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Abstract: In the recent times, many researchers have concentrated on the development of thermoelectric 

materials with higher values of figure of merits to enhance the conversion efficiency. It have been 

observed in some of the previous studies that the figure of merit and hence, the performance of 

thermoelectric modules can be enhanced using the module with segmented legs of two or more 

thermoelectric materials. In this study, the application of segmented thermoelectric modules in a solar 

assisted thermoelectric generator have been presented. PbTe and BiTe alloys are used in the segmented 

module. Except the figure of merit, the performance of thermoelectric generator is also dependent on 

temperatures across modules, load resistance and various design parameters such as leg geometries, cross 

sectional area of legs etc. So, Taguchi method of optimization was employed using five factors and five 

levels design to optimize the power and conversion efficiency. The power and efficiencies are 

mathematically calculated at different combinations according to L25 orthogonal array. The maximum 

power output is predicted up to 31.52 W and conversion efficiency up to 14.61% using The Taguchi 

analysis. Analysis of Variance method is also used to analyze general linear model which results into the 

estimation of contribution percentages of each factor on the power and efficiency. 

 

 

1. Introduction 

TEGs) offer an exclusive solution for electrical energy generation 

by utilization of waste heat in various applications such as 

recovery of automobile exhaust waste heat, waste heat utilization 

in solar thermal applications etc. The working of thermoelectric 

module is based on ‘Seebeck effect’ and its operation is noise free 

and without any pollution [1]. So, TEGs can be used as a 

promising technology in waste heat utilization processes. But the 

usage of thermoelectric modules are still limited in converting low 

grade thermal energy into electricity. To overcome this limitation, 

there is a need to develop thermoelectric materials with higher 

values of figure of merit (ZT) than the existing values of ZT. The 

heat to electrical conversion efficiency of thermoelectric modules 

depends upon the temperatures of both sides across module (Th and 

Tc) and figure of merit (ZT) [2]. 

  (1) 

The theoretical efficiency of the TEG can be calculated using the 

equation (1). The dimensionless figure of merit (ZT) determines the 

performance of thermoelectric material. The ZT Values depend on 

various parameters such as electrical resistivity ρ, Seebeck 

coefficient α, Average of both side temperatures T and thermal 

conductivity k [2]. 

   (2) 

In the previous two decades, many researchers focused on the 

augmentation of the value of figure of merit (ZT) of thermoelectric 

materials. As it is depicted from equation (2), that ZT can be 

augmented by decreasing the thermal conductivity ‘k’ and by 

increasing the factor α2/ρ. Also, the figure of merit is dependent on 

temperature. Higher values of ZT can be attained by employing TE 

materials at higher temperatures. Generally, bismuth-telluride (Bi-

Te) alloys are normally used in the temperature range 100°C - 

200°C [3-8]. At higher temperatures, skutterudites (300°C - 600°C) 

and Pb-Te alloys (350°C - 650°C) are used [9-13]. At very high 

temperature (range 900°C - 950°C), Si-Ge alloys can be employed 

in waste heat recovery applications [14-15]. Half-heusler alloys are 

also good option in the temperature range 500°C - 800°C [16-17]. 

Corresponding Author, 

E-mail address: princess.mishra07@gmail.com, 

opsingh@ietlucknow.ac.in, akkatiyar@ietlucknow.ac.in  

All rights reserved: http://www.ijari.org 

Some of the recent advancements in the TE materials are shown in 

the table 1. 

Table 1: Enhanced ZT values of some newly developed TE 

material 

Authors TE Materials 

developed 

Temp. 

Range 

ZT 

value 

Ref. 

Xie et al. p-type nanostructured 

(Bi,Sb)2Te3 

300 – 

450 K 

1.4 [18] 

Zhao et 

al. 

p-type MgAgSb-based 

bulk material 

475 K 1.4 [19] 

Wu et al. p-type K-doped 

PbTe0.7S0.3 bulk material 

550 K – 

800 K 

1.56 – 

2.2 

[20] 

Zhao et 

al. 

p-type SnSe single 

crystals 

923 K 2.6 ± 

0.3 

[21] 

Liu et al. BiTeSe bulk materials 300 K – 

500 K 

Little > 

1.0 

[22] 

Hsu et 

al. 

AgPbmSbTe2+m 800 K 2.2 [23] 

Shi et al. Multiple-filled 

skutterudites 

850 K 1.7 [24] 

Basu et 

al. 

Silicon germanium 

alloys (Si80Ge20) 

1073 K 1.84 [25] 

Some of the recent studies are focused on the development of 

segmented thermoelectric modules by using combination of 

different materials. In case of segmented TE modules, two or more 

TE materials are linked in series which enable modules to operate 

in a greater temperature range and with comparatively higher ZT 

value than in case of non-segmented TE modules. In this work, the 

study and optimization analysis of solar assisted TEGs have been 

presented with the segmented legs of TE materials. The literature 

regarding segmented TEGs have been presented in next section. 

Firstly, the concept of solar assisted TEG is presented here. 

As we know that solar energy is a viable source of renewable 

energy. Due to depletion of conventional source of energy, utilizing 

solar energy is a promising technique to deal with the problem of 

energy scarcity. Solar energy can be directly transformed into 

electrical energy by means of two technologies. First is the use of 

solar photovoltaic cells which alters photon energy into electricity 

through electron–hole pair generation. The other technology for 

direct solar to electrical conversion is the use of thermoelectric 

modules. Usually, an adequate amount of thermal energy is wasted 

in solar thermal application. This waste thermal energy can be 

utilized if we install thermoelectric modules in such a way that one 

side of modules is exposed to solar energy and the other side is 

exposed to air or water cooled heat sink. Due to this, a temperature 

Article Info 

Article history: 

Received 18 May 2021 

Received in revised form 

28 July 2021 

Accepted 5 September 2021 

Available online 15 September 

2021 

Keywords: Thermoelectric, 

optimization, segmented, power 

output, efficiency      



                                                                                   Volume 9 Issue 3 (2021) 249-254                                        ISSN 2347 - 3258 
International Journal of Advance Research and Innovation 

  250 
 IJARI 

difference is created across TE modules and voltage induces on the 

basis of Seebeck effect. This type of thermoelectric generator can 

be named as solar assisted thermoelectric generator (STEG). STEG 

can be defined as a device which is used to harness waste heat of 

solar thermal applications and convert it into electrical energy. 

STEGs are environmental friendly, highly reliable devices having 

noise-free operation and long life. Moreover, a greater part of solar 

spectrum can be harnessed in case of STEGs [26-27]. 

2.Description of segmented STEGs 
2.1 Literature review of segmented thermoelectric 

modules 
A few researchers have proposed the used of segmented TEGs for 

greater performance. A compatibility function was recommended 

by Snyder et al. which illustrates the viability of linking two or 

more TE materials without any adverse effect [28-29]. Hadjistassou 

et al. proposed a method to design TEGs with segmented Bi2Te3-

PbTe legs. In this work, a comparative analysis was done to 

compare the values of Seebeck coefficients of segmented TE 

module with the pure PbTe and Bi2Te3 materials [30]. Similarly, 

McEnaney et al. proposed a design model of segmented TEGs with 

Bi2Te3 and Skutterudite materials [31]. Ngan et al. presented a 

numerical model in which the theoretical efficiencies were 

calculated for various combinations of segmented TE modules [32]. 

Xiao et al. proposed a model with a pair of p-type and n-type 

elements with Bi2Te3 and filled- skutterudite [33]. Erturun et al. 

designed a 4-leg model with segmented materials BiTe and CoSb-

based Skutterudite. In this work, the thermos-mechanical 

performance of the model was estimated [34]. Rezania et al. 

analyzed a model of p-type and n-type pair having various 

footprints.  In this work, Authors studied the optimization of 

electrical energy generation using TE modules as p-type Zn4Sb3 

and n-type Mg2Si1-xSnx [35]. 

Hu et al. proposed a TEG module with segmented legs of Bi2Te3 

and nanostructured PbTe. The results depicted that segmented TEG 

achieved the conversion efficiency of 11% at 590 K temperature 

difference while non-segmented nanostructured PbTe could achieve 

the efficiency up to 8.8% at temperature difference of 570 K [36].  

Hadjistassou et al. presented the computational modeling of 

segmented Bi2Te3-PbTe TEG. A comparative analysis was 

performed for various designs of TEG. The results showed that the 

proposed system of segmented TEG could attain a maximum 

efficiency of 5.29% at the temperature difference of 325 K [37]. 

D’angelo et al. presented a system for the characterization of the 

conversion efficiency in case of segmented TE modules comprised 

of p-type BixSb2-xTe3 to Ag0.9Pb9Sn9Sb0.6Te20 legs and n-type 

Bi2Te3-xSex to Ag0.86Pb19+xSbTe20 legs. The results depicted that the 

maximum conversion efficiency was calculated as 6.56% for 400°C 

temperature at hot side and 23°C at the cold side [38].  

2.2 Description of proposed system 

The proposed system of solar assisted segmented TEG is shown in 

figure. In this system, Fresnel lenses are used to concentrate the 

solar irradiation on the solar absorbing surface at the hot side of 

TEG. A glass covering is used to enclose the TEG so that vacuum 

can be created and the effects from environmental factors can be 

minimized. A heat conducting surface is inserted between solar 

absorber and hot side of TEG surface. The thermal conductivity of 

heat conducting surface should be high. So, Copper or aluminum 

can be used. In this system, two thermoelectric materials 

(nanostructured PbTe and Bi2Te3) are linked to create segmented 

TEG. The performance of TEG can be augmented by use of 

segmented TEGs, as depicted in the literature review. An air or 

water cooled heat sink can be used at the cold side of TEG. The 

voltage difference induces due to temperature difference across 

TEG on the basis of Seebeck effect. The current flow through the 

load due to voltage difference created.  

2.3 Process Parameters in the Solar assisted segmented 

TEG system 

There are various parameters in solar assisted segmented TEG 

system such as intensity of solar radiation, hot side temperature of 

the TEG, cold side temperature of the TEG, figure of merit value of 

thermoelectric materials, thermal conductivity of interface material. 

Besides these parameters, the performance of segmented STEG 

system also depends upon design and arrangement of the TE 

modules such as height of different p-n legs, cross section area of p-

n legs, resistive load, and gap between the different legs. The 

performance of TEG is also affected by the energy loss due to 

convection and radiation. Segmentation also increases thermal and 

electrical contact resistance at the interface of different legs which 

results in temperature drop at interface and generation of additional 

heat respectively. 

 

 

Fig. 1: Proposed system of segmented PbTe/BiTe legs STEG 

3. Optimization of power and efficiency using 

taguchi method 

In the previous section, it has been described that the performance 

of STEG is not only dependent on the figure of merit and 

temperatures across module but also on the leg geometries, cross 

sectional area and load resistance. Minitab software was used to 

optimize the power and efficiency of the STEG via Taguchi’s 

approach. The steps in the Taguchi’s approach are described in the 

subsequent sections: 

3.1 Create Taguchi Design 
In this optimization method, five factor and five levels design was 

selected in Taguchi method of optimization as shown in the table 2. 

An orthogonal array L25 was selected using the options available 

for 5-factor 5-level design. Thus, the number of runs were 

drastically reduced to 25 from 55 = 3125 runs in case of 

conventional optimization. The L25 orthogonal array is depicted in 

the table 3. 

Table 2: Factors and their levels 

Factors Levels 

(1) (2) (3) (4) (5) 

A Hot Side 

Temperature Th 

(°C)  

200 300 400 500 600 

B BiTe p-n leg 

height (mm) 

1.25 1.5 1.75 2.0 2.25 

C PbTe p-n leg 

height (mm) 

1.75 2.0 2.25 2.5 2.75 

D Cross-sectional 

area, A (mm2) 

1.5 × 

1.5 

1.75 

× 

1.75 

2.0 × 

2.0 

2.25 

× 

2.25 

2.5 × 

2.5 

E Load Resistance 

(Ω) 

1.0 2.0 3.0 4.0 5.0 
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Table 3: L25 Orthogonal Array 

S. 

No. 
A B C D E 

1. 1 1 1 1 1 

2. 1 2 2 2 2 

3. 1 3 3 3 3 

4. 1 4 4 4 4 

5. 1 5 5 5 5 

6. 2 1 2 3 4 

7. 2 2 3 4 5 

8. 2 3 4 5 1 

9. 2 4 5 1 2 

10. 2 5 1 2 3 

11. 3 1 3 5 2 

12. 3 2 4 1 3 

13. 3 3 5 2 4 

14. 3 4 1 3 5 

15. 3 5 2 4 1 

16. 4 1 4 2 5 

17. 4 2 5 3 1 

18. 4 3 1 4 2 

19. 4 4 2 5 3 

20. 4 5 3 1 4 

21. 5 1 5 4 3 

22. 5 2 1 5 4 

23. 5 3 2 1 5 

24. 5 4 3 2 1 

25. 5 5 4 3 2 

3.2 Power and efficiency calculation 

Once, the Taguchi design is created, response columns are entered 

either after performing the experiments using combinations of 

factor values given in the L25 array or after 

simulation/mathematical analysis. In this work, the published data 

was used for the properties of BiTe and PbTe materials as described 

by Hu X. et al. [36]. In case of segmented thermoelectric modules, 

the power and efficiencies at various combination of factors values 

were calculated mathematically using the following formulae [37]: 

     (3) 

   
      (4) 

 

Where, α = Seebeck Coefficient 

ρ = Electrical resistivity of module-legs 

A = Cross-section area of module-legs 

N = Number of thermoelectric modules 

ζ =  and  , here ρc and λc represent electrical and 

thermal resistivity of interface between PbTe and BiTe layers; 

while ρ and λ denote are electrical and thermal resistivity of TE 

Materials. 

lc = thickness of interface 

l = length of TE module 

Th = hot side temperature 

Tc = cold side temperature 

Z = figure of merit (K-1)  

It is obvious from equation (3) and (4) that power and conversion 

efficiency for segmented TE modules are also the function of 

length, cross section area, module resistance and interface 

resistance besides the temperature and figure of merit value. In this 

work, the cold side temperature was kept constant at 30°C and the 

effect of environmental factor on the conversion efficiency was 

neglected. Only the five factor (as shown in table 2) were varied to 

optimize the output power and conversion efficiency. The power 

and efficiencies were calculated for all the 25 combination 

according to orthogonal array as depicted in the table 4.  

Table 4: Power and efficiency calculated at all combination of L25 

array 

A B C D E Power, P (watts) Efficiency ɳ (%) 

1 1 1 1 1 2.244 2.64 

1 2 2 2 2 3.357 4.7 

1 3 3 3 3 2.81 5.04 

1 4 4 4 4 2.804 4.65 

1 5 5 5 5 1.503 3.4 

2 1 2 3 4 6.13 6.77 

2 2 3 4 5 6.022 6.21 

2 3 4 5 1 6.502 7.68 

2 4 5 1 2 3.733 4.73 

2 5 1 2 3 8.996 7.6 

3 1 3 5 2 10.912 9.51 

3 2 4 1 3 8.495 7.53 

3 3 5 2 4 9.99 10.06 

3 4 1 3 5 11.761 8.7 

3 5 2 4 1 14.336 8.2 

4 1 4 2 5 16.579 12.5 

4 2 5 3 1 10.744 8.33 

4 3 1 4 2 27.188 11.67 

4 4 2 5 3 16.481 10.7 

4 5 3 1 4 14.737 9.44 

5 1 5 4 3 25.56 14.77 

5 2 1 5 4 21.932 10.88 

5 3 2 1 5 25.03 11.96 

5 4 3 2 1 12.609 6.06 

5 5 4 3 2 20.073 12.05 

 3.3 Analyze Taguchi Design 
Once, the response columns for power and efficiency are estimated, 

Taguchi design can be analyzed using ‘Stat>DOE>Analyze 

Taguchi Design’ tabs. In this process, the software asks for the 

option regarding signal to noise ratio in which “larger is better” 

option was selected because we want large value of power output 

and efficiency as much as possible. When we analyzed the Taguchi 

design for mean values of power and efficiency, the following 

results were generated. Table 5 and table 6 shows the response table 

for means of power and efficiency respectively, in which rank of 

factors is depicted as per the significance of factor in deciding 

power and efficiency. In this case, factor A, i.e. hot side 

temperature is having rank one which implies that factor ‘A’ is the 

most significant factor. The main effect plots for power and 

efficiency are generated as shown in figure 2-3. These main effect 

plots describe the variation of power and efficiency with respect to 

different levels of all five factors.  

Table 5:  Response table for power output (Mean) 

 
     



                                                                                   Volume 9 Issue 3 (2021) 249-254                                        ISSN 2347 - 3258 
International Journal of Advance Research and Innovation 

  252 
 IJARI 

Table 6: Response Table for Efficiency (Mean) 

          
 

 

Fig. 2: Main effect plots for power output 

 

 
Fig. 3: Main effect plots for conversion efficiency 

In this work, we have used five control factors for optimization but 

there exist a few noise factors too such as cold side ambient 

temperature of TE modules, environmental parameters such as heat 

lost due to convection and radiation, heat transfer coefficient etc. 

These noise factors are uncontrollable and can affect the 

performance of STEG system. In the Taguchi method, a ‘Signal to 

Noise ratio (S/N ratio)’ method is used to optimize the output after 

minimizing the losses. Taguchi method incorporates the use of loss 

function and changed it into the form of ‘S/N ratios’. In the Taguchi 

optimization, there can be following types of S/N ratios on the basis 

of the optimization goal: 

(a) Larger is better S/N ratios 

(b) Smaller is better S/N ratios  
(c) Nominal is best S/N ratios 

In this work, we have used ‘Larger is better S/N ratios’ because we 

need the higher values of power and efficiency as much as possible. 

S/N ratio can be calculated using the equation (5) in case of ‘larger 

is better option’. S/N ratio calculation is beneficial to estimate the 

deviation of the performance characteristic from the desired value. 

The larger value of S/N ratio results in the higher effect of control 

factors over noise factors on the output. Table 7 and 8 presents the 

response table for S/N ratios of power and efficiency respectively. 

Response tables show that hot side temperature is the most 

significant parameter for both power and efficiency determination. 

Also, load resistance and PbTe leg height are the least important 

parameter for power and efficiency respectively.   

 (5) 

Here, ‘r’ – Number of data points & ‘yi’ – Value of the ith data 

point. 

Table 7: Response Table for S/N Ratio of Power output 

 
Table 8: Response Table for S/N Ratio of efficiency 

 

 

Fig. 4: Main effect plots for S/N Ratios of Power output 

Fig. 5: Main effect plots of S/N ratio for efficiency 
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4. Determination of contribution of each factor in 

the power and efficiency estimation 

The contribution of each factor in the power and efficiency 

estimation, can be determined using analysis of variance (ANOVA) 

technique in the Minitab software. For this purpose, 

‘Stat>ANOVA>General Linear Model’ options are sequentially 

chosen to perform analysis of variance which results in the 

formation of ANOVA table. The contribution of each factor, degree 

of freedom, F-value and P-value are depicted by ANOVA table 

which is significant for the identification of most significant 

parameter. The contribution for each factor can be calculated using 

the following equation: 

Table 9: ANOVA Table for Power Output (Variance Analysis)  

 
Table 10: ANOVA Table for Conversion Efficiency (Variance 

Analysis) 

 
4.1 Regression Equation 
On the basis of analysis of variance method, regression equations 

are formed for power output and efficiency separately. These 

equations statistically generalize the formulae of power and 

efficiency for difference values of levels for different factors. 

Regression Equation 

 

 

4.2 Analysis of Results 

On the basis of the Taguchi optimization method, it can be stated 

that the value of Th (hot side temperature) is the most significant 

factor and power and efficiency values can be predicted after 

optimization using the following formula: 

   (6) 

Where X͞i symbolizes the mean of the output results at the optimal 

level of factor i, X͞ denotes the grand mean of all the output data, 

and ‘m’ represents the total number of control factors. 

The predicted highest values of power was calculated as 30.16 W 

and conversion efficiency as 14.61%. The confirmation run 

conducted at A5B3C1D4E2 provides the value of power output as 

31.52 W which is 4.51% more than the predicted value. However, 

the optimized value of conversion efficiency was calculated as 

14.61% at combination A5B3C4D4E3 which is same as the predicted 

value.  

On the basis of the ANOVA method, following contribution 

percentage were estimated: 

Table 11: Contribution of various factors in deciding Power output 

Table 12: Contribution of various factors in deciding Conversion 

efficiency 

Control Factors Contribution percentage 

A Hot Side Temperature Th (°C)  72.03% 

B BiTe p-n leg height (mm) 8.95% 

C PbTe p-n leg height (mm) 3.06% 

D Cross-sectional area, A (mm2) 3.70% 

E Load Resistance (Ω) 7.93% 

5. Conclusions 
An overview of segmented thermoelectric generators was presented 

with the segmented legs of PbTe and BiTe alloys. As our aim is to 

attain the higher value of power output and conversion efficiency. 

So, the Taguchi method and analysis of variance (ANOVA) method 

were used to optimize the power and efficiency for a five factor and 

five level design. The maximum power output was achieved as 

31.52 W at A5B3C1D4E2 combination, i.e. at 600°C hot side 

temperature, 1.75 mm BiTe leg height, 1.75 mm PbTe leg height, 

2.25 × 2.25 mm2 cross sectional area and 2.0 Ω resistance load. 

Also, the maximum value of conversion efficiency was found 

14.61% at A5B3C4D4E3 combination, i.e. at 600°C hot side 

temperature, 1.75 mm BiTe leg height, 2.5 mm PbTe leg height, 

2.25 × 2.25 mm2 cross sectional area and 3.0 Ω resistance load. 

ANOVA table were also generated to determine the significance of 

all the five control factors on the power and efficiency. Both power 

and efficiency are mostly affected by the hot side temperature 

among all the factors. So, the installation of solar concentrator 

should be done in such a way that the hot side temperature value 

maximize the performance of the system. However, the heights of 

PbTe and BiTe legs are also important factor and Thermal and 

electrical resistance of the interface should be minimized while 

employing the segmented TE modules. These segmented can 

withstand the higher range of temperature and have higher value of 

figure of merit. But the design optimization and manufacturing 

techniques of segmented TE modules are much complex. So future 

research must focus on the design and development of segmented 

TEGs and solar thermal energy can be effectively transformed into 

electrical energy by means of segmented TEGs, if it used in a 

cogeneration system. As the efficiency of alone TEG system is 

limited, cogeneration systems can be recommended to use TEG as 

auxiliary source of power in solar thermal applications.  
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