure 4 shows the thermal heat fluxes exchanged by convection
through the hot surface Qy,, the cold surface Q., and the internal
module surface Qj,.

Note that, after the voltage is switched off, the overall module be-
haves like an equivalent thermocouple whose two thermoelements
are at different temperature (the values of equilibrium). This phys-
ically produces a positive Seebeck voltage Vi at the module clips,
which decreases up to zero as the temperature difference decreases.
This phenomenon takes place for the first 30 to 40 s after the volt-
age switching off. Figures 5a and 5b show the comparison between
theoretical [Eq. (6)] and experimental data on Vg as a function of
time, measured after the voltage is switched off. The agreement
displayed is quite good, considering the critical conditions of the
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comparison: Vg, as earlier described, is always present during the
feeding of the module, and it becomes the dominant electric effect
when the module is switched off.

When the temperature at the hot side is kept constant (experi-
mental situation described as case B), the behavior of the module
becomes correct: Figures 6a-6¢ show the temperature at the cold
side, produced by a voltage variation, which remains constant for
300 s and then returns to zero. The three situations refer to three
voltage supplies (0.5, 1, and 1.5 V). The cold side cools and reaches
a steady value after a shorter period (with respect to the preceding
case). 0, O, and Q, rearrange in a way to produce a net cooling
effect Q.. Ons is completely absorbed by the hot surface, kept at
constant temperature.

Figure 7a gives the net cooling effect Q. as a function of the
supplied voltage: The variation shows significant dependence. The
same considerationsapply to the COP (Fig. 7b). The data reported

0_

Fig. 4 Generated and exchanged heat fluxes, case A.
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Table Bl Thermoelectric properties as a function of temperature
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in Figs. 4 and 7 are calculated from the model when equilibrium
is reached: These values match the experimental data very closely

Parameter Coefficient ag Coefficient a; Coefficient ay
a 222 x 1073, V/IK 9.30 x 1077, V/K? -9.91 x 10710, v/K?
P 5.11x 1077, @m 1.63 x 1078, Qm/K 6.28 x 10", Qm/K?
K 6.26, W/mK —2.78 x 1072, W/mK? 4.13x 107°, W/mK?
® ]
. V =05V because of the good agreement obtained on the temperatures, which
. e represents a much more critical test.
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Fig. 6 Theoretical —— and experimental X surface temperature as
a function of time, case B.
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To evaluatethe influence of the numericalaspectsrelatedto the so-
lutionprocedure,all of the presented predictionshave been repeated,
varying the time-space grid. When the module is represented with
38,000 elements, maximum temperature differences of 0.2°C are
found, meaningless for design purposes if one also considers the
computing time increases of one order of magnitude. A still lower
influence is associated with the integration time step.

Conclusions

The simulation of the behaviorof a TEC device requires the mod-
eling of many different processes strictly linked with each other. In
this problem, the real geometry of the module, the spatial distri-
bution of the different materials inside the elementary cells, and
the heat transfer situations at the boundary strongly influence the
thermal processes and must be accounted for.

In this paper a new modeling aimed at the design of TEC devices
has been presented. It is based on a finite element formulation of
the complex thermal problems occurring, which allows for the fore-
mentioned aspects to be accounted for. An experimental test bed
has been built to validate the effectiveness of the model that has
been used to reproduce the behavior of a commercial TEC module.
Transient tests have been designed to verify the capability of the
model in predicting subprocesses (Seebeck effect) or abnormal sit-
uations, where the module behaves like a heat source, producing a
net heating.

Comparisons have been made in terms of temperatures on the
external surfaces: The agreement is quite satisfactory (in the worst
case a difference of about 1°C is found), and this aspectensures the
accuracy in the prediction of the heat flows exchanged.

The model has been conceived to predict the performance of
unconventional arrangements among single elementary cells from
the electrical and thermal points of view, in series, in parallel, and
in mixed configurations.

Although the model has been conceivedas a design code for TEC
devices, because of its strict physical consistency, it appearseligible
asapredictingtool of the performanceof more generaldevicesbased
on the Peltier effect.

Appendix A: Correlations for the Heat Transfer
Coefficient
The natural convection heat transfer coefficient has been calcu-
lated through the following nondimensionalrelationships.
For vertical surfaces,'’

1
0.67(Gr Pr)%
Nu = 0.68 + LA, (A1)
[1+0.492/Pr)T]°
for Gr Pr < 10° and
1
0.39(Gr Pr)*
Nu =083+ Lt (A2)
[1+(0.492/Pr)%]?
for 10° < GrPr < 10",
For horizontal surfaces facing upward,'®
Nu=0.13 + (GrPr)} (A3)
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for GrPr <2 x 108 and
Nu = 0.16 + (Gr Pr)¥ (A4)

for2 x 108 < Gr Pr < 10'!.
For horizontal surfaces facing downward,'®

Nu=0.58 + (GrPr)% (A5)
for 10° < Gr Pr < 10'!.

Appendix B: Semiconductor Thermoelectric Properties

The semiconductors’ thermoelectric properties have been evalu-
ated,as afunctionof the temperature,by means of parabolicrelation-
ships,intheformay + a, - T + a, - T?, with the coefficientsreported
inTable B1." At298 K, valuesfrom Table Bl givea =211.6 £ V/K,
o = 1.096 x 1075 Qm, and k = 1.654 W/mK. The semiconduc-
tors density has been assumed equal to 7500 kg/m®, according to
Ref. 19.
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