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Abstract

Energy needs and awareness of renewable energy are always increasing from year to year. This results in a very large demand
for renewable energy. Nowadays, its special concern is exhaust emissions. This article presents numerical thermoelectric
modeling and simulation with BiTe-based materials. The type of sandwich material and the height of the thermoelectric legs
are varied for the output power and power efficiency factor. Numerical simulations are carried out using software assistance.
The input temperature on the thermoelectric hot side varied from 300-1000 K. A simplification of the simulation was carried
out by taking into account thermoelectricity with a single leg (a couple n-type and p-type). Based on the analysis, the choice
of sandwich material has an effect on the temperature gradient and the output power of the BiTe-based thermoelectric
generator. The resulting power output is 32.82 mW, and the maximum efficiency is 22.92% when the temperature difference

is 350—400 K. The results show that the developed generator can be used at temperatures below 600K.
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1. Introduction

The demand for energy grew by 40% in 2020, and is expected
to continue to increase.!'? Based on data from the Minister of
Energy and Mineral Resources, the intensity of final energy
consumption per Capita in 2020 was 3.11 BOE per Capita and
in 2021 it increased to 3.12 BOE per Capita and in 2022 it
became 3.04 BOE per Capita.®! The demand for electricity use
causes a lot of electrical energy to be met. On the other hand,
fossil energy is increasingly depleting. As one answer to this
need, thermoelectric technology is an alternative source of
energy. A thermoelectric device converts energy and functions
as a generator as a result of temperature differences./ Besides
functioning as a generator, this device can also be used as a
heat pump and cooler. As a waste energy harvester and
converter, thermoelectric is a desirable alternative when the
temperature difference between the hot and cold sides is quite
high. This energy conversion is a fundamental coupling
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between the electric charge and the energy carried by each
moving electron.’] The coupling strength of this device is
called the Seebeck coefficient, or thermoelectric power.[) The
Seebeck effect is used by this device's generator function to
transform heat energy The
thermoelectric system has a performance that is usually
assessed based on the figure of merit.”? This non-dimensional

into electrical energy.[*

value is denoted by ZT, which is a combination of the thermal
and electrical transport properties of the system and the
coupling at temperature (T).

This thermoelectric generator has several features, such as
high reliability and durability at a lower cost, does not require
maintenance, and has a shorter process because the energy
conversion that occurs takes place without an intermediate
energy conversion process.!'*!"l In addition, this system has the
potential to be an alternative energy source by utilizing energy
waste, creating clean, emission-free, and noise-free electricity,
and reducing gas and carbon emissions from the greenhouse
effect.'”) This device has been widely used in portable
electronic devices such as glucose monitoring device,!'?
electroencephalography (EEG),'¥ accelerometer,!'] sweat
conductivity monitoring,!'®) pressure temperature Sensor,!!”)
and human motion monitoring,/'8! whose power requirement is
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in the range of mW to uW.

There have been many developments in thermoelectric
material research, Rafal Zybalal'”! modified the GeTe material
by adding AgSbSe, and AgSbTe, to reduce the thermal
conductivity value. The results show the optimal value of
ZT=1.2 at 600 K. Liu et al.? modified one of the N-type legs
by adding PbTe elements. The results show a ZT value of 1.5
at a temperature of 773K. The thermoelectric thermal
conductivity was reduced by adding AgSb, to SnSe, the results
showed a ZT value of 1.21 at 660K. Zhongliang conducted
research on the BiTe material used on P-type and N-type, the
resulting efficiency was 17% at 500K.?'! Based on several
existing studies, each material has advantages at different
operational temperatures. Kim, Mukyung conducted research
on combining two materials to increase efficiency.”? As
explained earlier, thermoelectric have been widely used.
However, there is still a lot of development and potential to
increase the efficiency and output power produced.

Thermoelectric fabrication has been widely carried out./?*
Apart from that, experimental research has also been carried
out, this research requires a lot of costs both for production
and the test equipment used. So alternative simulations emerge
to reduce research costs.[?*2°I The simulation is carried out by
making a thermoelectric model in 3 (dimensional) form which
is then transferred into the simulation software. The simulation
is carried out using Ansys software.

This paper presents 3D modeling and simulation of
thermoelectric sandwich materials with p-type and n-type
BiTe based thermoelectric legs. BiTe has special properties so
this material is very good to use as a basic material. BiTe has
a high thermoelectric efficiency value but has limitations at
low operating temperatures, namely in the range of 300-600
K. So this article uses two materials to increase operational
temperature. The height of the thermoelectric legs and
material variations are analyzed. In addition, the generated
voltage, output
thermoelectric efficiency are calculated and analyzed using

thermoelectric current, power, and

modeling and simulation.

2. Theory and methods

2.1 Theory

To carry out a numerical simulation study, we firstly found out
the analytical solution to the one-dimensional thermoelectric
problem with a number of n feet and the resistance Ry as an
external load. The thermoelectric pair consists of a p-leg
element and an n-leg element. In this study, all heat transfer
losses, electrical contact resistance, and thermal contact are
ignored. The system is in a stable state, and the power
absorbed on the hot side of the thermoelectric module and the
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power released on the cold side can be expressed in the
following equation.[2!:28.29]

Py =n|ITya = 2R+ K (T, ~ 1) (M)

)

In the equation above, the first term is the resultant Peltier heat

P,=n [ITha —2I2R + K(T, — TC)]

(power), followed by the Joule heat (power) in the second and
third terms, and the Fourier (power) in the last term. The 2
ratio in the Joule heat term is an illustration that each hot
junction and cold junction "consume" half of the total Joule
heat because the thermoelectric module has the same number
of negative legs and positive legs. The Seebeck coefficient a,
resistance of a thermocouple R and thermal conductance K can
be written more explicitly as

a= (ap - Qy) 3)
— Pol o pnl
R=tt o @
1
K = N (KpAp + K, A,) (5)

The length of the thermoelectric leg is indicated by L, and the
cross-sectional area of the thermoelectric is indicated by A. As
the difference between Py and P, the output power of the
system can be expressed in terms of current and external load
resistance Rr. Also, the current in the system is equal to the
Seebeck coefficient divided by the total resistance, where the
total resistance is internal R plus external Ry.

P,—P.=W =1I°R, (6)
_ a(Tp—Tc)
I'= R+R;, %

Based on equations (1), (2), (6) and (7), the value of the
thermoelectric efficiency can be represented as,

_ Pp—Pc _ ﬁ
= p = e pratprarntn.z

8)

RL (ZZ
=, /= —

Where,§ = 5 Y

2
== (when referring to a single le
oK g g g

with sole TE material) and 7, = T"T_T”. It can be shown that the
h
maximum efficiency occurs at § = % =1+ ZT, Where T

is the average of Ty, and T.

_ Tp-T: [mq ] )

Mmax =~/ x/1+zT—T—}Cl

T,

2.2 Methods

The research method used in this study was numerical
prediction with the help of Ansys software.>>3% The three-
dimensional design of the thermoelectric module was made
using Solidworks software and then imported into Ansys as a
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Table 1. Module dimension.

Module Dimension Value (mm) Symbol
TE leg height In Table 2 H

TE leg width 0.7 w

TE leg length 1.4 L
Spacing between legs 1.0 D
Substrate thickness 0.8

reference for the geometry of the thermoelectric module.
Dimensional details can be seen in Table 1 and the three-
dimensional thermoelectric geometry is shown in Fig. 1.
Modeling and analysis of the thermoelectric characteristics of
this generator is simplified into a single leg. In addition, a
variation of the thermoelectric leg in the form of a sandwich
and also its height was carried out. The simulation variations
are shown details in Table 2. In this study, the material used is
divided into two types. The first type of material with positive
leg BiTe and negative leg Bi>S3 which is then called material
1 (M1). the second type of material with a positive leg is a
combination of two materials, namely (CuSe+; BiTe+) and a
positive leg (Bi2S3- ; BiTe-) which is hereinafter called
material 2 (M2).

Hot Ceramic

N-type -1
N-type -2
P-type -1
P-type -2
Cold Ceramic

Fig. 1 Single thermoelectric geometry.

As shown in Fig. 1, this new thermoelectric model was
designed by dividing the leg width into two parts. In the
divided part, there are two different materials. In addition, the
height of the thermoelectric leg was also evaluated to find the
maximum height. In this study, the thermoelectricity was
evaluated on the cold side at 300K and the hot side was varied
at 300-1000K.

2.3 Meshing
The meshing results are shown in Fig. 2, where the meshing

© Engineered Science Publisher LLC 2024

used the hexagonal method by making more detailed
arrangements on parts that have small sizes to get good
temperature and power distribution results. The meshing sizes
used on the sides of the thermoelectric, ceramics, and copper
legs are 0.1 mm, 0.05 mm, and 0.01 mm respectively.

0.000

10.000 20.000 (mm)
|

5.000 15.000

Fig. 2 Meshing model.

Table 2. Simulation variation set-up.

. Module Height Range Hot
Material Type .
(mm) Side (K)
10
M1) 15
(BiTe+) (Bi2S3-) 20
300-1000
M2) 10
(CuSe+; BiTe+) (Bi2S3-; 15
BiTe-) 20
2.4 Validation

Simulation research requires a validation process to verify the
simulation results are running correctly. In this study, the
validation process was carried out by re-simulating previous
research, namely research conducted by Erturun in 2012 and
also Harsito in 2020. As the basis for creating numerical
models for later research activities, this method must have
great precision. If this model has a maximum error value of
5%, it is considered accurate.l>*3'1 Based on the results of the
validation carried out, it can be concluded that the modeling
carried out is accurate with an error value of 1.5%. So that
modeling with configurations can be continued for the
simulation of this research case. An accurate validation
process is also affected by a very precise mesh size.

3. Results and discussion

3.1 Power output

This section presents the simulation findings. It has been
assessed how current and voltage affect the power produced.
The thermoelectric performance is also evaluated by inputting
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Table 3. Validation.

Variable Erturunf31-31 Harsito!3"] Validation
Voltage (V) 8.70E-02 8.70E-02 8.70E-02
Current

Generated 328.00 326.00 326.85
(mA)

Power

Generated 28.50 28.00 28.44
(mW)

Heat

Absorbed 673.00 671.59 672.95
(mW)

Efficiency (n) 4.235% 4.169% 4.226%

a hot temperature from 300 K to 1000 K while the cold
temperature on the reverse side is kept constant at 289 K.
According to Fig. 3, the value of the generated thermoelectric
power increases with the increase in temperature difference.
In addition, the combination of materials in each leg affects
the value of the thermoelectric power. The length of the
thermoelectric leg affects the value of the power generated.
The shorter the thermoelectric leg, the higher the generated
power value. However, the combination of M2 (CuSe+; BiTe+)
(Bi2S3- ; BiTe-) material has a lower power value than M1
(BiTe+) (Bi2S3-) material. The power value produced at a low
temperature difference is relatively similar than when the
temperature difference between the hot and cold sides reaches
700 K.
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* M1-15
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% M2-10 . "
M2-15
5 w220 . " 7]
* ]
=20 " . _
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o L . =, )
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* @ i
| = s 2 -
. é
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Fig. 3 Power generation and temperature difference.

As illustrated in Fig. 4, the power output value is affected
by the current in the thermoelectric material. The higher the
value of the applied current, the higher the value of the
generated power. Based on the material used, M1 material has
a higher power output value than M2 material at the same
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current. So that at the same power value, the value of the
electric current in the M2 material is greater than that of the
M1 material. As a result of variations in leg height, the power
value produced by the leg height is 10mm higher than the other
leg heights. This phenomenon occurs in materials M1 and M2.
The higher the thermoelectric leg, the lower the power
produced. This happens because the longer the leg of the
module, the greater the value of its electrical resistance.l]
Apart from that, the material used also affects the value of the
power produced. At the same leg length (10 mm), the power
value of the M1 material is higher than the power value of the
M2 material. This is caused by the influence of the thermal
conductivity value; where the value of the thermal
conductivity of the M2 material is a combination of the two
materials so that it is 1,861 Wm™'K"! and the M1 material is
1,280 Wm™'K-!. When the thermal conductivity is high, the
thermoelectric temperature increases rapidly on the cold side,
so that the thermoelectric material becomes inefficient.2!34
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35 o T T T T T
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|'= X A | ) ] ) | L
0,015 0,030 0,045 0,060
Current Density (mA)

Fig. 4 Effect of current density on power output.

In addition to the current and temperature difference, the
voltage generated from the thermoelectric also affects the
power output. The output power value will increase along with
the increase in the electric voltage value, as shown in Fig. 5.
generated by the
thermoelectric system are multiplied to provide the power

The voltage and electric current
value.353

Based on the previous discussion, differences in
temperature, current and voltage affect the thermoelectric
power output. These three parameters are interrelated because
the value of the power output is the result of multiplying the
current and voltage. In addition, the Seebeck coefficient also
influences the value of the resulting voltage and current.3” M1

material has a greater power value when the temperature
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difference is greater than 200 K while M2 material will have a
greater power value when the thermoelectric side temperature

difference is 200 K and below.
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Fig. 5 Power output due to electric voltage.
3.2 Efficiency

The heat energy absorbed by a thermoelectric is then released
into electrical power depending on the type of material used.
Material configuration can also affect the electrical power
generated. The level of thermoelectric efficiency is also
influenced by the thermoelectric output voltage. Fig. 6
demonstrates that the best thermoelectric efficiency values
occur when the voltage values range from 99.49 mV to 125.96
mV for Thermoelectric with a leg length of 10mm, 98.84 mV
to 123.93 mV for a leg length of 15mm, and 98.06 mV to
121.78 mV for a leg length of 20mm.The maximum efficiency
is produced when the difference in hot and cold temperatures
is between 350-400 K for all types of materials. But the highest

efficiency is in the M2 type material with a leg length of 20mm.
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Fig. 6 Efficiency vs Voltage.
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Fig. 7 Effect of current to efficiency.

The current efficiency phenomena is depicted in Fig. 7.
This is the same as the relationship between voltage and
efficiency Dbecause current and voltage are directly
proportional to power. The maximum efficiency value is found
in the M2 type material with a leg length of 20mm when the

hot side is 700 K and the cold side is at 300 K.

3.3 Temperature distribution

The material that makes up this thermoelectric composite
besides affecting the power generated, also affects the
temperature distribution inside the material itself. The
following is the result of the temperature profile on the two
thermoelectric legs with two different configurations. Fig. 8
depicts the temperature distribution profile of two different
types of material.

The results show that the distribution that occurs in the M1
material is more linear, in contrast to the M2 material, one of
the legs has an unequal temperature distribution. The M2
material looks hot which is generated moving faster to the cold
side. This results in a decrease in the value of the power
released by the M2 material.

4. Conclusions

Research on numerical thermoelectric simulation of
composite materials was carried out with Ansys software.
Based on the simulation results, the material type M1 with a
foot height of 10 mm has a power value of 32.82 mW at a
temperature difference of 700K or 1000K on the hot side and
300K on the cold side. The power values of materials M1 and
M2 are the same when the operating temperatures are different

and the current values are different too. Different values of
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Fig. 8 Temperature Distribution (a) M1 [BiTe+; Bi»S3-] (b) M2 [CuSe+; BiTe+ and Bi,S3-; BiTe-].

thermal conductivity affect the value of this thermoelectric
power. Type M2 material has an efficiency of 22.92% at a leg
length of 20 mm, and the resulting power value is 6.85 mW.
In research based on numerical simulations, there are several
parameters that must be considered, such as the thermoelectric
system. Research with a closed system to determine the effect
of fixed resistance on the output power and thermoelectric
efficiency can be carried out and can then be compared with
one another..
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