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Abstract:  

This study aims to create and simulate a highly advantageous device is the thermoelectric 

generator for the waste heat recovery by optimizing its geometric configuration for high 

efficiency. Each thermoelectric module operates based on the Seebeck effect. Electrons 

move from the hot junction 𝑇𝐻 to the cold junction 𝑇𝐶  through thermoelectric materials 

due to variations in electron density. This movement generates an electric field, linked to 

the temperature difference via the Seebeck effect caused by hole and electron motion. The 

potential difference V is proportional to the α temperature difference across the 

thermoelectric device ∆T, and the Seebeck coefficient is defined as α = V∆T.[4] Although 

To enhance the efficiency, the figure of merit and in this work mainly focus on the impact 

of geometry design factors, including the cross sectional area and height of the device 

using TE materials Bi2Te3(P,N Type) on the Thermoelectric Generator performance. 

Geometric module Geometry studies are carried out using the Comsol Multiphysics to 

optimize the TEG’s performance of the Efficiency [2]. The results show that employing 

Bi2Te3(P,N-Type at different hot side temperatures and cold side at different 

temperatures, different TEG modules designed, one particular geometry of TEG module 

increases TEG efficiency by 17.4% at ∆T = 323˚K compared different geometry cases of 

the TEG modules. However, a maximum power output of 7.3W was Achieved by varying 

the Geometry of Thermoelectric Generator modules with different cases, at particular 

case-III of Geometry TEG got high conversion efficiency. 

 Keywords: Thermoelectric generator, Geometry of Thermoelectric Generator, Seebeck 

Effect, Figure of merit, heat transfer, efficiency. 

1. Introduction 

Sustainable energy production is a key focus for the future of global power generation [12]. Compared 

with fossil fuels, renewable sources offer cleaner and more user-friendly alternatives. In this era of 

sustainability, the advantages of renewable energy have surpassed its limitations. As access to 

electricity is crucial for societal development, the challenge lies in generating sufficient power without 

causing environmental harm. Thermoelectric devices (TEs) can Transform the heat into Electricity 

through the Seebeck Effect. These devices having numerous benefits, and including zero emissions, 

compact design, noiseless operation, durability, and absence of moving components. However, the 

widespread adoption of TEs has been hindered by their low conversion efficiency, which impedes 

market growth in power generation, temperature control, and waste heat recovery applications. 

Additionally, the current high cost of TEs is difficult to justify given their low efficiency. [1,2] 

Consequently, their future viability depends on enhancing efficiency while reducing costs. This has 
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led to extensive research aimed at Improving the conversion efficiency of thermoelectric generators, 

The unique capabilities of TEGs make them a crucial technology in clean electricity production. 

Furthermore, TEG utilization of the Pointer Effect of TEGs enables their application in both the 

cooling and heating processes. 

In recent years, significant research efforts have been directed towards two primary approaches for 

enhancing thermoelectric (TE) efficiency [13][14] while keeping material expenses low[13], geometry 

and material optimization.[2] [13]in thermoelectric geometry and structural optimization aimed at 

enhancing the performance of thermoelectric generators. It focuses not only on the potential for 

improving the electrical performance efficiency, [13] through TEG geometry and structure 

optimization research, but also on enhancing the mechanical performance [13] through similar 

optimization techniques. Furthermore, this review addresses the significant impact of thermal stress 

on TE leg longevity, recognizing this as a crucial area of study. [2],[5] Various thermoelectric 

geometries and structural configurations were examined, and geometry optimization was performed. 

2. Methodology 

Thermoelectric generator (TEG) efficiency enhancement occurs through geometrical optimization of 

important design parameters including Leg length and cross sectional area together with overall device 

geometry.[2]Users develop TEG models in simulation software such as COMSOL Multiphysics 

followed by objective function definition such as optimizing efficiency and the application of 

optimization algorithms for discovering the most suitable design configuration. Multiple optimization 

cycles with sensitivity analyses and physical constraint incorporation and geometric variable 

parameterization allow the design to be refined iteratively.[2,7] Optimum design factors such as 

thermoelectric material segmentation and leg aspect ratio and fill factor need to be considered. 

Experimental and simulation testing of optimized designs requires verification to justify their 

effectiveness. The systematic method enables researchers to examine various design possibilities 

leading to TEG structures with superior conversion efficiency than ordinary designs. 

 

Figure.1 thermoelectric generator. 

Enables the geometric optimization of thermoelectric generators (TEGs) to enhance their efficiency 

by modifying their size. parameterised geometry, utilizing parameterization capabilities to establish 

key geometric parameters as variables. design Elements Identifying and parameterizing geometric 

variables that significantly impact TEG efficiency. These may encompass the overall generator design, 

thermoelectric leg dimensions, and spacing between them.[9] 
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The enhancement module COMSOL Multiphysics offers optimization tools to improve its simulation 

capabilities. These modules allow users to configure and address optimization challenges. Simulations 

are regularly used to verify optimized designs and, when possible, to compared results changes in the 

geometric parameters affect TEG performance. Progressive Improvement Execute multiple 

optimization cycles and refine the design by incorporating insights from the previous iterations.  

2.1 Mathematical Modelling: 

Mathematical modelling of the TEG generated voltage ‘V.’[6] 

V=α∆T-------------------------------------------------------------------------------(1) 

𝑄𝐻 = 𝑃 + 𝑄𝑐------------------------------------------------------------------------(2) 

𝑄𝐻 is the input quantity of heat flow 

𝑄𝐻 = 𝛼𝐼𝑇𝐻 −
1

2
𝐼2𝑅 + 𝑘𝛥𝑇 -------------------------------------------------------(3) 

Thermoelectric generator generated power, P. 

𝑃 = 𝐼2𝑅𝐿 -----------------------------------------------------------------------------(4) 

TEG current I. 

𝐼 =
𝑣

(𝑅 + 𝑅𝐿)
 

R is the internal resistance, 

𝑅𝐿is the Load resistance of the thermoelectric generator closed circuit.[14][6] 

Thermoelectric generator temperature difference 𝛥𝑇, Due to the temperature difference Temperature 

gradient of the [13] TEG, 𝛥𝑇. 

𝛥𝑇 = 𝑇𝐻 − 𝑇𝐶    --------------------------------------------------------------------------(5) 

𝑉 = 𝛼𝛥𝑇 

Thermoelectric generator resistance, R. 

𝑅 = 𝜌
𝐿

𝐴
 

R is the TEG resistance, ′𝜌′ is the Resistivity of the thermoelectric material, ‘L’ is the length of the[6] 

thermoelectric generator, ‘A’ is the area of the thermoelectric generator.[2] 

𝑘 = 𝑘 ⋅
𝐴

𝐿
 

Power 𝑃𝐿 = (
𝛼𝛥𝑇

𝑅+𝑅𝐿
)

2

𝑅𝐿 

𝑃𝑚𝑎𝑥 = (
𝛼𝛥𝑇

4𝑅
)

2

---------------------------------------------------------------------------------(6) 
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Thermoelectric generator conversion efficiency 𝜂 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   𝜂 = (𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑, 𝑃𝐿)/(ℎ𝑒𝑎𝑡 𝑓𝑙𝑜𝑤, 𝑄) =(
∝∆𝑇

4𝑅
)

2

 

Efficiency = 
(

∝∆𝑇

4𝑅
)

2

𝑄
 

QH =Heat input to the thermoelectric generator 

QC = Waste heat 

α = Seebeck coefficient 

k = Thermal conductivity 

TH = Hot side temperature 

TC =Cold side temperature 

RL =Load resistance 

A = Cross sectional area of pellet 

P= Output power 

Voc = Open circuit voltage. 

L= Length of TE Leg. 

Z= Figure-of-merit. 

 𝜌 = Electrical resistivity. 

I= Current. 

Various efficient thermoelectric materials have been developed to introduce nanostructures into these 

materials. The introduction of nanostructures efficiently reduces the thermal conductivity of materials 

L   H with high thermal conductivity. [6,7] 

The thermoelectric conversion efficiency
 𝑇𝐶

𝑇𝐻 ⁄  

ηmax =
𝑇𝐻−𝑇𝐶

𝑇𝐻

√1+
𝑧(𝑇𝐻+𝑇𝐶)

2
−1

√1+
𝑧(𝑇𝐻+𝑇𝐶)

2
+

𝑇𝐶
𝑇𝐻

⁄    ----------------------------------------------(7) 

 

2.2 Finite Element Analysis: 

 The Finite element analysis of thermoelectric generators (TEGs) using COMSOL Multiphysics 

typically focuses on optimizing geometry for improved performance. Key aspects of this analysis 

include Leg geometry optimization. Evaluate variations in leg length and cross-sectional area Analyse 

trade-offs between electrical resistance, thermal conductance, and power output Determine optimal leg 

aspect ratio for maximum efficiency,[5] Determine most efficient overall device configuration. 
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Performance improvement quantification, Measure efficiency gains through geometrical 

optimization,[4] compare with conventional TEG configurations, this analysis provides valuable 

insights for designing more efficient TEGs through geometric optimization, balancing performance 

improvements with practical considerations. Materials: Bismuth TellurideBi2Te3, P-Type, N-Type. 

 

 

Figure.3: Geometrical thermoelectric generator. 

 

Thermoelectric generator modules output cases. 

The results and discussion on geometrical optimization of thermoelectric generators (TEGs) for 

efficiency improvement typically focus on the following key aspects, Optimal leg geometry, Analysis 

of how varying leg length[13] and the cross sectional area affects TEG operation performance, 

Discussion of the trade-offs between the Electrical Resistance, Thermal conductance, and power 

output, Presentation of the optimal leg aspect ratio that maximizes efficiency, Identification of the 

optimal fill factor for maximum efficiency, Analysis of how device geometry affects heat 

distribution[5] and thermal management, Performance improvements, Quantification of efficiency 

gains achieved through geometrical optimization[17]. 

Case-1 

Here, in case-1 conducted the TEG modulation Varying the l-leg from 0.5 mm to 1.2 mm with 

respective the make constant parameters of W-leg= 10 mm, H-leg=3 mm, d-leg=0.5 mm of the TEG 

designed. 

Table 1. Output voltages, output current, and Resistances for Varying l-leg of TEG. 

Varying l-leg W-teg H-teg d-teg ∆Tmax Imax Vmax R Qmax 

(mm) (mm) (mm) (mm) (k) (A) (V) (Ω) (W) 

0.5 × 1.2 10 3 0.5 83.38 1.17 3.28 2.8 2.36 

1.0 × 1.2 10 3 0.5 83.32 2.34 2.46 1 3.53 

1.2 × 1.2 10 3 0.5 83.3 2.81 1.64 0.58 2.81 
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Upon analysing the results of the thermoelectric generator (TEG) design with varying leg geometry 

dimensions, it was observed that the output conversion power increased as the Thermoelectric 

generator L-leg length grew from 0.5 mm to 1.2 mm. Concurrently, the voltage and resistance decrease 

as the generated output current increases. The maximum current was achieved when the TEG l-leg 

dimensions were 1.2 × 1.2 mm. The researchers modified only the l-leg structure components of the 

TEG throughout this experiment. The TEG achieved its maximum output power when it used l-leg 

dimensions of 1.0 × 1.2 mm after analyzing various design specifications. 

Case-II 

Table 2. Output voltages, output current, and resistances for varying H leg of TEG. 

Varying 

H-leg 

W-teg l-teg d-teg ∆Tmax Imax Vmax R Qmax 

(mm) (mm) (mm) (mm) (k) (A) (V) (Ω) (W) 

2 10 1.2×1.2 0.75 82.69 5.1 1.31 o.26 4.07 

2.5 10 1.2×1.2 0.75 83.03 3.62 1.31 0.36 2.9 

3 10 1.2×1.2 0.75 83.22 2.81 1.31 0.47 2.25 

 

This second design alteration for the thermoelectric generator (TEG) involved elevating the leg height 

from 2 to 3 millimeters. All additional characteristics maintained their original values where the leg 

width equaled 10 mm and the leg length measured 1.2 × 1.2 mm alongside a leg cross-section of 0.75 

mm. The height increment shifted TEG output current from 5.1 Amp to 2.81 Amp and its internal 

resistance from 0.26 Ω to 0.47 Ω. 

You can obtain maximum output current by using a TEG leg height of 2 mm in case-II TEG design. 

The generated current levels decreased when we extended the height from 2 to 3 mm.The H-leg 

produced the highest current of 5.1 Amp at a height of 2 mm. In the Case-II TEG design, altering the 

height of the PN legs resulted in a decrease in resistance from 0.26 to 0.47 Ω. The resistance of the 

leg-TEG was affected by its geometric configuration. Varying leg cross-section, 

L=10mm,W=10mm,Tempe=313.15k H=2.0mm, N=15, 

Case-III 

Table 3. Output voltages, output current, and Resistances for Varying l-leg of TEG. 

 

 

 

 

  

Varying 

l-leg 
W-teg H-teg d-teg ∆Tmax Imax Vmax R Qmax 

(mm) (mm) (mm) (mm) (k) (A) (V) (Ω) (W) 

0.5×1.2 10 2 0.5 82.98 2.14 3.27 1.5 4.28 

1.0×1.2 10 2 0.5 82.87 4.28 2.46 0.57 6.41 

1.2×1.2 10 2 0.5 82.83 5.11 1.63 0.32 5.08 
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In this third case study, the TEG leg length (l-legs) is varied from 0.5 mm to 1.2 mm, while other 

parameters remain constant: W-leg at 10 mm, H-leg at 2 mm, L at 10 mm, and d-leg at 0.5 mm. As the 

leg length increases in this TEG design, the output current rises from 2.14 Amp to 5.1 Amp, while the 

Internal Resistance decreases from 1.5 Ω to 0.32 Ω. The temperature remained steady at 313.15 K 

throughout these variations. Varying leg cross-section, L=10 mm, W=10mm, Temperature=313.15k, 

height H=2.0mm, N=15, In this study, we examined the output. 

 Case-IV TEG design by altering the parameters related to the thermoelectric generator leg height. 

While maintaining a constant H-leg (2.5 mm, we observed that increasing the L-leg length resulted in 

an improved power output conversion and efficiency. The efficiency reached its peak at 1.2×1.2 mm, 

with the energy conversion being influenced by factors such as heat transfer coefficients and carrier 

concentrations. 

 

Figure.6: Geometrical optimization of thermoelectric generator leg-power graph. 

Varying cross section, L=10mm, W=10mm,Temp=313.15k H=2.5mm, N=15,Sheet-2 table-2,The leg 

height H varies, while the leg cross-section remains constant at 1.0*1.2 mm. L=5mm, W=5mm, and 

the temperature is 313.15k. H=2.0mm, N=15.  

Case-V 

For case V, the Thermoelectric generator was designed with varying geometries. The TEG Height of 

the legs (H-leg) was adjusted from 2 to 3 mm, while the other parameters remained constant. mm, 

cross section of the Legs (L-leg) (2.5 mm, cross section of the legs (L-leg) at 1×1.2 mm, and cross 

section of the legs (d-leg) at 0.5 mm. 

Table 5. Output voltages, output current, and Resistances for Varying H leg of TEG. 

Varying 

H-leg 

L-teg W-teg d-teg ∆Tmax Imax Vmax R Qmax 

(mm) (mm) (mm) (mm) (k) (A) (V) (Ω) (W) 

2 1×1.2 2.5 0.5 83.24 4.2 0.267 0.064 0.682 

2.5 1×1.2 2.5 0.5 83.16 2.98 1.4 0.47 2.55 

3 1×1.2 2.5 0.5 83.13 2.31 1.4 0.61 1.98 
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In this study, we examined the output of a case-V thermoelectric generator (TEG) design by altering 

the parameters based on the thermoelectric generator leg height. While maintaining a constant H-leg 

(2.5 mm, we found that Increasing the L-leg length improved the power Output conversion and 

efficiency. The output efficiency reached its peak at 1.2×1.2 mm, with performance influenced by heat 

transfer coefficients and energy conversion carrier concentrations. 

Case-VI 

For case VI, a thermoelectric generator was designed with varying geometries. The Height of the legs 

(H-leg) was adjusted from 2 to 3 mm, while the length (L) remained at 8 mm. Several parameters were 

kept constant: the Width of the legs (w-leg) at 5 mm, the cross section of the legs (l-leg) at 0.5×1.2 

mm, and the cross section of the legs (d-leg) at 0.5 mm. Additionally, N was set to 15 and the 

temperature was maintained at 313.15◦K. 

Table 6. Output voltages, output current, and Resistances for Varying H leg of TEG. 

Varying H-leg L-teg W-teg d-teg ∆Tmax Imax Vmax R Qmax 

(mm) (mm) (mm) (mm) (k) (A) (V) (Ω) (W) 

2 0.5×1.2 5 0.5 72.99 2.11 2.1 1 2.7 

2.5 0.5×1.2 5 0.5 73.24 1.5 2.11 1.4 1.92 

3 0.5×1.2 55 0.5 73.38 1.16 2.1 1.8 1.49 

 

The research investigated the effects of changing thermoelectric generator leg height parameters in 

case-VI TEG design output analysis. The performance output and energy conversion efficiency 

increased when the L-leg length increased as the H-leg (2.5 mm remained constant. The maximum 

efficiency point occurred at a dimension of 1.2×1.2 mm while the performance was determined by 

heat transfer coefficients and energy conversion carrier concentrations. 

Case-VII 

The thermoelectric generator (TEG) received different geometrical designs in case VI. The research 

examined height variations of the legs (H-leg) from 2 to 3 millimeters without changing the remaining 

design characteristics.These fixed dimensions included the width of the legs (w-leg) at 5 mm, the cross 

section of the Legs (L-leg) at 1×1.2 mm, and the leg cross-section (d-leg) at 0.5 mm. The temperature 

was maintained at 323˚ K throughout the experiment. 

Table 7. Output voltage, output current, and resistance for varying H leg of TEG. 

Varying 

H-leg 
L-teg W-teg d-teg ∆Tmax Imax Vmax R Qmax 

(mm) (mm) (mm) (mm) (k) (A) (V) (Ω) (W) 

2 1×1.2 5 0.5 73.17 4.2 0.267 0.064 0.682 

2.5 1×1.2 5 0.5 73.17 2.98 1.4 0.47 2.55 

3 1×1.2 55 0.5 73.33 2.31 1.4 0.61 1.98 
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In this study, we examined the case-VII TEG design output by altering the parameters related to the 

thermoelectric generator leg height. While maintaining a constant L-leg dimension of 1×1.2 mm, we 

increased the H-legs from 2 mm to 3 mm.  

After case-VII designed the geometry of the TEG, it was observed and analysed through TEG height 

of the legs versus the current of the legs; in this case, as the height of the thermoelectric generator [14] 

(TEG) legs was increased, the current flowing through them decreased linearly. The resistance of the 

TEG legs showed a linear increase up to a leg height of 2.6 mm, after which it remained relatively 

constant despite further increase in height. 

3. Results 

The results showed an inverse relationship then the height of thermoelectric generator Legs increased, 

the current in legs decreased linearly. This demonstrates that leg height geometry significantly affects 

the generated current. The TEG design parameters included leg heights (H-leg) ranging from 2 to 3 

mm, which had a notable influence. Other constant parameters were leg width (w-leg) at 5 mm, leg 

cross-section (L-leg) at 1×1.2 mm, leg cross-section (d-leg) at 0.5 mm, and a height temperature of 

323 °K 

The output power generated by the TEG legs exhibited a linear increase up to a leg height of 2.6 mm, 

beyond which it decreased. The maximum output power was observed at a leg height of 2.6 mm. The 

output power alongside the current output of a TEG depends heavily on the length of its legs. The 

length of the legs showed an opposite connection with current levels in the TEG design geometry. The 

investigation used H-leg measures from 2 mm to 3 mm with fixed w-leg at 5 mm and L-leg at 1×1.2 

mm and d-leg at 0.5 mm and T at 323◦K. 

Table 8. Comparison of Output Power for different TEG geometry Cases. 

T=323˚ 

K 

Case: I Case:II Case:III Case:IV Case:V Case:VI Case:VII 

Power 

(W) 

Power 

(W) 

Power 

(W) 

Power 

(W) 

Power 

(W) 

Power 

(W) 

Power 

(W) 

3.8 6.6 6.7 4.9 1.2 4.4 1.1 

5.7 4.7 7.3 6.0 4.1 3.1 4.1 

4.6 3.6 6.76 5.8 3.2 2.4 3.2 

 

The above table presents different arrangements of TEG module geometric parameters and their related 

power outputs. This provides a comprehensive comparison of the power generated across different 

cases. Upon analysing the generator's performance with varying TEG dimensional geometries, it was 

observed that case-III and its associated TEG model geometry yielded the highest power output. 
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Figure.: Thermoelectric generator Leg (mm)Vs Power (W). 

The TEG leg's l-legs were adjusted from 0.5 mm to 1.2 mm, while the H-teg was modified accordingly. 

The other parameters remained constant: W-leg at 10 mm, length L at 10 mm, and leg cross-section d-

leg at 0.5 mm. In this TEG design, as the leg height increased, the output current rose from 2.14 Amp 

to 5.1 Amp, while the Internal Resistance decreased from 1.5 Ω to 0.26 Ω. The generated powers are 

6.2, 7.3, and 6.76 W. 

Table 9: Efficiency Comparison in different TEG module Geometry. 

Case:I Case:II 

 
 

Case:III Case:IV Case:V Case:VI Case:VII 

Efficiency 

(%) 

Efficiency 

(%) 

Efficiency 

(%) 

Efficiency 

(%) 

Efficiency 

(%) 

Efficiency 

(%) 

Efficiency 

(%) 

4.5 8.1 16.0 6.1 1.34 6.0 1.74 

6.5 5.6 17.4 8.88 5.01 4.30 5.65 

5.4 4.45 16.1 7.13 3.90 3.30 4.43 

 

Upon evaluating the efficiencies of the various TEG model geometries, the Case-III TEG configuration 

was found to have the highest efficiency of 17.4%.  

4. Discussion 

The optimized design was evaluated against the current TEG system. Limitations and future work: 

Acknowledgment of constraints and assumptions in the optimization process, Identification of areas 

for further research and potential improvements in the optimization methodology. The discussion 

typically synthesizes these results to provide a comprehensive understanding of how geometrical 

optimization can significantly enhance TEG efficiency, while also addressing practical considerations 

for implementation in real-world scenarios. 
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