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H I G H L I G H T S

• A 3-D model for thermoelectric modules which consisting of 127 thermocouples is developed.

• An experiment was carried out to validate the simulation.

• Influence of Peltier effect on the performance and heat transfer is investigated.

• The Peltier effects are proved to be more remarkable for weak heat transfer boundary conditions.
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A B S T R A C T

Thermoelectric generator has been considered as a promising device to recover industrial waste heat for elec-
tricity generating. To figure out the heat transfer and electric conduction processes in thermoelectric generator, a
three-dimensional numerical model has been built up which consists of 127 thermocouples. The open-circuit
voltage, internal resistance, and output power have been studied by numerical simulation. All calculation results
are in good agreement with the experimental results, and the maximum deviation is less than 6%. Due to the
influence of Peltier effect, both heat flow and equivalent thermal conductivity increases by 30.2% when tem-
perature difference between the hot and cold side is 170 °C and the thermoelectric generator reaches its max-
imum power output. In addition, the Peltier effect has been investigated when the convective heat transfer
boundary conditions are applied. The results showed that the effective temperature difference was raised to
13.6 °C (a 10.2% increase) and maximum output power was raised to 0.59W (a 14.8% increase) for the ther-
moelectric generator model with a fin height of 100mm when compared with that without fins. Besides that, the
radio of load resistance to internal resistance decreased from 1.31 to 1.14.

1. Introduction

In recent years, thermoelectric generator (TEG) is attracting more
and more attention due to its ability to generate electricity from waste
heat [1,2]. TEG has many advantages, such as no moving parts, no
chemical reaction, no pollution, no noise and a longer lifespan [3–5].
Moreover, as a solid-state heat engine, TEG generates a voltage when-
ever there is a temperature gradient. Therefore, TEG can be used to
recover the energy in many processes in which heat is released directly
to the atmosphere. Therefore, TEG is recognized as one of the most
potential energy technologies in the 21st century [6].

Thermoelectric effects have been discovered for more than 40 years

and many researchers have been concentrating on the investigations of
improving the thermoelectric properties of materials [7,8]. In addition,
optimizing the structure of thermoelectric devices based on thermal
analysis is also an important way to improve the performances of TEG.
Consequently, precise, complete description of the thermoelectric
coupling process in the thermoelectric devices and analysis of the in-
fluence of various factors on the output index are vital for the ameli-
oration of TEG's performance.

So far, computation tools have been used to build one-dimensional
[9,10] or three-dimensional [11,12] heat transfer model, and the per-
formances of TEG can be obtained by solving electric potential dis-
tribution and temperature distribution. More recently, Kossyvakis et al.
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[13] investigated the temperature distribution on the hot side and
performance reduction by thermal losses based on a finite element
model which consists of 71 thermocouples. The discrepancy between
computation and measurements is acceptable, which indicates that the
model can be used in the evaluation of TEG’s performances.

However, accurate prediction of the power production can be dif-
ficult because many heat transport mechanisms occur simultaneously in
TEG. In early attempts, the numerical and experimental results were
compared using single thermocouples [14,15]. It indicated that the
temperature dependence properties of materials have a significant im-
pact on calculation results and the contact thermal resistance should
not be neglected [16]. In general, p-type and n-type thermoelectric
material have the similar index called the figure of merit (ZT). So the p-
type and n-type elements have the same geometric size and the devices
can be assembled more conveniently. However, the similar ZT does not
mean the same material properties such as the similar thermal con-
ductivity and resistivity. So the p-type and n-type elements were treated
as two separate parts and the differences in thermal behavior between
the two elements are distinguished and evaluated [12]. Later, the in-
fluences of size effect on the power generation and thermal stresses
were investigated based on a model which consists of two thermo-
couples. The results indicated that the power outputs and the effi-
ciencies are related to the leg size and spacing [17]. More recently, Li
et al. [18] pointed out that attention should be paid to the contact
electrical resistance induced by welding. However, the studies men-
tioned above are limited to the investigation of single or a few ther-
mocouples behaviors. In real situations, a commercial TEG module
usually consists of a large number of thermocouples. Chen et al. [12]
mentioned that the number of thermocouples has a significant impact
on the TEG devices’ cooling power. And they also [19] pointed out that
the number of thermoelectric elements affects the power output and
efficiency. Thus, a new holonomic model is needed for the full analysis
of heat transfer and electric conduction processes in TEG.

As mentioned above, the computational method is a reliable tool to
predict the performances and optimize the geometry structure of TEG.
Besides, a precise and complete model must contain the following
features: (1) the p-type and n-type must be treated as two separate parts
and all the material properties are temperature-dependent; (2) the
model must contain, besides P/N junction and conductive strips, a
solder layer and ceramic plates; (3) the model should contain enough P/
N junction if the computation conditions are allowed.

Moreover, there are still some difficulties in establishing a finite
element model that couple with heat, electricity, and fluid flow at the
same time. Thus, the following two methods are often used to calculate
the output performance when TEG operating in fluids with temperature
difference: (1) Firstly the liquid-solid conjugate heat transfer is calcu-
lated to determine the temperature field. Then the TEG's temperature of
the hot and cold sides are used as the boundary condition for the cal-
culation coupled with heat and electricity [18]; (2) Only the tempera-
ture field is calculated by simplifying the TEG model and the electric
energy output is approximated by zero-dimensional model according to
the obtained temperature field [20]. Both these two methods are based
on the assumption that TEG is in an open-circuit state. However, when
TEG is in a closed state, the Peltier effect produced by the current
usually transfers extra dozens W of heat flow from the hot side [21].
The temperature field previously established may be changed sig-
nificantly, especially when the heat transfer condition is weak such as
the convective heat transfer with air. Under these conditions, the
temperature difference between the two sides of TEG will be directly
reduced and a relatively large deviation will appear in the final results.
Nevertheless, there are few articles that discuss the extent of the in-
fluence of Peltier effect on different heat transfer conditions.

In this paper, a new complete TEG model consisting of 127 ther-
mocouples has been developed and a laboratory TEG system has been
built to verify the accuracy of the model. The open circuit voltage, in-
ternal resistance and maximum output power have been studied by

numerical simulation and experiment. The p-type and n-type are
treated as two separate parts and are based on temperature-dependent
properties. In addition, the performance of TEG in a closed state, not in
an open circuit state as previously done, has been investigated and the
influences of Peltier effect on the performances, the temperature dis-
tribution and the equivalent thermal conductivity of the TEG under the
convective heat transfer boundary conditions have been analyzed.

2. Theoretical model

TEGs’ operation bases on the Seebeck effect: when two dissimilar
conductors join together and form a closed loop, a voltage is produced
due to a temperature difference between the two junctions. To obtain a
greater voltage, a certain amount of thermoelement pellets are con-
nected in series through copper strips and are sandwiched between two
ceramic plates. The TEG module is connected to a load resistance to
output electric energy during operation.

When the electric field and temperature field exist simultaneously,
all processes occurring in the thermoelectric element can be expressed
as:
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E is the electric field intensity;
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j is current density; →q is heat

flux; T is temperature; α, ρ, and κ are the Seebeck coefficient, electrical
resistivity and thermal conductivity of a thermoelectric element, re-
spectively.

An energy balance analysis for the p and n thermoelements leads to
the energy equation [22]:
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In which, subscripts p and n represent the materials p and n, re-
spectively; C denotes the specific heat and a is density.

In steady state, the heat loss along the side of thermoelectric ele-
ments and Thomson effect are ignored. Taking into account the tem-
perature dependence of material properties α, ρ, and κ, the steady-state
heat transfer equation can be written as:

∂
∂

= = ∇ − +Ca T
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The electric potential equation can be written as [23]:

∇ = − ∇ϕ x y z α T( , , )2 2

where φ is the electric scalar potential.

3. Performance of TEG

The open circuit voltage (U0) is calculated as [24,25]:
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where n is the number of thermocouples in TEG module; Th is the
temperature of hot side; Tc is the temperature of cold side; Ri is the
thermal resistance of thermocouples; Rl is the total contact thermal
resistance of TEG module.

The output power gets the maximum value (Pmax) when the load
resistance rl value is equal to the internal resistance ri:

= =m r
r
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where m represents the ratio of the load resistance to the internal re-
sistance, when m satisfies the following relationship:
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Maximum conversion efficiency (ηmax) can be obtained:
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where Th, Tc is the temperature of thermoelements’ hot and cold side,
respectively.

4. Numerical method

A three-dimensional finite element model of the TEG1-127-1.4-1.6
TEG module is built in the commercial software ANSYS AIM. The
governing equations mentioned above are solved in association with
the boundary conditions.

The dimensioning of the TEG module is 40mm×40mm×3.8mm
(width×depth× length). And the module is composed of 127 pairs of
thermocouples and the size of semiconductor grain is
1.4 mm×1.4mm×1.6mm. Electrical connection is established
through copper strips. The ceramic plates act as electric insulation and
heat conduction. In addition, an external load resistor is electrically
coupled with the electrodes of the TEG module in the present model.

The grid systems and geometric structures of TEG are displayed in
Fig. 1. Four different grids with total elements of grid i= 100,984, grid
ii= 34,820, grid iii = 17,779, grid iv= 9388 are tested and compared

with each other to seek an appropriate grid system. In the four grid
systems, the output power and conversion efficiency versus load re-
sistance are calculated under the temperature of the hot side and cold
side are 200 °C and 30 °C, respectively. The results show that the dis-
crepancies among the curves of grid i, grid ii, grid iii are almost im-
perceptible. The maximum deviation between the results of grid ii and
grid iii is less than 0.5%, while the results of grid iv differs greatly from
others, which indicates that the grid iii system with 17,779 elements is
proper for the simulation. Therefore, to save computation efforts
without loss in accuracy, the grid iii is adapted.

The materials’ temperature-dependent properties are listed in
Table 1. Boundary conditions have been set as follows: the load resistor
is electrically coupled with the electrodes of TEG. Constant temperature
and convective heat transfer condition are applied directly to the TEG’s
hot and cold sides.

5. Experiments

To verify the accuracy of the TEG model, an experiment was set up.
As shown in Fig. 2, the experiment system consists of a commercial
TEG1-127-1.4-1.6 module, an aluminum plate heater, a recycled water
cooling system, an adjustable load resistor and data acquisition system.
The aluminum plate heater is controlled by a Proportion Integration
Differentiation (PID) electrical system (accuracy,± 1 °C) and a digital
regulator. The recycled water cooling system is composed of a heat
exchanger and a circulating constant temperature reservoir (accu-
racy,± 0.1 °C). The aluminum plate of the heater is attached directly to
the hot side of the TEG module, and its temperature is fixed at 40 °C,
50 °C, 60 °C, 100 °C, 140 °C, 180 °C and 220 °C, respectively. The re-
cycled water cooling system is used to maintain the cold side

Fig. 1. (a) The geometric structures and grid
systems of TEG; (b) the actual TEG module; (c)
stacking structure of TEG module.
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temperature at 30 °C. To reduce contact thermal resistance and ensure
that the two sides are heated evenly, both hot and cold side surfaces of
the TEG module are coated with thermal grease. The voids between the
heat and cold heat conducting components are filled with heat insula-
tion material to reduce heat transfer between them and to improve the
thermoelectric conversion efficiency. The clamping member was con-
trolled by a pressure sensor, which provides the efficient pressure and
prevents the module from excessive pressure damage.

When the temperature difference is constant and single-pole double-
throw (SPDT) Switch is connected to point 2 (shown in Fig. 2), the
voltmeter shows its open-circuit voltage (U0); when the SPDT Switch
turns to point 1 (shown in Fig. 2), the voltmeter shows the load voltage
(UL). The ri of the TEG module is obtained using the matching load
method and it can be calculated by [26]:

= −r U U
U

r( )
i

L

L
l

0

When UL=1/2 U0, ri= rl and the value of ri can be directly measured.
The Pmax is directly evaluated from the current and voltage measure-
ments on rl using the voltammetry method.

6. Results and discussion

The potential distributions when the hot side is 200 °C and the cold
side is 30 °C are shown in Fig. 3(a). As can be seen, the direction of the
potential growth is in line with the series of the thermoelements. The
voltage across the load resistor is equal to TEG’s positive and negative
electrode voltages. Fig. 3(b) shows the temperature distributions for the
corresponding conditions. As shown in Fig. 3(b), the internal tem-
perature drop of the TEG model mainly occurs in the thermoelements.

Fig. 4 presents the measured and simulated open-circuit voltage,
internal resistance and output power of the TEG. The test temperature
range and the results deviation are present in Table 2. The open-circuit
voltage and internal resistance curves present linear behavior, whereas
the output power increases parabolically with the increase of the tem-
perature gradient between the two sides of the generator. The max-
imum relative deviation is less than 6%, which indicates that the nu-
merical results present very good agreement with the experimental
results. The contact thermal resistance caused by the gap between the
module and heat exchanger may be one of the reasons for the devia-
tions.

The variations of the output power and conversion efficiency with
load resistance, when the temperature of hot side is 200 °C and that of
the cold side is 30 °C, are shown in Fig. 5. It can be seen that the output
power and conversion efficiency increase initially and decrease after-
ward as the load resistance increases. The output power reached its
maximum value (4.7W) as the load resistance is 3.6 Ω, and the con-
version efficiency reached the maximum value (4.5%) when the load
resistance is 4.5 Ω. As shown in Fig. 4(b), the internal resistance value
of TEG is 3.5 Ω when working in this same temperature range. For
lithium batteries, it is generally known that the highest output power is

Table 1
The materials’ properties.

Name Thermal conductivity (W/mK) Seebeck coefficient (μV/k) Electric resistivity (10−5Ωm)

Ceramic plate 22 – –
Copper 385 – 1.78× 10−3

P-type 4.8482−5× T2 −4.5312×10−6× T3 −1.3348×10−5×T2

−0.0332×T 0.0012×T2 +0.01748×T
+6.949 0.8712×T −2.95643

−27.09
N-type 3.07×10−5× T2 −1.6797×10−5× T3 −1.63839−5× T2

−0.02031×T +0.02219×T2 +0.01681×T
+4.72174 −9.356×T −2.61014

+1054.78
Solder 20 – 1.285

Fig. 2. Schematic illustration of the experimental setup of TEG. 1 – Cold side heat ex-
changer. 2 – TEG module. 3 – Aluminum plate heater. 4 – SPDT switch. 5 – Voltmeter. 6 –
PID electrical system. 7 – Constant temperature reservoir. 8 – Pump. 9 – Valve. 10 –
Variable resistor. 11 – Amperemeter.

Fig. 3. Voltage contour (a) and temperature contour (b) for TH= 200 °C and Tc= 30 °C.
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obtained when the load resistor is equal to the battery resistance,
whereas the TEG does not comply with this rule. The inconsistency of
the load and internal resistance when output power of TEG reaches the

maximum is due to the Peltier effects produced by carrier transport,
which increases the heat flow from the hot side to the cold side. Al-
though the temperature of the TEG’s cold and hot sides is kept constant,
the additional heat flow makes the temperature difference between the
ceramic plates and the semiconductor grains increase, which result in a
reduction in the effective temperature difference of the TEG (the tem-
perature difference between the hot end and the cold end of the ther-
moelements). Thus, increasing load resistance and decreasing current
will lead to an increase in the voltage of TEG. Also, the output power
increases correspondingly. Consequently, when output power of TEG
reaches the maximum, the load resistance is greater than the internal
resistance.

To study the influence of Peltier effects on heat transfer, the heat
flow versus the load resistance is calculated in Fig. 6. It is showed that
the heat flow cross the hot side to cold side decreases gradually and
finally reaches a plateau period (76.6W) when the load resistor in-
creases. Because of the thermoelectric conversion, the heat flow at the
hot and cold sides is inconsistent, and the difference of the heat flow

Fig. 4. Comparison between numerical and experimental performance curves-open cir-
cuit voltage (a), internal resistance (b), output power (c).

Table 2
Comparison of open-circuit voltage, internal resistance and output power between com-
putational model and experimental data.

Parameters Tc (°C) Th (°C) Deviation (%)

Open-circuit voltage, U0 (V) 30 40–220 4.1
Internal resistance, Ri (Ω) 30 40–220 5.2
Output power, P (W) 30 40–220 5.8

Fig. 5. The output power and efficiency variation with load resistance.

Fig. 6. The variation of heat flow of hot and cold sides with load resistance.
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between the hot and cold sides is the output power:

= − =P Q Q IUh c

where Qh and Qc is the heat flow through the hot and cold sides, and the
conversion efficiency can be calculated by:

= − =η Q Q
Q

P
Q

h c

h h

With the load resistance revised up to 3.6 Ω, the heat flow between
the hot and cold sides reaches the maximum, and the maximum output
power is achieved correspondingly. When the TEG is in open circuit, the
heat flow through the hot and cold sides is Qh=Qc=76.6W. However,
as shown in Fig. 6, the heat flow at the hot side is up to 99.7W (a 30.2%
increase) when the TEG reaches the maximum output power. According
to the Fourier heat conduction law, the temperature difference between
the hot side of ceramic plate and the hot side of the thermoelements
should increase by 30.2% correspondingly. Similarly, the temperature
difference between the cold side of the ceramic plate and the cold side
of the thermoelements will also increase by 30.2%. However, from the
calculation results, it is showed that the effective temperature differ-
ence decreases by just 2% than that in the open circuit due to the
constant temperature boundary conditions. That is to say, the influence
of the Peltier effects on the output performance is limited in such cases.

It is important to note that many researchers are usually interested
in how TEGs are arranged on the heat source, hoping to provide a
suitable temperature difference for TEG [27]. To do this, the TEG
module is usually simplified to a stuffed bulk with an equivalent
thermal conductivity depending on the heat flow [20]. The complex
heat transfer process in the TEG module is approximated as heat con-
duction in the bulk, and the equivalent thermal conductivity is calcu-
lated by the law of Fourier heat conduction:

Fig. 7. The variation of equivalent thermal conductivity with load resistance.

Fig. 8. The schematic of heat collector.

Table 3
The equivalent heat transfer coefficient and ambient temperature for each case.

Equivalent heat transfer coefficient
(w/m2 k)

Ambient temperature
(°C)

Hfin1= 0 mm 20 2593.3
Hfin2= 25mm 169.3 482.8
Hfin3= 50mm 296.3 361.6
Hfin4= 75mm 390.4 322.6
Hfin5= 100mm 453.5 305.5

Fig. 9. The variation of heat flow of hot and cold side with load resistance (a); the var-
iation of output power with load resistance (b).
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However, there are at least two limitations with this simplified
method. One is that the heat transfer in TEG module is anisotropic,
which is usually neglected when calculating the equivalent thermal
conductivity. The other, more importantly, because of the influence of
the Peltier effect, the heat flow cross the module varies greatly with the
current for the same temperature difference, which makes the equiva-
lent thermal conductivity of the simplified model not approximated by
that in the open circuit state. Fig. 7 shows that the equivalent thermal
conductivity of TEG module versus the current. It can be seen that when
the module reaches the maximum output power, the equivalent thermal
conductivity is up to 1.393W/m2 k, increasing by 30.2% when com-
pared with that in the open circuit state (1.070W/m2 k).

On the other hand, in real situations, the heat transfer conditions
provided to TEG usually cannot keep the hot side at a constant tem-
perature [28]. According to the previous analysis, it was found that the
difference between the load resistance and the internal resistance is not
very evident, when the heat transfer conditions on both sides of the TEG
are good (temperature at the boundaries is constant). However, when
the heat transfer conditions is weak (convective heat transfer condi-
tions, just as in most real situations), the Peltier effect may have greater
influence on the performance and heat transfer in these circumstances,
and the ratio of load and internal resistance may significantly improve.
To confirm this, the influence of Peltier effect on the temperature dis-
tribution and output performance of TEG under the different heat
transfer intensity in the hot side was investigated.

The numerical model includes a TEG model and a fin heat collector.
The fin heights Hfin are 10mm, 25mm, 50mm, 75mm and 100mm,
respectively. The fin heat collector is simplified by the method as that in
the study of Meng et al. [29] (Fig. 8). To ensure that the equivalent and
real heat collector have the same heat absorption, the equivalent heat
transfer coefficient (heff) between the equivalent heat collector and the
ambient is calculated by:
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where th is the hyperbolic tangent function, hf is the convective heat
transfer coefficient, and it is assumed to be 20W/(m2 °C), λfin, σ; S is the
thermal conductivity, thickness and spacing of fins. In this work,
λfin=237w/(m2 °C), σ=1.5mm, S=5mm.

To ensure the temperature at hot side is 200 °C in open-circuit case,
the ambient temperature is calculated by the Newton’s law of cooling:

= −∞Q T T f h( )· ·h h eff

where T∞ is the ambient temperature, f is the surface area of hot side.
The heff and T∞ versus Hfin are shown in Table 3. In the open-circuit
state, the hot side temperature is 200 °C in all cases, which denotes a
proper heat collector that can provide a suitable temperature difference
for the TEG module with lower fluid temperature.

As shown in Fig. 9, the effective temperature difference between the
hot side and cold side of the thermoelements, and the output power
vary with the load resistance for different fin heights (Hfin) when the
convective heat transfer condition is supplied. Owing to the influence of
Peltier effects, the temperature at the hot side is reduced and the output
power is lower than that of the previous case. At the same time, the
increase of the load resistance reduces the current, which makes the
Peltier effect weakened and the effective temperature difference in-
creases accordingly. Moreover, the results also show the effective
temperature difference was raised to 13.6 °C (a 10.2% increase) and the
maximum output power was raised to 0.59W (a 14.8% increase) for the
TEG model with fin height of 100mm (Hfin5) compared with that

without fins (Hfin1) when the output power reaches the maximum value.
It should be noted that when the fin height is within a certain range, the
performance is obviously improved. But the improvement of the per-
formance will be limited when the value is greater than the threshold
value. According to the results above, the output power increased by
8.2% when the Hfin increases from 0mm to 25mm, but when it in-
creases from 75mm to 100mm, the output power only increased by
1.1%. Besides, when the heat transfer conditions of the hot side are
weak and the TEG module reaches the maximum output power, the
ratio of the load resistance to the internal resistance (rl/ri) is larger. The
radio increased from 1.14 for Hfin5 to 1.31 for Hfin1 due to the more
significant Peltier effect.

7. Conclusion

A three-dimensional TEG model is established which consists of 127
pairs of thermocouples. Temperature dependent material properties
were considered in the finite-element model, and an experimental TEG
system is built up to verify the accuracy of the model. The open circuit
voltage, internal resistance and output power have been studied by
computational and experimental methods. In summary, the simulation
results are in good agreement with the experimental data and the
maximum deviation is less than 6%, which proved the accuracy of the
present numerical model. Based on this model, the influences of Peltier
effect on performances, temperature distribution, and equivalent
thermal conductivity have been investigated. The following conclusions
were reached: (1) the load resistance and the internal resistance are
inconsistent when the output power of TEG reaches the maximum. (2)
The heat flow in TEG increased by 30.2% due to the Peltier effects.
Consequently, the equivalent thermal conductivity increased by 30.2%
due to the increase of heat flow. (3) The influence of Peltier effects on
the effective temperature difference is limited when the temperature at
the boundary is constant. (4) For convective heat transfer boundaries,
the numerical results showed that the effective temperature difference
was raised by 13.6 °C (a 10.2% increase) and the maximum output
power was raised by 0.59W (a 14.8% increase) for the TEG model with
fin height of 100mm (Hfin5) compared with that without fins (Hfin1)
when the output power reaches the maximum value. (5) The radio of
load resistance to internal resistance increases from 1.14 to 1.34. The
results of the model showed that the temperature distributions of TEG
module are deeply influenced by the Peltier effect. As a consequence,
the influence of the Peltier effect cannot be neglected in the study of
heat transfer performance, especially when the heat transfer condition
at the hot side is weak or the internal resistance of the TEG module is
low.
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