
Theoretical Analysis of the Cooling Performance
of a Thermoelectric Element with Temperature-Dependent
Material Properties

CHENGJIAN JU,1 XUEQIANG WANG,1 GUANSUO DUI,1,4

CHRISTOPHER GEORGE UHL,2 and LIBIAO XIN3

1.—Institute of Mechanics, Beijing Jiaotong University, Beijing 100044, China. 2.—Department of
Bioengineering, Lehigh University, Bethlehem, PA 18015, USA. 3.—Institute of Applied
Mechanics, College of Mechanical and Vehicle Engineering, Taiyuan University of Technology,
Taiyuan 030024, China. 4.—e-mail: gsdui@bjtu.edu.cn

Thermoelectric (TE) cooling may play a significant role in the electronic
industry in the near future due to advantages such as static cooling and
environmentally friendly properties. However, temperature-dependent mate-
rial properties make theoretical analysis of the cooling performance chal-
lenging. In this work, a theoretical model is proposed to predict the
performance of a thermoelectric cooler considering the temperature-depen-
dent thermal conductivity, Seebeck coefficient, and electric resistivity. The
governing thermal equation of the TE element is given, in which the thermal
conductivity and Seebeck coefficient are nonlinear functions of temperature T,
while the electric resistivity adopts the value reached at mean temperature.
The performance of the TE cooling element, such as temperature field, cooling
power, and coefficient of performance (COP), etc., predicted by the proposed
model agree well with the numerical and finite element result, which prove
the validity of our theoretical model. The results suggest that the tempera-
ture-dependent thermal conductivity and Seebeck coefficient have the most
notable influence on the heat flow and COP of the TE cooling element.

Key words: Thermoelectric cooling, temperature-dependent, theoretical
model, coefficient of performance

INTRODUCTION

In 1823, Thomas J. Seebeck reported that an
electromotive force would be produced by a circuit
made from two dissimilar conductors when one
junction was heated, which is called the Seebeck
effect. In 1834, a reverse effect was discovered by
Jean Peltier, who observed temperature changes in
the junction of a thermoelectric couple between two
dissimilar conductors when an electric current was
applied, which has come to be called the Peltier
effect. Lastly, the Thomson effect relates the rate of
heat generation q which results from passing

electric current along a portion of a single conductor
when a temperature difference DT exists in the
system. These three effects are called the TE
effects.1–3 The TE cooling devices are based on the
Peltier effect which converts electrical energy into a
temperature gradient. Figure 1a depicts a TE cool-
ing module considered to be a TE refrigerator. It
consists of a number of thermocouples, which
typically includes n-type and p-type semiconductors
connected electrically in series by metallic connec-
tions and thermally in parallel by a top copper
connector and two bottom connectors. When a
voltage is applied to the thermoelectric cooler
(TEC), the electric current is driven from the
n-type element to the p-type element.3 In this
process, transport electrons pass from a low energy
level inside the p-type element to a high energy
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level inside the n-type element through the cold
junction, leading the temperature Tc of the
cold junction to decrease. The decrease in the cold
junction temperature then facilitates heat transfer
from the environment into the cold junction which
reduces the temperature of the environment. At the
same time, the absorbed heat carried by the trans-
port electrons is transferred to the hot junction,
which is at temperature Th. The heat in the hot
junction is then dissipated by a heat sink. Lastly,
the electrons return to a lower energy level in the
p-type TE element and the cycle can begin again.
When the electric current is reversed through the
system, the hot and cold ends are also reversed.4,5

The model described above is the theoretical basis
used to manufacture TECs or TE pumps.

Compared to traditional refrigeration equipment,
the TEC has the advantages of direct energy
conversion, compact size and light weight. At the
same time, the absence of moving components and
refrigerants results in high reliability and low
maintenance fees, leading to an increase of the

system’s lifespan.6,7 Additionally, a TE microcooler
is an ideal candidate for precision temperature
control for many opto and electronic devices since
they can maintain electronic devices at a desired
temperature, such as focal plane arrays in infrared
cameras and laser diodes in optical amplifiers.8 A
TEC can also be easily integrated and is a suit-
able choice for the cooling of such devices because of
its static refrigeration features.9

To promote the TEC in practical application, it is
important to predict the performance of the TEC
accurately. A number of researchers have studied the
conversion efficiency of TECs in the past two decades.
With the assumption of constant material properties,
previous works7,10–13 investigated the performance
of TECs. Huang et al.7 analyzed the influence of the
Thomson effect on the performance of a TEC. Seifert
et al.10 built a one-dimension model about TE cooling.
Labudovic and Li11 proposed a three-dimensional
finite element analysis of TE cooling. Jeong12 pro-
posed a new approach to optimize the TE cooling
modules. Zhou and Yu13 presented a theoretical

Fig. 1. Schematic illustration of a TEC. (a) a TEC; (b) one of the thermoelectric couples comprising the TEC; (c) a single element (p or n) with
cross section area A and length L.
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model for the optimization of a TE cooling system. In
their model, the Seebeck coefficient S, electric resis-
tivity q and thermal conductivity k were assumed to
be constants and the Thomson effect was typically
ignored or not properly considered in such cases.
However, from some of the experimental results, the
TE material properties are actually temperature-
dependent.14–17 The temperature-dependent
Ge0.87Pb0.13Te can be seen in Ref. 14. The tempera-
ture dependence of material properties for Half-
Heusler based semiconducting compounds was also
reported in Ref. 15. In addition, Gelbstein and
Davidow16 studied the highly efficient functional
GexPb1�xTe based TE alloys. Lalonde17 reevaluated
the n-type PbTe1�xIx, whose material properties are
also temperature-dependent. And some researchers
suggested that a proper analysis should take the
temperature-dependent material properties into
account. Hence, it is necessary to take the tempera-
ture dependence of material properties into account
when studying the performance of a TEC. Moreover,
it can be beneficial to give an accurate prediction of
the temperature field as it is an important factor to
consider for stress analysis.18 Additional studies2,7,19

have emphasized the importance of the Thomson
effect when dealing with the TE model. The Thomson
effect contribution was analyzed using an electrical
analogy model in Ref. 2. Chen19 proposed a numerical
model to analyze the performance of miniature TEC
affected by the Thomson effect.

In order to take the temperature-dependent
material properties into account, some researchers
evaluated TE properties using the mean tempera-
ture Tm (Tm = (Th + Tc)/2) between the hot (Th) and
cold (Tc) ends.20,21 Huang7 has also analyzed the
Thomson effect on the performance of the TEC.
Yamashita22 has studied the linear temperature
dependence of electric resistivity within a TE sys-
tem, in which the material properties change lin-
early with temperature T. Moreover, by assuming
the materials properties as nonlinear functions of
the temperature, some researchers considered the
nonlinear temperature dependence of material
properties.23–28 For example, by using an approxi-
mate analytical model, Ju et al.23 analyzed the
performance of the temperature field, energy con-
version efficiency and power output for a TE model.
Wang et al.,24 Lv et al.25 and Gao et al.26 analyzed
the behavior of a two-stage TEC. Through the
application of a numerical method, Su et al.27

investigated the influence of temperature-depen-
dent material properties on the behavior of a TE
generator. Also, Kim et al.28 proposed an engineer-
ing dimensionless figure of merit (ZT)eng and an
engineering power factor (PF)eng, which can predict
the practical energy conversion efficiency and power
output, respectively. Additionally, Ju et al.29 stud-
ied the influence of temperature-dependent mate-
rial properties on a functionally graded TE element.

However, most of the models are concentrated on
thermoelectric generating cases. For TE cooling,

there are not enough theoretical models to predict
the performance of TECs accurately. Therefore, it is
necessary to build a theoretical model that can
predict the performance of TECs with temperature-
dependent material properties accurately. In this
work, a theoretical model is proposed to predict the
cooling performance of TE elements, in which the
average electric resistivity is an adopted value,
while the Seebeck coefficient and the thermal
conductivity used in the proposed model are real
values of the system. In this case, the predictions
will be more accurate than the model in which all of
the materials parameters adopt the set values
achieved at the mean temperature. A previous
study has proven that temperature-dependent ther-
mal conductivity has a significant influence on the
performance of the TE element in some cases.23 In
this work, the proposed model is only applied to the
commercially available material Bi2Te3, however,
the model can also be applied to analyze other types
of TE materials15,30–32 such as the half-Heusler
material and lead telluride.

The purpose of this paper is to analyze the cooling
performance of a TEC considering the temperature-
dependent material properties. In the ‘‘Model of a
Single TE Element’’ section, an improved theoretical
model is proposed and the approximate analytical
solution of the heat equation is obtained. In the
‘‘Performance Analysis’’ section, the performance of a
TE element made of the well-known Bismuth Tel-
luride material is analyzed using the proposed model.
Concluding remarks are made in the final section.

MODEL OF A SINGLE TE ELEMENT

1D Thermal Energy Balance

As it is displayed in Fig. 1, the basic unit of a TEC
is a thermocouple which consists of n-type and p-
type semiconductor elements placed electrically in
series and thermally in parallel. Figure 1c shows
one leg (p or n) of the TE couple and the material
properties are a function of temperature T. The TE
element studied has a length of L and cross section
area A. The temperatures of the cold end and the
hot end of the TE element are T0 and TL, respec-
tively. The TEC is used to pump heat from the cold
side (x = 0) to the hot side (x = L) through the
application of electrical current described by the
Peltier effect. The transferred heat is then released
to the ambient environment by some external
cooling system.

In this paper, to simplify tedious mathematical
calculations without altering the heat transfer
characteristics and TE effects of the TEC, the
following assumptions were made:

1. Heat loss due to heat convection and radiation
are neglected, such that the lateral surfaces are
considered to be adiabatic24,25;

2. Dirichlet boundary conditions are used where
the temperatures of hot and cold junctions are
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constant. Such boundary conditions are used in
other works.33–35 In addition, electric and ther-
mal contact resistances are negligible;

3. One dimensional steady state heat transfer
along the axial direction is considered for the
analysis.36

4. The electric resistivity adopts the mean value.

Based on the above assumptions and the general-
ized Ohm’s and Fourier’s laws,3 the basic equations
of thermoelectricity are:

j ¼ E

q
� S

q
dT

dx
; ð1Þ

q ¼ �k
dT

dx
þ jST; ð2Þ

where j is the electric current density, E is the
electric field intensity, q is the electrical resistivity,
S is the Seebeck coefficient, T is the temperature, q
is the heat flux, k is the thermal conductivity, and x
is the Cartesian coordinate, respectively. The con-
servation of energy and continuity of electric cur-
rent density are expressed as:

dq

dx
¼ jE; ð3Þ

dj

dx
¼ 0: ð4Þ

From Eq. 1, the following equation can be
obtained:

E ¼ jqþ S
dT

dx
: ð5Þ

In this work, the effective material properties are
adopted, which means the material properties are
dependent on temperature T, that is, S = S(T),
q = q(T), and k = k(T). Substituting Eqs. 2 and 5
into Eq. 3, allows Eq. 3 to be reduced to:

d

dx
k Tð ÞdT

dx

� �
� I

A
l Tð ÞdT

dx
þ I2�q

A2
¼ 0; ð6Þ

where �q¼
R TL

T0
q Tð ÞdT

.
TL � T0ð Þ, I is the electric

current, A is the cross section area of the TE
element, and l is the Thomson coefficient, respec-
tively. According to the second Thomson relation-
ship l = TdS/dT,3 where S is the Seebeck
coefficient.

S = S(T), q = q(T), and k = k(T) are expressed as
quadratic functions of temperature, as in previous
studies,23,24

S Tð Þ ¼ S0 þ S1T þ S2T
2

q Tð Þ ¼ q0 þ q1T þ q2T
2

k Tð Þ ¼ k0 þ k1T þ k2T
2

ð7Þ

where k0, k1, k2, S0, S1, S2, q0, q1, and q2 are
material constants.

With Eq. 7, the second Thomson relationship
l = TdS/dT becomes:

l Tð Þ ¼ T
dS

dT
¼ S1T þ 2S2T

2: ð8Þ

And the boundary conditions are:

Tjx¼0�T0 ¼ 0; Tjx¼L�TL ¼ 0: ð9Þ

Equation 6 can be rewritten in the following form:

d

dx
k Tð ÞdT

dx

� �
� I

A
�lk Tð ÞdT

dx
� I

A
l Tð Þ � �lk Tð Þ½ �dT

dx

þ I2

A2
�q ¼ 0; ð10Þ

where:
Z TL

T0

l Tð Þ � �lk Tð Þ½ �dT ¼ 0: ð11Þ

With the material properties defined in Eqs. 7 and
8, in conjunction with Eq. 11, �l can be obtained as:

�l ¼ 1

2
S1T

2
L þ 2

3
S2T

3
L

� �
� 1

2
S1T

2
0 þ 2

3
S2T

3
0

� �� �
=

k0TL þ k1

2
T2
L þ k2

3
T3
L

� �
� k0T0 þ

k1

2
T2

0 þ k2

3
T3

0

� �� �
:

ð12Þ

Integrating Eq. 10 with respect to x once and
using Eq. 7, we have:

d

dx
k0T þ 1

2
k1T

2 þ 1

3
k2T

3

� �

� I

A
�l k0T þ 1

2
k1T

2 þ 1

3
k2T

3

� �
þ I2

A2
�qxþ C1 ¼ 0;

ð13Þ

where C1 is a constant.
By allowing Y = k0T + 1/2k1T

2 + 1/3k2T
3, Eq. 13

then becomes:

dY

dx
� I

A
�lY ¼ � I2

A2
�qx� C1: ð14Þ

And the solution of Eq. 14 is:
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Y ¼ C2e
I
A�lx þ I�q

A�l
xþ A

I�l
C1 þ

�q
�l2

; ð15Þ

where:

C1 ¼ I�l
A

1

3
k2T

3
0 þ 1

2
k1T

2
0 þ k0T0

� �
� �q

�l2

� �

� I2�qL
1 � eI�lL=Að ÞA2

� I�l
1 � eI�lL=Að ÞA

� 1

3
k2T

3
0 þ 1

2
k1T

2
0 þ k0T0

� ��

� 1

3
k2T

3
L þ 1

2
k1T

2
L þ k0TL

� ��

C2 ¼ 1

1 � eI�lL=Að Þ
1

3
k2T

3
0 þ 1

2
k1T

2
0 þ k0T0

� ��

� 1

3
k2T

3
L þ 1

2
k1T

2
L þ k0TL

� �
þ I�qL

A�l

�
:

ð16Þ

The temperature profile can be obtained by
substituting the acquired C1 and C2 into Eq. 15.
Since the temperature profile is real and there are
three roots of Eq. 15, the two imaginary roots are
ignored. The temperature profile is then given as:

T xð Þ ¼ 1

4k2
4 c=2ð Þ1=3� 2=cð Þ1=3 4k0k2 � k2

1

� �
� 2k1

h i
;

ð17Þ

where:

c ¼ 1

4
6k0k1k2 � k3

1 � 12k2
2b

� ��

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4k0k2 � k2

1

� �3þ 6k0k1k2 � k3
1 � 12k2

2b
� �2

q �

b¼ � C2e
I
A
�lx þ I�q

A�l
xþ A

I�l
C1 þ

�q
�l2

� �
:

ð18Þ

Performance of the TE Element

At each end of the TE leg, the heat flow Q(x) is
given by23:

Q xð Þ ¼ �Ak Tð ÞdT

dx
þ IS Tð ÞT xð Þ: ð19Þ

So the heat input at the cold end is:

Q0 ¼ �Ak T0ð ÞdT
dx






x¼0

þ IS T0ð ÞT0; ð20Þ

and the heat output at the hot end is:

QL ¼ �Ak TLð ÞdT
dx






x¼L

þ IS TLð ÞTL: ð21Þ

The input electric power is the difference between
the hot and cold heat flow:

P ¼ QL �Q0; ð22Þ

and the coefficient of performance (COP) is:

COP ¼ Q0=P: ð23Þ

Integration of Eq. 10 once and substitution of the
obtained result: Ak(T)dT/dx into Eqs. 20–23, allows
for the heat flow input, heat flow output, power
output and energy conversion efficiency to be
obtained, respectively, as:

Q0 ¼ I S T0ð ÞT0 � �l k0T0 þ
1

2
k1T

2
0 þ 1

3
k2T

3
0

� �� �

þ AC1;

ð24Þ

QL¼I S TLð ÞTL � �l k0TL þ 1

2
k1T

2
L þ 1

3
k2T

3
L

� �� �

þ I2

A
�qLþ AC1; ð25Þ

P ¼ I S TLð ÞTL � S T0ð ÞT0½

þ�l k0T0 þ
1

2
k1T

2
0 þ 1

3
k2T

3
0

� �

��l k0TL þ 1

2
k1T

2
L þ 1

3
k2T

3
L

� �
� þ I2

A
�qL;

ð26Þ

PERFORMANCE ANALYSIS

In this section, the performance of the TE cooling
element is predicted by the proposed theoretical
model, numerical method, the analytical model
(case 4) in Ref. 20 and the result of the finite
element method. For the numerical model, Eq. 6 is
solved by the bvp4c function in the MATLAB
software. The working condition for the numerical

COP ¼
I S T0ð ÞT0 � �l k0T0 þ 1

2 k1T
2
0 þ 1

3 k2T
3
0

� �� �
þ AC1

I S TLð ÞTL � S T0ð ÞT0 þ �l k0T0 þ 1
2k1T2

0 þ 1
3k2T

3
0

� �
� �l k0TL þ 1

2k1T2
L þ 1

3k2T
3
L

� �� �
þ I2

A
�qL

: ð27Þ
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model is the same as the theoretical one, that is, the
heat loss from the side surface is neglected. To
reduce the computational effort, an analytical model
is presented in Ref. 20, in which all the material
parameters, like thermal conductivity, electric con-
ductivity, Seebeek coefficients, and Thomson coeffi-
cients adopt the values achieved at the mean
temperature. The analytical model presented in
Ref. 20 is more simple in the mathematical deriva-
tion process than the proposed theoretical model, in
which only the mean electric resistivity is assumed.
A detailed introduction can be found in Ref. 20. The
result of the finite element analysis (FEA) is
obtained from the commercial software ANSYS.
And the heat loss from the side surface is not
counted in the FEA simulation. The commercially
available Bismuth Telluride Bi2Te3 material20,23 is
used in this work and the material parameters are
listed in Table I. The length of the TE element is
0.0014 m and the cross-section area is
1:4 � 10�6 m2. The material properties variation
versus temperature are displayed in Fig. 2.

The Temperature Field of the Cooling
Element

In this section, the temperature field of the TE
cooling element predicted by the proposed model,
numerical method, analytical model in Ref. 20 and
FEA are displayed in Fig. 3. Figure 3a and b

correspond to the cases when the electric currents
are 4 A, 5 A, and 6 A, respectively, and the working
temperature differences of the TE cooling element
are 30 K, 60 K, and 90 K. When the working electric
current is 4 A, as Fig. 3a shows, the temperature
fields predicted by the proposed model agree well
with the numerical and FEA results despite the

Table I. Thermoelectric material property of Bi2Te3
20,23

Thermal conductivity k(T) = (62605 � 277.7 9 T + 0.4131 9 T2) 9 10�4 (W m�1 K�1)
Electric resistivity q(T) = (5112.0 + 163.4 9 T + 0.6279 9 T2) 9 10�10 (X m)
Seebeck coefficient S(T) = (22224.0 + 930.6 9 T � 0.9905 9 T2) 9 10�9 (V/K)

Only the data was used from Refs. 20 and 23.
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Fig. 2. Material properties of Bismuth Telluride, Bi2Te3.
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Fig. 3. Variation of temperature versus coordinate x. The electric
currents are 4 A, 5 A (a), and 6 A (b), and the working temperature
differences are 30 K, 60 K, and 90 K, respectively. The temperature
at the cold end (x = 0) is set at 270 K.
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increase of the temperature difference. The results
predicted by the analytical model in Ref. 20 show a
little difference from the other models as DT
increases. When the electric current increases to
6 A, similar trends can be observed in Fig. 3b. In
addition, it can be noted that when the electric
current is set to 4 A, the temperature increases with
the coordinate x. However, when the electric current
is set to 6 A, the temperature of the hot end is lower
than the middle of the TE element where the
highest temperature occurs as shown in Fig. 3b.
This occurs because joule heat will play a more
important role in the distribution of the tempera-
ture field as the electric current increases.

The Heat Flow Distribution of the Cooling
Element

In this section, the heat flow variation versus x
coordinate is displayed in Fig. 4 for three different
working conditions. As is shown in Fig. 4, the heat
flow increases as the x coordinate increases from
zero to L. When the electric current is 4 A and the
temperature difference is 30 K, heat flow increases
from about 0.09 W to 0.28 W. At the cold end, the
heat flow predicted by the proposed model agrees
well with numerical and FEA results. Results
predicted by the analytical model in Ref. 20 are a
little higher than the proposed model near the cold
end, while an opposite trend can be observed near
the hot end of the element. When the electric
current is 4 A and the working temperature differ-
ence is 60 K, the heat flow predicted by the numer-
ical method, the proposed model, and FEA range
from about 0.044 W to 0.27 W; while the prediction
of the analytical model in Ref. 20 ranges from
0.057 W to 0.26 W. Additionally, for the working
condition of 5 A and 90 K, the heat flow variation
predicted by the numerical method, the proposed
model, and FEA ranges from about 0.003 W to

0.399 W, while the heat flow variation predicted by
the analytical model in Ref. 20 ranges from 0.027 W
to 0.379 W. It can be observed that the heat input at
the cold end decreases as the electric current and
working temperature difference increase. Addition-
ally, the heat output at the hot end increases as the
electric current and working temperature difference
increase.

The Cooling Power (Qc) and Heat Output (QL)

In this section, the cooling power of the TE cooling
element predicted by the proposed model, numerical
method, finite element method, and analytical
model in Ref. 20 are displayed in Fig. 5a, with the
working temperature differences being 30 K, 60 K,
and 90 K, respectively. It can be seen from Fig. 5a
that the cooling power increases as the given
temperature difference decreases. When the tem-
perature difference increases to 90 K, the maximum
cooling power reduced to nearly zero. Furthermore,
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Fig. 4. Variation of heat flow Q(x). The electric currents are 4 A and
5 A. The working temperature differences are 30 K, 60 K, and 90 K,
respectively. The temperature at the cold end (x = 0) is set at 270 K.
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Fig. 5. Variation of cooling power (a) and heat flow output (b) versus
electric current. The working temperature differences are 30 K, 60 K,
and 90 K, respectively. The temperature at the cold end (x = 0) is set
at 270 K.
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it was observed that the results predicted by the
proposed model agree well with numerical and finite
element results. The results predicted by the ana-
lytical model in Ref. 20 show an evident deviation
from the numerical and finite element results,
which grow as the temperature increases. When
the temperature difference is about 30 K, the devi-
ation is about 8.69% larger than the numerical
results, and when the temperature increases to
90 K, the deviation amazingly becomes 900%. This
can be attributed to the fact that the material
properties are temperature-dependent. The mate-
rial properties’ values at the mean temperature
cannot reflect the real case in some conditions,
otherwise, improper results will be observed.

Figure 5b plots the heat released from the hot
end. The variation trend of the released heat in
Fig. 5b is different from Fig. 5a. The heat flow QL

released from the hot end increases as the electric
current increases, and the larger the temperature
difference becomes, the less heat is released from
the hot end.

Electric Power Input (P)

In this section, the electric power consumed by
the thermoelectric element is predicted by the
proposed model, numerical method, finite element
method, and the analytical model in Ref. 20. As it is
clearly shown in Fig. 6, the electric power being
used increases as the electric current increases. As
the working electric current increases, more joule
heat and Thomson heat are produced along the TE
element which in turn increases the electric power
used to deliver heat. Therefore, the larger the
temperature difference becomes, the smaller the
effective electric current range is. For the three
working conditions tested, the consumed electric
power increases as the temperature difference
increases when the electric current is the same. It
is apparent that results predicted by the proposed

model agree well with the numerical and finite
element results. When the electric current is held at
a small value, the electric power input P predicted
by the analytical model in Ref. 20 is somewhat
smaller than the predictions by the other three
methods for all three of the temperature differences.
Additionally, the effective working range of the
electric current for the analytical model in Ref. 20 is
larger than the other three models. As the temper-
ature difference increases, the differences between
the results predicted by the proposed model and the
analytical model in Ref. 20 increase, which indicates
that the temperature-dependent material proper-
ties should be taken into account in the case of
relatively large temperature differences.

Coefficient of Performance (COP)

In this section, the coefficient of performance
(COP) for the TE cooling element is predicted by the
numerical method, the proposed analytical model,
finite element method and the analytical model in
Ref. 20. Additionally, the simplified model and
improved simplified model in Ref. 20 are also
presented in Fig. 7 for comparison. A detailed
introduction of the simplified model and improved
simplified model has been covered in Ref. 20. The
realized temperature differences are 30 K, 60 K,
and 90 K, and it is assumed that the temperature at
the cold end is 270 K. It is evident that the results
predicted by the proposed model agree well with the
numerical and finite element results. In addition,
the predictions of the simplified model and the
simplified improved model are almost the same, and
the predictions of these two models match the
numerical and FEA results well when the electric
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respectively. The temperature at the cold end (x = 0) is set at 270 K.
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Ref. 20).

Ju, Wang, Dui, Uhl, and Xin4634



currents are smaller than 4A. Under practical
working conditions, the working electric current is
expected to be near or smaller than the value
corresponding to the maximum COP. In this case
the simplified and simplified improved model can
give a relatively good prediction. However, when the
temperature difference is 90 K, the COP predicted
by the simplified model and improved simplified
model is a negative value, which does not corre-
spond to practical working conditions and, there-
fore, is not reflected in Fig. 7. This phenomenon
may result from neglecting the temperature-depen-
dent thermal conductivity and Seebeck coefficient.
Lastly, the prediction of the analytical model in
Ref. 20 is much higher than the other three models.

For the three temperature difference conditions,
there exist three values of electric current corre-
sponding to the maximum values of the COP. When
the temperature difference is 30 K, the electric
current corresponding to the maximum COP is
about 2 A. For working conditions of 60 K and 90 K,
the electric currents corresponding to the maximum
COP are around 3.5 A and 4.5 A, respectively. As
the temperature difference increases, the relative
error between the analytical model in Ref. 20 and
the numerical model increases, and the relative
deviation at temperature differences of 30 K, 60 K,
and 90 K are 22.8%, 48.9%, and 1000%, respec-
tively. This can be attributed to the fact that the
thermoelectric material properties are temperature-
dependent. Since the temperature field along the TE
element is not the same, varied material properties
will be exhibited along the length of the TE element.
If constant material properties are used to represent
the whole TE element, certain errors may result in
the performance predictions for the TEC. Addition-
ally, the COP is shown to decrease as the working
temperature difference increases. This can be
accounted for by the fact that the electric power
consumed increases as the temperature difference
increases, while the heat absorbed from the cold end
decreases as the temperature difference increases.

As is shown in ‘‘Coefficient of Performance (COP)’’
section, the simplified and improved simplified
models, which are very simple in their mathemat-
ical derivation and clearly covered in Ref. 20, can
give a relatively good prediction of the COP for TEC
when the electric current is smaller than the value
corresponding to the maximum COP. On the other
hand, the proposed model, though the mathematical
derivation is a little more complex, can take the
temperature-dependent thermal conductivity and
Seebeck effect into account to produce predictions
which agree well with numerical and FEA simula-
tions. Since the simplified and improved simplified
model can also give a good prediction of the COP
when the electric current and working temperature
difference are small, readers can determine which
model to use according to the research purpose they
want to achieve. As in some cases the simplicity in

the process is significant, while the improved accu-
racy weighs more in some conditions.

CONCLUSIONS

The cooling performance of a thermoelectric ele-
ment was analyzed by the proposed analytical
model, in which the temperature-dependent ther-
mal conductivity and Seebeck coefficient are con-
sidered. In the theoretical model, the electric
resistivity achieved at the mean temperature was
used. The temperature field, heat flow distribution,
cooling power, and coefficient of performance pre-
dicted by the proposed model agree well with the
numerical and finite element results under the
same working conditions. If the material properties
at the mean temperature are used, the temperature
field shows only a small difference from the numer-
ical model and FEA results. However, the predic-
tions of cooling power, electric power input, and
coefficient of performance show some deviations
from the numerical model and FEA results, espe-
cially when the working temperature difference is
relatively large. The temperature-dependent ther-
mal conductivity and Seebeck coefficient have
notable influence on the heat flow and coefficient
of performance. In order to give an accurate predic-
tion of the cooling performance for a thermoelectric
model, temperature-dependent material properties
should be taken into account when the cooling
temperature difference is relatively large. Further-
more, as the working temperature difference
increases, the cooling power decreases, while the
electric power consumed increases. It is indicated
that TECs made of Bismuth Telluride are more
suitable to use for cases where the temperature
difference is small, since the COP would be rela-
tively large under such conditions. Additionally, the
proposed model can be used to predict the mechan-
ical behavior of the TE element since it predicts the
temperature field of the TE element accurately,
which is closely related to mechanical behavior of
the TEC.
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