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Abstract A thermoelectric generator is a solid-state device that directly converts heat into electricity
without any moving parts. The problem with these devices is that they are less efficient. The present
study considers modeling and numerical simulation of a thermoelectric generator of different shapes to
evaluate their efficacy. Effective material properties of TEG are used in CPM model of analysis. Different
shapes of the leg have been simulated, keeping the same isothermal boundary conditions. The effect of
the cross-section area of the leg and leg length. Hot-side and cold-side junction temperature and thermal
stress developed are reported. Results shows that trapezoid generators are better from efficiency point of
view where as square and circular cross-section leg produces more power.

List of symbols

zt Material figure of merit
ZT Device figure of merit
α Seebeck coefficient
κ Thermal conductivity
ρ Resistivity of material
L Length of leg
A Cross-section area

˙Qout Heat flow rate out from cold junction
Q̇in Heat flow rate into hot junction
R Total resistance
Rin Internal resistance
RL Load resistance
Th Hot junction temperature
Tc Cold junction temperature
Pout Power output from thermoelectric generator
ηth Thermal efficiency

1 Introduction

Energy has always been among the essential resources
that endorses human society’s progress, evolution, and
prosperity. It is expected that by 2030, world will be
connected by trillions of sensors. It is not accessible to
power all these sensors in remote places. Energy har-
vesting is a viable solution. It can be of several ways like
vibration energy harvesting [1,2], thermal energy har-
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vesting [3,4], etc. Thermal energy is one of most sought
energy sources which can be utilized to power the sen-
sors at isolated locations. Thermal energy is low-grade
energy; during different applications, there is a loss of
66% of thermal energy as waste heat. At high temper-
atures (500 ◦C to 1000oC), thermal energy is converted
to mechanical energy very efficiently. At medium and
low temperatures (150−500 ◦C and 80−150 ◦C), energy
conversion is difficult. This low-temperature thermal
energy can be converted to electrical energy using ther-
moelectric devices. Recovery of even a tiny fraction
of this waste heat and conversion to electrical energy
will significantly impact the industry and society [5–
7]. A thermoelectric generator directly converts ther-
mal energy to electrical energy. The thermoelectric gen-
erator is used in various applications such as waste
heat recovery, satellites, power generation, etc. Hence,
a more significant number of industries are producing
thermoelectric generators. The efficiency of thermoelec-
tric generator varies from [8] 8.9 to 12% [9]. Practically,
it is still lower. A thermoelectric generator is a solid-
state device consisting of semiconductors connected
by metal plates and sandwiched between ceramic sub-
strates. The emf is generated when two sides of the
thermoelectric generator are at different temperatures
[10,11].

A thermoelectric material should have high seebeck
coefficient low electrical resistivity and thermal conduc-
tivity. The above three terms can be combined in one
term z = α2

ρκ .z is having a unit of K−1; it is usually
expressed by a non-dimensional term called zt called
material figure of merit; the higher the zt value, the
better is the thermoelectric material. Thermal conduc-
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tivity has two parts: the electronic part and lattice part,
and the thermal conductivity of the lattice part can be
reduced [12]. With nanotechnology, nowadays, high zt
materials are produced [10]. SnSe thermoelectric mate-
rial of zt 2.6 [13] of p-type and zt of 2.8 [14] for n-type
material have been reported.

During fabrication of thermoelectric devices from
material, the efficiency will reduce. Device figure of
merit is given as ZT as in Eq. 1. Thermoelectric devices
can work as effectively as present mechanical devices if
device ZT is of 4 [15]. Thermoelectric power generation
is a promising technology for future power generation
and waste heat recovery. The problem with TEG is that
they are less efficient. The efficiency of TEG reaches
Carnot efficiency as figure of merit (ZT) tends to infin-
ity. Presently, most of the commercial thermoelectric
devices are made of Bi2Te3. ZT of the commercially
available thermoelectric device is about 1

ZT =
(αp − αn)2

[(kpρn)
1
2 + (knρn)

1
2 ]2

T. (1)

Characterization of thermoelectric generators
involves measuring electrical, thermal, and thermoelec-
tric properties. Performance evaluation of thermoelec-
tric generators done previously shows considerable devi-
ation in the results from one lab to other [16]. Properties
of thermoelectric materials are temperature-dependent.
We can use constant material properties called effective
material properties for simulation purpose. Effective
material properties of TEG are not calculated directly
by experiments. These are calculated theoretically; it
includes the effect of resistance of legs, metal elec-
trodes resistance, ceramic plate resistance, and con-
tact resistances. These properties can be utilized for
TEG simulation [17]. Thermoelectric generators simu-
lated with effective material properties will give excel-
lent results [18] and results are comparable with exper-
imental results . Most of the manufacturers do not pro-
vide material properties [19]. The manufacturer pro-
vides maximum parameters; from these by a reverse
method, we can calculate effective material properties.
The module properties calculated form manufacturers
data by maximum parameters are reported by Simon
Lineykin [20].

The thermoelectric generator’s performance depends
not only on the material property but also on that geo-
metric shape. Based on the application TEG can be of
different shapes like annular, flat. The dimensions of the
leg play a predominant role on performance of thermo-
electric generator. By varying the length of the leg, the
performance of TEG can be improved [12,21]. Rowe in
1992 [22] reported that by decreasing the length of leg
by 55% increases power by 48% and efficiency decreases
by 10%. Sumeet [23] studied automotive exhaust ther-
moelectric generator and reported that efficacy of TEG
depends mainly on on current, junction temperature
difference, leg length, and ratio of cross section area
of P- and N-type leg Ap

An
. A dimensionless parameter

called shape parameter is defined which signifies the

variation of cross section along the length of TEG [24].
As shape parameter increases power decreases, but effi-
ciency increases. Fan et al. [25] presented mathemati-
cal and numerical simulation; they found that for con-
stant heat flux, efficiency decreases as cross-section area
increases . He et al. [26] carried performance evalua-
tion of TEG and found that performance increases with
increase in temperature difference, but decreases with
increase in cross-section area. Fabián-Mijangos et al.
[27] fabricated asymmetric TEG and also performed
numerical simulation. It shows that asymmetric leg is
having potential to improve efficiency and power. Lit-
erature shows that there is scope to improve the geom-
etry of the thermoelectric leg to improve power and
efficiency.

The performance of thermoelectric generator depends
on the heat absorbed at hot junction, rejected at cold
junction and load resistance. A thermoelectric gener-
ator produces more power when the load resistance
is equal to internal resistance. Load resistance is con-
stant for a given application. The internal resistance
can be changed by varying the length, cross-section
area, and other geometric parameters of the leg. Recent
days, there is tremendous improvement in zt of ther-
moelectric materials. However, only Bismuth telluride
TE modules are commercially available. Mechanical
strength is significant in production of bulk TEG.
The present work focuses on performance evaluation
of a commercial thermoelectric generator by simulat-
ing. Comparison of these results with the experimen-
tal results reported Lee et al. [28] and data sheet pro-
vided by the manufacture [29] and analytical results
[30] are presented in Sect. 3. Effect of geometric shapes
on power output and efficiency for uni-couple thermo-
electric generator is presented in Sect. 4. Thermal stress
developed are also evaluated and compared for different
shape of legs.

2 Methodology

Figure 1 shows an uni-couple thermoelectric generator.
P-type and N-type semiconductors are connected elec-
trically in series. Thermally in parallel, connected by a
metal electrode, sandwiched between the ceramic sub-
strate.

In this section, mathematical modeling and finite-
element method of simulation is explained. The sim-
ulation is done using commercial software ANSYS [31].
Effective material properties are used for simulation.
The method to analyze TEG and how to find the effec-
tive material properties are as follows.

2.1 Performance evaluation of thermoelectric
generator by constant properties method

Lofee [32] was the first to propose constant prop-
erty method [CPM] approximation. The properties of
the thermoelectric module are temperature-dependent;
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Fig. 1 Uni-couple Thermoelectric Generator

Fig. 2 Different heat contributions in TEG

averaging the properties was practically proposed by
Lofee. CPM model uses constant Thermoelectric
properties. Ponnusamy et al. [33] reported the discrep-
ancy of CPM model. CPM approximation formulae are
listed below. In the present work, constant effective
material properties are used in CPM model. Let us con-
sider a thermoelectric material; one side is maintained
at temperature higher temperature Th. Another side is
at a temperature Tc. As shown in Fig. 2, thermody-
namic analysis is as follows. Thermal power input to
the element

Q̇in = αThI − 1
2
I2R + κ(Th − Tc). (2)

Thermal power output from the element

˙Qout = αTcI +
1
2
I2R + κ(Th − Tc). (3)

Power produced by TEG element can be calculated as

Pout = Q̇in − ˙Qout = αIΔT − I2R. (4)

Usually, thermoelectric devices are made up of P-
and N-Type semiconductors. As shown if Fig. 1 for this
case, current is calculated as

I = α
Th − Tc

RL + Ri
, (5)

where RL is load resistance and Ri is internal resis-
tance. Internal resistance is the summation of resistance
of P-Type, N-Type semiconductors and contact resis-
tances. P-Type resistance is calculated as Rp = ρpL

A ;
N-Type resistance is calculated as Rn = ρnL

A . Total
Seebeck coefficient of uni-couple is α is α = αp − αn;
where αp&αn are absolute Seebeck coefficients.

If n is number of P–N pairs, voltage is calculated as

V = nα

(
RL

Ri

)(
Th − Tc

RL

Ri
+ 1)

)
. (6)

Efficiency is be calculated as

ηth =
Pout

Q̇in

. (7)

Equation 4 is used to calculate power and Eq. 7 to
calculate efficiency. Effective material properties used
are listed in Table 1 [28].

2.2 Simulation of thermoelectric generator

The present work is to simulate thermoelectric genera-
tor using commercial software, which uses FEM calcu-
lations. Finite-element method was first proposed by
Courant [34]. FEA method was first used to simu-
late thermoelectricity in 1996 by Lau et al. [35]. This
method is useful, because it can handle temperature-
dependent thermoelectric properties. Different types of
boundary conditions and loads can be applied. Arbi-
trary shapes can be analyzed effectively. Commercial
softwares with graphical interface having FEM algo-
rithm are available now. ANSYS Thermal Electric uses
coupled thermal electric equations using FEM method.
It is suitable for thermoelectric analysis. The study

Table 1 Effective properties of TEG material [28]

Material Thermal
conductiv-
ity (w/mk)

Seebeck
coefficient
(mV/k)

Electrical
resistivity
(Ohm.cm)

Youngs
modulus
(Gpa)

Poisson
ratio

CTE (/K) Specific
heat
(j/kgk)

N-Type 1.62 – 0.167 0.00153 45 0.22 1.6 ∗ 10−5 154
P-Type 1.62 0.167 0.00153 45 0.22 1.6 ∗ 10e−5 154
Copper 386
Resistor Varies
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Table 2 Grid Details

Particulars Meshing
Type-I

Meshing
Type-II

Meshing
Type-III

Nodes 3909 18,879 20,000
Elements 500 3296 2500

includes simulation of commercially available HiZ-2
thermoelectric module. Modeling is done in Design
Modeler. Mesh is generated in ANSYS meshing tool.
This model has 97 P-N pair, as shown in Fig. 5a. For
optimization purposes, the shape of the leg is changed
to circular, as shown in Fig. 5b. Figure 4 shows a model
of different shapes of uni-couple thermoelectric gener-
ator. A commercially available thermoelectric module
is square in shape. In this work, circular, trapezoid,
and cone-shaped legs are considered for analysis for the
uni-couple thermoelectric module. For uni-couple anal-
ysis, cross-section area of leg of square and circular are
kept constant. A new design, as shown in Fig. 4f square
with hole, has been proposed. Performance and ther-
mal stress analysis has been done for different shapes
of TEG.

2.3 Grid independence test

The grid independence test is done on uni-couple TEG.
The analysis is done for different grid sizes keeping
boundary conditions constant, as shown in Fig. 3. The
square leg semiconductors have been used with the
hot junction temperature of 700 ◦C and cold junction
temperature of 30 ◦C. Convergence is attained at 500
elements.

Fig. 3 Grid independence test

3 Performance analysis of 97 P–N pair
thermoelectric generator

A 97 P–N pair thermoelectric module is simulated using
effective material properties. The temperature profile
of a square thermoelectric module is simulated with
dimensions of commercially available HiZ-2 thermoelec-
tric module, as shown in Fig. 8a. Temperature distribu-
tion of circular pillar TEG potential variant of square
TEG is shown in Fig. 8b. Using the effective mate-
rial properties as proposed by HoSung Lee [28], HiZ-2
Thermoelectric module is analysed with temperatures
Th = 230 ◦C and Tc = 30 ◦C. Simulation results are
obtained from ANSYS, analytical results are obtained
from Eq. 4, and experimental results are taken from Lee
et al. [28]. From Fig. 6, it is observed that the simulated
and analytical results are in well agreement with exper-
imental results as reported HoSung Lee et al. [28] . The
variation of power with current at optimal load resis-
tance is shown in Fig. 7a, which is parabolic in nature.
The variation of voltage with current is linear (Fig. 7b).

To understand effect of shape on the performance of
TEG, the legs with square and circular cross sections
are presented in Fig. 9. Isothermal hot junction tem-
perature Th = 250 ◦C and cold junction temperature as
Tc = 50 ◦C, Hi-Z2 Thermoelectric module is simulated.
Variation of power with load is plotted as in Fig. 9.

Figure 9 shows comparison of power for square and
circular leg thermoelectric generator and data sheet
of manufacturer of HiZ-2 [29] . Cross-section area is
not identical for square and circular leg. Cross-section
area of square leg is 2.102mm2 and that of circular is
1.65mm2. Length of both legs is 2.87 mm. The cross-
section area of square leg is more; hence, its internal
resistance is low. It is observed that square leg TEG
is better at lower load resistance and circular leg TEG
has higher output at higher load resistance due to the
difference in internal TEG resistance introduced by
shape change. Based on the external load, TEG can
be designed as square or circular to get more power.

Effect of different geometric shapes on the TEG per-
formance is reported in the next section considering uni-
couple.

4 Performance analysis of uni-couple
thermoelectric generator

A uni-couple TEG consists of one P-type and one
N-type semiconductor connected by metals electrode.
This section presents the effect of geometric shape, leg
length, and cross-sectional area on the performance.
The thermal stress developed is also reported in this
section.

4.1 Study of effect of different shapes of TEG

Figure 4 shows different leg shaped TEGs. Simulation
is done with hot-side temperature as 700 ◦C and cold-
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Fig. 4 Different shapes of uni-couple thermoelectric generator
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Fig. 5 TEG of different leg shapes

and Sim Ana Comparison.eps

Fig. 6 Variation of power with hot junction temperature

side temperature as 30 ◦C. The power output of these
TEGs with load resistance is shown in Fig. 10. It is
observed that for same cross-section area, circular and
square leg TEGs have identical power and conversion
efficiency but higher compared to other shapes because
of Seebeck coefficient; electrical conductivity and ther-
mal conductivity do not depend on shape of leg. The
cascaded TEG has the lowest power output. Cascaded
or multistage TEG can be used with different material
at different stages and can be more efficient.

As cross-section area increases more heat enters and
it becomes difficult to maintain temperature differ-
ences. A new shape shown in Fig. 4f square leg with
holes in it which will be effective in maintaining tem-
perature difference. It produces more power than the
trapezoid-shaped or cone-shaped leg. Figure 11 shows
the efficiency of different TEGs. The trapezoid-shaped
TEG is having more conversion efficiency, but power
produced is low. Combination of square with trapezoid
is producing less power compared to square but more
power than trapezoid. The TEG with P-larger has the
lowest efficiency at low loads. Power produced by P-
type larger TEG is also low.

for Hiz.eps

(a) variation of power with current

for HiZ.eps

(b) variation of voltage with current

Fig. 7 Performance analysis of 97 P–N pair TEG(HiZ-2)
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distribution oh HiZ TEG.eps

(a) Temperature distribution of HiZ-2

97 pair tem distribution.eps

(b) circular leg TEG Temperature distribution

Fig. 8 Thermoelectric generator 97 P–N pair

of HIZ with others.eps

Fig. 9 Effect of load resistance on power

4.1.1 Effect of cross-section area of cone leg

A cone shape TEG is also simulated by keeping base
cross-section area same as that of the square leg TEM.
The top cross-section area is varied as diameter 0.6 mm
and 0.8 mm. It is observed that it produces more power

for all unicouple shapes (2).eps

Fig. 10 Effect of load resistance on power for uni-couple
TEG

as the cross-section area increases, as shown in Fig. 12,
because more heat flux enters and has more power.

There is not much difference in power produced by
cone-up and cone-down the type of thermoelectric mod-
ule. Even for pyramid-up and down power produced is
same as in Fig. 13.
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for all shapes unicouple (1).eps

Fig. 11 Variation of efficiency with load resistance for uni-
couple TEG

4.1.2 Thermal stress analysis on TEG leg

In a TEG, thermal stresses will develop due to coeffi-
cient of thermal expansion as there is temperature dif-
ference between the two ends of the generator. It is one
of the critical parameters for designing a TEG. The
isothermal boundary condition of the hot junction at
500 ◦C and cold junction at 30 ◦C is used for simula-
tion. Figure 14a shows max von Mises stress increases
as the length of the leg decreases. Figure 14b shows
max von Mises stress comparison for various shapes.
It can be observed that the pyramid shape has maxi-
mum von Mises stress of 794 MPa, square has max von
Mises stress of 754 MPa, and circular-shaped leg is hav-
ing max von Mises stress of 709 Mpa. Figure 14c shows
variation of maximum von Mises stress with increase
in hot junction temperature and cold junction temper-
ature is at 30 ◦C. From Fig. 14c, it is observed that
maximum von Mises stress increases with an increase in
temperature. Figure 14d shows the variation of max von
Mises stress with temperature for different leg shapes.
Circular-shaped TEG has the lowest stress.

4.1.3 Effect of hot and cold junction temperature

Simulation of TEG is done with the constant temper-
ature difference of 630 ◦C between hot and cold Junc-
tion. The increase the cold junction temperature from
0 to 50 ◦C decreases the power by 0.75 mw. And
increasing the hot junction temperature from 700 to
750 ◦C decreases the power by 0.58 mw as shown in
Fig. 15. Variation in the cold junction temperature has
more effect on performance than variation in the hot-
side temperature.

of cross section area (1).eps

Fig. 12 Effect of top cross-section area of cone

erses pyramid.eps

Fig. 13 Performance analysis of cone, pyramid-up and -
down TEG

4.1.4 Effect of leg length

Figure 16 shows the effect of leg length on power output.
It can be observed that as leg length decreases, power
produced increases; however, it is difficult to maintain
temperature difference for smaller leg length.

5 Conclusions

Performance of thermoelectric generator depends on
load resistance and internal resistance. For a particular
application, load resistance will be fixed; hence, inter-
nal resistance can be changed slightly by varying the
geometric parameters. Hence, good performance can be
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stress verses length of leg.eps

(a) Variation of max von Mises stress with
length of leg

for different shapes.eps

(b) Thermal stress for different shapes

verses temp.eps

(c) Variation of Max von Mises stress with
temperature

stress verses temp for differnet temp.eps

(d) Variation of Max von Mises stress with
temperature for different shapes

Fig. 14 Thermal stress analysis

(a) Variation of power with cold junction
temperature

(b) Variation of power with hot junction tem-
perature

side effect.eps side.eps

Fig. 15 Effect of hot and cold junction temperature
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Fig. 16 Effect of leg length on power

achieved. In this study, the simulated results are com-
pared with experimental results and analytical results
for a commercial TEG; all three are good in agreement.
The results are also compared with the data sheet pro-
vided by the manufacturer. Performance optimization is
done for 97 P–N pair thermoelectric generator [Hi-Z2].
The shape of the thermoelectric generator’s leg is varied
from square- to circular-shaped leg. It is observed that
at low load resistance, square-shaped TEG is good, but
for larger load resistance, circular TEG is better.

Different shapes of uni-couple thermoelectric gener-
ators are analysed, and it is observed that with same
cross-section area, square and circular leg TEG pro-
duces identical power and efficiency whereas, circu-
lar leg TEG will have lower thermal stress. Trapezoid
shaped leg is having higher efficiency compared to other
shapes. Variation in the cold junction temperature has
a higher effect on performance than variation in the
hot-side temperature.
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