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Abstract— Thermoelectric generator (TEG) is the solid state device that converts the thermal gradient into electrical energy. TEG is 
widely used as the renewable energy source especially for the electronic equipment that operates with the small amount of electrical 
power. In the present analysis, the finite element analysis (FEA) using ANSYS is conducted on a model of the TEG attached with the 
aluminium, Al plate on the hot side of the TEG. This simple construction of TEG model was built in order to be used in the waste heat 
recovery application. It was shown that the changes of the width and thickness of the Al plate increased the temperature gradient 
between hot and cold sides of TEG. This directly increase the voltage produced by the TEG based on the Seeback effect. The increase 
of the thermal gradient due to the increment of thickness and width of Al plate might be because of the increase of thermal resistance 
of Al plate. Based on statistical analysis using full factorial of design of experiment, Al thickness play a major role in changing the 
performance of proposed TEG compared to that of Al width. This finding provides a valuable data in design process to build a good 
TEG attached with Al plate for the waste heat recovery application. 
 
Keywords— Thermoelectric generator; Finite Element Analysis; Energy Harvester; Full Factorial; Renewable Energy 
 
 

I. INTRODUCTION 

The pollution issues have increased the concern of using 
the environmental friendly power generation [1],[2]. Waste 
heat recovery using thermoelectric material is one of the 
environmental friendly power generators that widely used 
nowadays. Thermoelectric power generator have been used 
to recover waste heat from different type of sources such as 
heat dissipation from vehicles, sun irradiation, hot waste 
water from industry to name a few. Thermoelectric power 
generation only requires the thermal gradient to generate the 
electrical energy and do not produces any additional polluted 
by-products. Thermoelectric power generator is operated due 
to the Seeback effect where the generation of electrical 
potential is directly proportionate with the gradient of 

temperature between the hot and cold sides of thermoelectric 
material [3]. 

There are some studies have been conducted to utilise the 
thermoelectric generator (TEG) in order to generate the 
electrical power. Waste heat recovery from the cars [4]–[6], 
hot water or hot gas wastage from industries [7],[8], heat 
from the sun irradiance or as part of hybrid system with 
other power generator devices [9]–[11] are some of the 
application of the TEG to name a few. 

Finite element analysis (FEA) is one of the methods that 
has been widely used to design and optimize the TEG in the 
earlier stage before the development process. This provides 
an initial result in order to develop an optimized prototype of 
TEG right before it is tested in the field. Some researchers 
have successfully carried out the FEA in order to design and 
build the prototype of TEG devices [12]–[16]. Antonova and 
Looman [12] reported the procedure of conducting FEA on 
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TEG model using ANSYS and also the possible solution in 
the process of designing the TEG. Chen et al. [13] conducted 
a numerical analysis or FEA on the TEG with thermal-
concentrated solar panel. They noted that the thermal 
resistance and thermal spreading resistance of thermal-
concentrated solar panel are two major factors affecting the 
performance of TEG. Clin et al. [14] carried out 
thermomechanical analysis on the extruded bismuth telluride 
(BiTe) using FEA and found that thermal changes has 
significant effect on changing the deformation behavior of 
TEG module. Crane et al. [15] conducted steady state and 
transient analyses using FEA on the cylindrical TEG that 
usually used for the waste recovery for gas and liquid. They 
reported that the prototype of cylindrical TEG was based on 
the optimization process conducted through FEA. 
Kossyvakis et al. [16] reported that FEA can be used to 
evaluate and validate the commercial available TEG 
performance with a good agreement.  

In the current study, simulation of simple construction of 
TEG is carried out by using commercial FEA software, 
ANSYS. A three dimensional (3D) model of TEG that 
consist of n-type and p-type bismuth telluride alloys, copper 
strip, alumina or ceramic plate and also aluminum plate are 
built to analyse the deterministic behavior of the TEG. The 

thickness and width of aluminum plate are chosen as the 
design variables or the factors of interest for the proposed 
TEG model. Statistical analysis using design of experiment 
(DOE) of full factorial is conducted in order to analyse the 
effect of selected factors (Al thickness and width) on the 
performance of TEG based on the value of heat rate, 
electrical power and output power. 

II. MATERIAL &  METHOD 

The built-in tool in ANSYS named Parametric Design 
Language and Macros (APDL) is used to execute the FEA 
program in ANSYS. A three dimensional (3D) model of 
TEG that consist of n-type and p-type bismuth telluride 
(BiTe) alloys, copper (Cu) strip, alumina (Al2O3) or ceramic 
plate and also aluminum (Al) plate is built as a model for the 
FEA. The TEG is connected in series electrically and 
parallel thermally. The material and element definitions and 
also the coupled-field analysis for TEG are based on studies 
of Antonova and Looman [12] and Erturun et al. [17]. Table 
1 shows the geometry and materials definition for the TEG. 
Figure 1 illustrates the model and material used for the TEG.  

 

 
TABLE 1  

GEOMETRY AND MATERIALS DEFINITION FOR THE TEG 

Material Definition and Geometry Al Al 2O3, 
Ceramic Cu n-type BiTe p-type BiTe 

Electrical Resistivity, ρ (µΩ m) 0.25 1 × 1018 0.18-0.38 
(300-600K) 

9.8-14.9 (300-
500k) 

13.8-25.0 
(300-500K) 

Thermal Conductivity, λ (W/Mk) 200 37.2-17.2 
(293-600K) 

398-382 
(293-600K) 

1.78-3.50 
(300-500K) 

1.22-5.24 
(300-500K) 

Seeback Coefficient, α (10-6/K) - - - 16.8 16.8 
Thickness (cm) 0.50 0.05 0.075 1.00 1.00 
Length (cm) 1.00 1.00 1.00 1.00 1.00 
Width (cm) 3.14 2.64 1.00 1.00 1.24 

 
The element of SOLID226 is selected for all materials 

because it has three isoparametric couple-field elements 
with structural, thermal, and electrical degrees of freedom at 
nodes. Present analysis is called as coupled-field analysis 
due to the combined analysis between thermal and electric 
(thermoelectric) fields. ANSYS has the capability in order 
to conduct the thermoelectrical analysis and it has been 
successfully applied by several researches 
[12],[14],[17],[18]. Figure 1 shows the model developed for 
the proposed TEG. From Figure 1, the Al plate is placed on 
the top of the hot side of TEG. The configuration in Figure 
1 also shows that the connection for TEG is electrically in 
series with the cold side TEG connected to an external 
resistance of Ro, and thermally in parallel with the hot side 
is on top and cold side is at the bottom of TEG.  

To conduct the thermoelectric analysis, several governing 
equations should be taken into consideration. Following are 
the conduction and continuity equations for the coupled 
equations of thermoelectricity [17]. 

 

( ) (k )α∇⋅ −∇⋅ ∇ = ⋅
ur ur ur

TJ T J E             (1) 
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where T and E

ur
 represent the temperature and the electric 

field, respectively. The electric field is derived from the 

electric scalar potential ( )Eφ φ= −∇
ur

; J
ur

 represents the 

electric current density vector. α, k, and eρ  represent the 

Seeback coefficient, thermal conductivity, and the electrical 
resistivity of thermoelectric element, respectively. 

The steady-state analysis is performed to analyse the 
temperature distribution and power generation of TEG. The 
temperature gradient of 300 °C for steady-state analysis is 
applied between the hot and cold sides of TEG. Steady state 
analysis is carried by assigning the hot temperature of 
327 °C on the top of the Al plate and cold temperature of 
27 °C on the bottom side of Al2O3 ceramic side that located 
near the cold side TEG. This creates 300 °C of temperature 
gradient between the hot side and the cold side of TEG. The 
power generation analysis is conducted by measuring 
several parameters namely electrical current, I output power, 
P and efficiency, ƞ as follows [12]: 
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where T∆ is the temperature gradient between the hot and 
cold sides of thermoelectric material, R is the combined 
internal electrical resistance for the p- and n-type 
thermoelectric legs, Ro is the external resistance, and Qh is 
the thermal input to the hot junction or heat rate.  

 
 
 
 
 
 
 
  
 
 
 
 
 
 

Fig. 1 Model of TEG 
 

Design of experiment (DOE) using full factorial is used 
to analyse the effect of selected factors namely the thickness 
and the width of Al plate on the performance of TEG. Table 
2 shows the design sets based on the full factorial for FEA 
of TEG. 

TABLE 2 
DESIGN SETS BASED ON FULL FACTORIAL FOR FEA OF 

TEG 

Design Sets Al Plate 
Thickness (cm) 

Al Plate Width 
(cm) 

1 0.50 0.50 
2 0.50 10.00 
3 10.00 0.50 
4 10.00 10.00 

III.  RESULTS AND DISCUSSION 

Figure 2 illustrates thermal distribution of TEG for each 
design sets 1, 2, 3, and 4. In Figure 2, it is indicated that the 
hot side of TEG experiences the highest temperature, 
whereas the cold side of TEG experiences the lowest 
temperature of heat. This is in agreement with the 
temperature loads assigned earlier where the highest 
temperature is applied at the hot side of TEG, and the lowest 
temperature is applied at the cold side of TEG. However, 
there is the drop of temperature between the Al plate and the 
hot side of TEG with value of 325.440 °C, 325.445 °C, 
309.637 °C, and 318.165 °C for design sets 1, 2, 3, and 4, 
respectively. The purpose of putting the alumina ceramic on 
top and bottom side of TEG is to give a support and also to 
increase the rigidity of TEG. This is because the 
thermoelectric material or BiTe alloy is brittle and easily 
crack.  
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Fig. 2  Thermal distribution of TEG for (a) design set 1, (b) design set 2, (c) 
design set 3, and (d) design set  
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Fig. 3  Electrical current distribution of TEG for (a) design set 1, (b) design 
set 2, (c) design set 3, and (d) design set 4 

In addition, it is known that the alumina ceramic is not a 
good conductor [17]. Therefore, the drop of temperature 
between the Al plates onto the hot side of TEG is due to 
increment of thermal resistance that occurs inside alumina 
ceramic plate. Figure 3 shows the electrical current 
distribution of TEG for each design sets of 1, 2, 3, and 4. 

In Figure 3, the distribution of the electrical current is 
different with the thermal distribution as shown in Figure 2. 
This is because TEG material of BiTe has nonlinear and 
temperature dependent properties compared to that of other 
materials namely Al2O3 ceramic, Cu strip and Al plate as 
can be seen in Table 1. In addition TEG material also I  built 
by two different types of n- and p-type BiTe where both 
materials has different value of impurities and also the 
reaction towards heat and current flows [19]. In Figure 3 it 
is noted that the highest current is located at the cold site of 
n-type BiTe whereas the lowest current is located at p-type 
BiTe. Figure 4 displays the results obtained in terms of heat 
rate, electrical current, output power and efficiency.  

From Figure 4(c) it is shown that the design set 1 has the 
highest or optimum value of output power followed by 
design sets 2, 4, and 3. The same trend is also shown from 
the results of heat rate, current and efficiency. Thus it can be 
inferred that the heat rate, current, power and efficiency has 
a linear relationship with each other. The reason for this 
phenomenon is due to the design set 1 has the lowest value 
of Al plate thickness and width amongst other design sets. 
This directly increase the heat transfer rate as seen in Figure 
3(a) due to the reduction of thermal resistance experienced 
by Al plate. Following is the formula to measure the heat 
transfer rate [20]: 

 
∆=

T

T
Q

R
                                         (6) 

 
where  is the temperature gradient and RT is the total 

thermal resistance. The result also further support the early 
observation where the thermal drop between the Al plate 
and the hot side of TEG is the highest for the case of design 
set 1. The lowest output power obtained for the present 
analysis is design set 3 where it has the highest value of Al 
plate thickness and the lowest value of Al plate width. As 
compared to that of design set 4 with Al plate thickness and 
width are both have the highest values, design set 3 has the 
lowest performance even though only Al plate thickness is 
increased. One of the reasons that might explain this 
phenomenon is because of the total thermal resistance, RT 
experienced by the design set 3 is fully affected through the 
series connection of thermal resistance as compared to that 
of design set 4. Thermal resistance experienced by design 
set 4 on the other hand, is due to the combined effect of 
series (thickness of Al plate) and parallel (width of Al plate) 
connection of thermal resistance. The total thermal 
resistance is reduced in the series and parallel connection 
compared to that of solely series connection is due to 
additional denominator value in the calculation thermal 
resistance of parallel connection. Hence, the increment of 
both thickness and width of Al plate can be used to 
compensate the reduction of performance for the case of Al 
plate with higher value of thickness. 
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Fig. 4  Results from finite element analysis; (a) Heat Rate, (b) Current,  
(c) Power, and (d) Efficiency 

The efficiency of the power conversion as shown in 
Figure 4 (d) also has the same trend as the other graphs in 
Figure 4. It can be inferred that the efficiency of TEG can 
be increased if the designed TEG has the highest value of 
heat transfer rate and highest electrical current. However the 
efficiency produced by the designed TEG has quite low 
value ranging from 0.09231 to 0.09423 or 9.23% 9.42% in 
percentage. TEG is known has lower efficiency compared to 
that of other power conversion devices. It is because the 
efficiency of TEG is highly dependent with thermal gradient 
and the intrinsic parameter of figure of merit (ZT). The 
value of efficiency around 9% is considered good especially 
for the case of TEG made of Bismuth Telluride (BiTe) since 
the normal efficiency is between 5% to 6% [21]. However 
the higher efficiency value obtained from the finite element 
analysis is based on the ideal condition as compared to the 
lower efficiency value obtained from the normal condition 
where several internal and external power losses might 
occur. 

In order to further identify the sensitivity of the chosen 
factors (Al thickness and width) and to generate the 
regression equation of output power generated from 
proposed TEG, statistical analysis software MINITAB is 
utilised for the current analysis. Figure 5 shows the pareto 
chart of the effects of Al thickness and width factors 
towards output power. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Pareto Chart of the Effects of Al Thickness and 
Width Factors towards Output Power 

 
In Figure 5, it is noted that the Al thickness (A) has the 

highest sensitivity on changing the TEG output power 
followed with the cross term of Al thickness-width (AB) 
and Al thickness (B). This result can be used as guidance in 
developing the prototype of the proposed TEG where the Al 
thickness is the most sensitive factor in changing the 
performance of TEG compared to that of Al width. This 
finding also suggested that the Al width can be relaxed on 
developing the proposed TEG since it has the least effect on 
the output power. It is known that the development or 
manufacturing cost of a product can be reduced when the 
selected factors have the least accuracy tolerance or for this 
case the least sensitive factor of Al width [22]. 

MINITAB also generated the linear regression equation 
or predictive equation for TEG output power. The linear 
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regression equation based on full factorial design sets for 
the proposed TEG is given: 

 
Output Power = 1.038 – 0.007162 (Al Thickness) – 
0.000225 (Al Width) + 0.000408 (Al Thickness*Al Width)                
(7)   
 

The predictive equation (7) is the mathematical 
representation that useful to get an instant evaluation of the 
proposed TEG output power. This predictive equation is 
really helpful especially for those who are building the 
prototype of the proposed TEG, where the calculated output 
power can be correlated with the measured data from the 
prototype. Thus, any discrepancy or offset between the 
calculation and the measurement can be used to determine 
the losses that might occur in the practical application of 
proposed TEG. 

IV.  CONCLUSION 

The design and modeling process of simple construction 
of TEG with Al plate is built using finite element analysis 
(FEA) software of ANSYS. The effect of two factors 
namely Al plate thickness and width are analyzed towards 
the performance of TEG. It is found that the changes of Al 
plate thickness and width has different behavior on the 
thermal and electrical performances of TEG. Based on the 
design of experiment with full factorial method that has 
been conducted, it is noted that design set 1 with the lowest 
value of Al plate thickness and width has the highest or 
optimum performance of heat rate, current, output power 
and conversion efficiency. It is noted that the reduction in 
performance for the design set 3 (with highest value of Al 
plate thickness and lowest value of width) can be 
compensated by increasing the value of Al plate width as 
being applied by design set 4. This is because of the 
reduction of thermal resistance as shown in design set 4. 
The efficiency obtained from the current analysis also has a 
value of around 9% as compared to that of normal BeTi 
alloy based TEG. It is also found that the Al thickness is the 
most sensitive factor on changing the performance of TEG 
compared to that of Al width.  
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