
Review of thermoelectric geometry and structure 

optimization for performance enhancement

Abstract

Thermoelectric geometry and structure optimization are vital research areas which are being explored 

extensively in recent years due to significant performance enhancement achieved. However, the lack 

of a single review paper on this key area is a huge gap identified. Therefore, this review presents a 

first of its kind in-depth analysis of the start of art in thermoelectric geometry and structure 

optimization. The four main parameters including leg length or height, cross-sectional area, number 

of legs and leg shape which are paid attention to during optimization of thermoelectric geometry are 

discussed in detail. In addition, a review of the different thermoelectric structure available in literature 

such as flat plate, annular, segmented, cascaded, corrugated, concentric, linear, flexible and micro 

thermoelectric generators and coolers is presented. Furthermore, special attention is paid to both 

electrical and mechanical performance enhancement obtainable from thermoelectric geometry and 

structure optimization. A review of thermal stress optimization is presented alongside other 

optimization including contact resistance, heat pipe, pulsed heating and cooling. Geometry and 

structure optimization methods including three-dimensional finite optimization and multi-objective 

optimization are discussed in detailed and the most significant results obtained from the literature 

review are presented. This comprehensive review will be a valuable and essential reference literature 

on all issues relating to thermoelectric geometry and structure optimization.
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Resistance, Ω

T Temperature, K

V Voltage, V

ZT Figure of merit

Greek symbols

Seebeck coefficient, V/K

Thermal conductivity, W/m/K

Electrical conductivity, S/m

Efficiency, %

Abbreviations

ATEG Annular thermoelectric generator

Bi2Te3 Bismuth telluride

COP Coefficient of performance

CoSb3 Copper antimony

FDM Finite difference method

FEM Finite element method

FVM Finite volume method

GA Genetic algorithm

MOGA Multi-objective genetic algorithm

NSGA-II Non-dominated sorting genetic algorithm-II

PbTe Lead telluride

PV Photovoltaic

PV-TE Photovoltaic-thermoelectric

SATEG Segmented annular thermoelectric generator

SCGM Simplified conjugate-gradient method

STEG Segmented thermoelectric generator

TEC Thermoelectric cooler

TEG Thermoelectric generator

Subscripts

H Hot side

C Cold side

1 Introduction

Renewable energy is the future of global energy generation due to its superior advantage over the current 

conventional sources of energy like fossil fuel. In terms of safety and availability, renewable energy sources 

generate clean energy with zero pollution, and they are inexhaustible. The same cannot be said of conventional 

energy sources that cause serious environmental issues such as global warming and air pollution while being 

limited in supply. Therefore, it is only a matter of time before the numerous advantages offered by renewable 

energy sources outweigh the current limitations thereby ushering in a new era of sustainable energy. Availability 



of electricity is a fundamental requirement for any society that seeks to thrive therefore, the current challenge is 

how to generate enough electricity to meet the increased energy demand without negatively affecting the 

environment. In addition, a high percentage of heat is wasted from vehicles, electrical instruments, human body, 

etc.

Thermoelectric (TE) devices can convert heat to electricity via the Seebeck effect or electricity to heat via the 

Peltier effect. They offer several advantages including zero pollution, compact size, silent operation, high 

reliability and absence of moving parts. Notwithstanding, the TE device has a low conversion efficiency which 

is the major disadvantage that has hindered the wide spread application of TE consequently, affecting its market 

growth in the area of electricity generation, heating, cooling and waste heat recovery. Furthermore, the cost of 

the thermoelectric material is currently too high to justify its low conversion efficiency. Therefore, the future of 

the TE is highly dependent on increasing its efficiency at a reduced cost. Consequently, a plethora of research is 

being undertaken on thermoelectric generator and cooler conversion efficiency improvement. A thermoelectric 

generator (TEG) is an energy converter capable of transforming heat to electricity via the Seebeck effect. This 

unique characteristic of the TEG makes it a valuable and indispensable technology for clean electricity 

generation. Furthermore, a thermoelectric cooler (TEC) operates according to the Peltier effect and can be used 

for cooling or heating.

In recent years, the two main methods being researched extensively for improving the TE efficiency while 

keeping the material cost low are geometry and material optimization. The goal of thermoelectric geometry 

research is to optimize the geometry and structure of the thermoelectric devices while thermoelectric material 

research entails developing new materials which possess a high value for figure of merit. Due to the significant 

results obtained from thermoelectric geometry optimization in the past, several researchers are now paying 

attention to this area therefore, the amount of available literature on this area has witnessed a sudden spike in 

recent years. Furthermore, the optimization of thermoelectric geometry and structure is imperative for the 

application of thermoelectric generators and coolers in areas with different heat source and heat sink shapes.

This review provides an in-depth analysis of the current research progress made in the area of thermoelectric 

geometry and structure optimization for performance enhancement of thermoelectric generators and coolers. The 

current state-of-art in TE geometry and structure research is explored in detail and the most significant results are 

presented. The objective of this review is to discuss all issues relating specifically to thermoelectric geometry and 

structure optimization. In fact, attention is paid not only to the electrical performance (efficiency and 

output/cooling power) improvement potential of the TE geometry and structure optimization research but also on 

the mechanical performance (thermal stress) enhancement obtainable by the optimization of thermoelectric 

geometry and structure. In addition, thermal stress developed in TE legs highly affect the life span of a TE 

device therefore; attention is paid to this important research area. Furthermore, different thermoelectric geometry 

and structure configuration are explored, and geometry optimization methods are discussed including three-

dimensional finite optimization and multi-objective optimization methods. Lastly, future research directions are 

provided as a guide to interested researchers in the area of thermoelectric geometry and structure optimization.

2 Concept of thermoelectric generation and cooling

In the 18th century, the thermoelectric (TE) phenomenon was observed during the generation of small voltages 

between two dissimilar metals. Furthermore, the TE technology experienced a fast growth because of the 

invention of highly efficient semiconductors and because it offers specific advantages which made it different 

from the traditional energy generation and cooler [1]. A typical thermoelectric module is made up of p-type and 



n-type semiconductor materials connected electrically in series and the presence of a temperature difference 

across its hot and cold side leads to the generation electricity generation [2]. Reversing current direction is a 

simple method to convert electricity into heating or cooling [3]. A thermoelectric device can convert heat directly 

into electricity via the Seebeck effect (Fig. 1a) which was discovered in 1821 [4] while the Peltier effect (Fig. 1

b) which was discovered in 1834 allows the achievement of the reverse process (conversion of electricity to 

heat) [5]. Consequently, the bi-directional energy conversion capability of the thermoelectric device is shown in 

Fig. 1 [6].

2.1 Thermoelectric material and application

Figure of merit  is the most important parameter that determines the thermoelectric performance and it was 

discovered in 1911. Commonly, the figure of merit is made dimensionless by multiplying it with the absolute 

temperature  and this dimensionless figure of merit is expressed as [7]:

where  is the electrical conductivity,  is the thermal conductivity and  is the Seebeck coefficient. The inverse 

relationship between these intrinsic parameters makes it difficult to optimize one of the parameters without 

negatively affecting another parameter. This difficulty is the reason why the maximum figure of merit of 

thermoelectric material remained at at  for about fifty years [8]. Nevertheless, in-depth research on 

thermoelectric material being carried out as resulted in progress been reported in increasing TE figure of merit 

recently. The Seebeck coefficient is expressed as [9],

where  is temperature gradient and  is electrostatic potential. Asides the Seebeck and Peltier effects, the 

last thermoelectric effect is the Thomson effect discovered in 1852 and it has a relationship with the reversion 

heat  generation rate. Furthermore, the current which flows through a portion of a single conductor with a 

Fig. 1

Schematic diagram showing principle of (a) Seebeck effect and (b) Peltier effect [6].
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temperature gradient provides the reversible heat. The thermoelectric device performance is affected by 

Thomson effect and the accuracy of numerical studies can be improved by considering it [10].

Based on operating temperature, thermoelectric materials can be classified as high temperature (>900  K), 

medium temperature (500–900 K) and low temperature (<500 K). Applications which require high temperature 

need to use thermoelectric materials such as silicon-germanium alloys, applications which require medium 

temperature need to use thermoelectric materials which are based on group-IV tellurides including germanium 

telluride, tin telluride and lead telluride while bismuth telluride is used for low temperature applications [11]. For 

in-depth understanding of current thermoelectric material research, these two review papers [12] and [13] are 

recommended. The review papers have provided an in-depth review on thermoelectric material research 

therefore, for avoidance of repetition, the review papers are recommended for further reading.

In terms of application, thermoelectric generators have been applied for waste heat recovery in automobiles [14], 

low power generation [15], wearable sensors [16], space power [17] and medicine [18]. On the other hand, 

thermoelectric coolers have been applied for electronic device cooling, military, aerospace and medicine specific 

applications [19]. In addition, thermoelectric coolers have been used in refrigerators and air conditioners [20]. 

These two review papers [21] and [22] are recommended for in-depth understanding of current thermoelectric 

applications. A comprehensive review of thermoelectric applications has been provided in the recommended 

review papers.

2.2 Efficiency modelling

For an ideal thermoelectric device with constant thermoelectric properties, the thermoelectric generator maximum 

efficiency is expressed as [23],

where the Carnot efficiency  is given as,

The thermoelectric cooler maximum efficiency is evaluated using coefficient of performance (COP) which is 

given as [23],

where  and  are the hot side and cold side temperatures respectively.  is the dimensionless thermoelectric 

figure of merit which is described in Eq. (1). The maximum thermoelectric conversion efficiency is limited by 

(3)

(4)

(5)



the Carnot efficiency and the reduced efficiency which depends on the ,  and .

3 Thermoelectric geometry and structure optimization

Depending on the heat source and heat sink shape, thermoelectric devices could have different structures such as 

the conventional flat plate structure and annular structure. In addition, segmented structure can be adopted for 

high temperature applications and cascaded structure has been proposed. Furthermore, different geometries for 

the thermoelectric leg has been studied including conventional rectangular and asymmetrical geometries. The 

four main parameters which are paid attention to during optimization of thermoelectric geometry are leg 

length/height, cross-sectional area, number of legs and leg shape. Therefore, this section presents the 

optimization studies on these four parameters and a brief overview of the different thermoelectric structure 

currently being researched.

3.1 Leg length or height

The thermoelectric leg length or height is an important parameter which can be optimized for performance 

enhancement of the thermoelectric generator and cooler. Optimization of thermoelectric leg length has been 

performed in flat plate, annular, segmented and cascaded thermoelectric devices. In addition, the thermoelectric 

leg length has been optimized in a hybrid photovoltaic-thermoelectric system and enhanced performance was 

obtained. Min et al. [24] found that a decrease in thermoelectric leg length by 55% caused a 48% increase in 

power output and a 10% decrease in conversion efficiency as shown in Fig. 2. In addition, a theoretical 

investigation was carried out on three different commercial thermoelectric modules which only had different 

thermoelectric leg while other parameters were the same and a high temperature of 120 °C was considered on 

the hot side while the cold side was kept at ambient temperature. Kumar et al. [25] presented an optimization 

study on TE components for waste heat recovery in automobiles. Skutterudite thermoelectric material was used 

because it has a high figure of merit under high temperature conditions which is the application requirement for 

engines which operate on gasoline and diesel. Results showed that the leg efficiency was highly dependent on 

temperature difference, current and leg height. In addition, the authors argued that the careful selection of leg 

height and fill fraction enables the achievement of maximum power output while reducing the amount of 

material required.

Fig. 2



Furthermore, Tian et al. [26] presented a detailed parametric optimization of a segmented thermoelectric 

generator (STEG) for diesel engine exhaust waste heat recovery and the authors recommended the use of STEG 

rather than traditional TEG especially for applications with high heat source temperature. In addition, results 

revealed that the highest TEG efficiency and power output had respectively, a linear and inverse relationship, 

with the thermoelectric leg length as shown in Fig. 3. It was also found that the enhanced performance obtained 

from the STEG compensated for the high thermoelectric material cost. Zhang et al. [27] optimized the leg length 

ratio of a STEG for power and efficiency enhancement and found the optimum leg length ratios for maximum 

efficiency and output power to be different. In addition, they found that the best ratio for thermoelectric leg 

length is determined by the thermoelectric material properties, geometry and conditions for heat transfer. 

Recently, Ma et al. [28] presented a detailed investigation on the optimization of STEG leg length ratio 

optimization for engine exhaust heat recovery. The STEG was optimized at component level and system level 

using a numerical model. Five different cases were considered corresponding to proportions of two materials in 

each case. The first two cases (Case 1 and Case) were the non-segmented conventional TEG while the 

remaining three cases corresponded to STEG with different leg length ratio. It was found that the optimal 

proportion of medium temperature material (CoSb
3
) increased with longer thermoelectric legs and increased 

coefficient of heat transfer however, the leg area showed hardly any influence on it. In addition, results revealed 

that the application of optimal segmented ratio design in the TEG provided an enhanced performance and 

increased the power output by 6.8%. The maximum power output for both the segmented and non-segmented 

TEG increased as the heat source temperature increased (shown in Fig. 4). Recently, Shen et al. [29] studied the 

Variation of conversion efficiency with leg length [24].



performance of a thermoelectric cooler with segmented configuration. They found that the maximum cooling 

capacity, maximum temperature difference and maximum coefficient of performance all decrease with the 

increase of leg length.

Asides the optimization of thermoelectric leg length in flat plate and segmented thermoelectric devices, the idea 

of leg length optimization has also been utilized in annular thermoelectric devices. Shen et al. [30] studied the 

performance (power output and efficiency) of annular thermoelectric generator (ATEG) using a theoretical 

model and constant heat flux. Furthermore, the temperature dependency of TE materials was considered and the 

effect of shape parameter  on the ATEG output power was studied and they observed an increase in power 

output as thermoelectric leg length increased however, a reverse trend was observed under constant temperature 

condition. Zhang et al. [31] used a theoretical model to study the interface layers effect on ATEG performance 

and found that the interface layers negatively influenced the ATEG performance. Furthermore, they found that 

for ATEG with very short legs, the annular shape parameter significantly influences the ATEG performance. In 

addition, the simplified values used were found to provide results very similar to that of the real values. 

Furthermore, Shen et al. [32] investigated a segmented annular thermoelectric generator (SATEG) theoretically 

and a comparison with ATEG was presented. They found that the SATEG efficiency initially increased as the 

height ratios increased until it reaches a maximum after which it decreases. In addition, the authors observed that 

Fig. 3

Effect of leg length on (a) output power and (b) efficiency for three different thermoelectric generators [26].

Fig. 4

Maximum power output variation with (a) heat source and (b) cold source temperature [28].



temperature ratio increase caused an increase in the SATEG efficiency output power. Shittu et al. [33] 

investigated the SATEG mechanical and electrical performance using finite element method and a comparison 

with ATEG was presented. They observed a superior performance from the SATEG compared to the ATEG. In 

addition, results revealed that the leg length increase led to a decrease in TEG electrical performance.

The mechanical reliability and thermoelectric performance of SATEG was investigated by Fan et al. [34]. 

Results revealed that the SATEG output power increased initially before decreasing as the structural parameter 

increased. In addition, they found that the power output of the SATEG increased by 18.3% compared to that of 

the single-Skutterudite TEG. Asaadi et al. [35] studied a two-stage ATEG and found that the optimum height 

ratio required to obtain maximum thermodynamic and exergoeconomic efficiencies was directly influenced by 

the heat source intensity. In addition, results revealed that under certain heat source temperatures, the 

performance of the two-stage ATEG was superior to the performance of the single-stage ATEG however, the 

single-stage ATEG was more economical than the two-stage ATEG for all temperature of heat source 

considered. In a hybrid system like photovoltaic-thermoelectric (PV-TE), thermoelectric geometry optimization 

can enhance the hybrid system performance [36]. Hashim et al. [37] optimized the geometry of TE devices in a 

photovoltaic-thermoelectric system for output power enhancement. They argued in favour of considering the 

amount of thermoelectric material consumed during the optimization of the thermoelectric geometry for 

enhanced output power. It was also found that operating the PV-TE in a vacuum greatly increased its output 

power and they recommended the use of thermoelectric modules which had a smaller area than the area of 

photovoltaic.

Lamba et al. [38] studied the effect of TE geometry on the performance of a concentrated PV-TE system. They 

found that the thermoelectric leg length and temperature difference had an inverse relationship. Results also 

revealed that the concentrated PV-TE provided an enhanced output power and efficiency of 5% in comparison 

to those of the concentrated photovoltaic only system. Furthermore, Li et al. [39] also optimized the geometry of 

TE in a PV-TE. Results revealed that comparing the photovoltaic-thermoelectric and TE only systems, the 

optimum thermoelectric geometry in both systems are different. In addition, they found that the efficiency of the 

hybrid PV-TE decreased as the leg height increased. Mahmoudinezhad et al. [40] recommended TE geometry 

optimization in a PV-TE for output power enhancement. In addition, the authors performed a transient 

experimental and numerical study and found that the hybrid system thermal resistance increased with leg length. 

They also found that the ratio of the maximum power generated by the thermoelectric generator to the maximum 

power generated by the concentrating triple junction (CTJ) increased as the leg length increased. Recently, Cui et 

al. [41] optimized the leg height ratio in a segmented photovoltaic-thermoelectric system and found that the 

optimized height of the TE model which corresponds to the highest performance decreases with the height ratio 

of the upper to lower TE leg. In addition, they found that the optimized height of the TE model decreases with 

the concentrated solar irradiance.

3.2 Leg cross-sectional area

Another important parameter which could be optimized for enhancing the performance of the thermoelectric 

generator and cooler is the leg cross-sectional area. Lavric [42] studied the sensitivity of TEG to geometry 

variation using a one-dimensional model and found that a higher power output can be obtained by using 

thermoelectric legs with larger cross-sectional area. Furthermore, the use of power density and output power per 

area for estimating the performance of TEG rather than output power and efficiency was recommended. In 

addition, it was found that decreasing contact resistances (electrical and thermal) could significantly increase the 

TEG performance. Cheng et al. [43] presented a structural optimization of thermoelectric modules and the effect 



of TE leg area on the module performance was studied experimentally. The designed thermoelectric generator 

was for applications requiring low temperature such as waste heat recovery in hypersonic vehicles which has 

high heat flux from the scramjets. In addition, a polycrystalline bismuth telluride thermoelectric material was 

used, and results showed that maximum power output is obtainable at an optimum leg cross-sectional area.

Fan et al. [44] found the optimal thermoelectric leg area for enhanced TEG power output. At different thermal 

boundary conditions, the impact of geometric parameters on the TEG efficiency and output power density were 

analysed. Furthermore, the mathematical model used was validated with a previous numerical model and the 

authors argued that under specific thermal boundary conditions, the maximum power output can be obtained at 

an optimal leg cross-sectional area. In addition, they found that the thermoelectric conversion efficiency was 

almost constant at constant surface temperature boundary condition (case 4), while the efficiency was inversely 

proportional to the leg cross-sectional area at constant heat transfer coefficient boundary condition (case 5 and 6) 

as shown in Fig. 5. He et al. [45] presented a comprehensive one-dimensional model for thermoelectric generator 

module geometric optimization based on the Hill-climbing algorithm for power output enhancement. Numerical 

simulations carried out considered the impact of the dimensions of thermoelectric legs on the thermoelectric 

generator performance. Furthermore, the Seebeck, Thomson and Peltier effects were considered in the one-

dimensional mathematical model presented which was validated with a three-dimensional numerical model and it 

was found that for any given leg length, the maximum power output always increases as the leg area increases.

Furthermore, using a theoretical model, Zhang et al. [46] investigated the effect of the geometry of ATEG legs 

on system performance. Results revealed that the performance of the ATEG and flat plate TEG were similar 

when the TE leg cross-sectional area configuration was kept constant. In addition, results showed that the 

maximum power output per unit mass could be obtained only when the leg cross-sectional area is constant for 

the ideal ATEG. Cui et al. [47] studied the potential of porous ATEG for utilization of waste heat and observed a 

superior performance from the porous ATEG compared to the bulk TEG. In addition, thermal and electrical 

contact resistances were considered and using a theoretical model, they found that the TEG output power had a 

linear relationship with temperature difference and an inverse relationship with cross-sectional area. Furthermore, 

Nemati et al. [48] studied a two-stage TEC that was separated electrically and found that the optimization of leg 

Fig. 5

Conversion efficiency variation with leg cross-sectional areas [44].



area ratio enhanced the cooling power cost and exergy efficiency. Results also revealed that the second stage 

applied current must be higher than that of the first stage to obtain maximum exergy efficiency at the lowest 

possible cost of cooling. In addition, they found that the optimum cross-sectional area ratio is less than unity.

A three-dimensional model was utilized by Shittu et al. [49] to investigate the optimum geometry for 

thermoelectric devices in a hybrid system for enhancing the efficiency of the PV-TE. Different configurations 

were considered corresponding to different geometries and results revealed that the type of PV cell used could 

influence the best geometry for TE in a hybrid system. In addition, they found that the hybrid PV-TE efficiency 

increased as the leg cross-sectional area increased. Li et al. [50] investigated the optimum leg cross-sectional area 

in a hybrid PV-TE system. Results showed that the hybrid PV-TE system attainted its highest power output 

when  while this is different for the thermoelectric only system which attains its highest power output 

when . In a subsequent study [51], the same authors found that the overall efficiency of the hybrid PV-

TE increases when a larger thermoelectric leg cross-sectional area is used.

3.3 Number of thermoelectric legs

Dongxu et al. [52] performed and experimental and numerical study on thermoelectric module geometry 

optimization for power output enhancement at a low cost. Three thermoelectric modules with different 

geometries but same material was analysed experimentally, and the simulation model was validated with 

experimental results. The effect of thermoelectric module couple number on the power output and efficiency of 

the module was studied. Results obtained (shown in Fig. 6) revealed that the power output monotonically 

increases as the leg number increases due to the decrease in thermal and electrical contact resistances. In 

addition, they found that the efficiency first increases and then decreases as the leg number is increased. 

Furthermore, Hodes [53] presented a method to optimize the thermoelectric leg number for obtaining maximum 

power output and conversion efficiency for a specified performance. The load resistance was optimized for 

obtaining best performance using a specific leg geometry. In addition, a comparison of thermoelectric geometry 

optimization in power generation and refrigeration/cooling modes was presented. Results showed that in 

refrigeration mode, the number of thermoelectric legs affects neither the performance or efficiency however, in 

generation mode, both the number of thermoelectric legs and height of thermoelectric legs must be optimized 

simultaneously when both power output and load resistance are specified.

Fig. 6

Variation of leg number with (a) power output and (b) efficiency [52].



Liang et al. [54] optimized a two-stage TEG and compared it with a single TEG. They found that the absorbed 

heat and output power increased as the total number of thermoelectric legs increased however, the conversion 

efficiency decreased. In addition, they found that the temperature of the heat source had a greater effect on the 

performance of the TEG compared to the temperature of the cold source. The relationship between the total 

number of thermoelectric legs , number of thermoelectric legs in bottom stage , output power and 

efficiency of the two-stage TEG is shown in Fig. 7. It was found that the increase of  caused an increase in the 

maximum optimum output power and a decrease in the conversion efficiency. Wang et al. [55] optimized three 

different two-stage thermoelectric cooler (TEC). They found that the hot stage thermoelectric leg number should 

be higher than the cold stage thermoelectric leg number to obtain enhanced coefficient of performance and 

cooling capacity. Furthermore, the authors argued that accurate two-stage TEC performance prediction is only 

possible by the use of thermoelectric materials properties which are dependent on temperature. Yin et al. [56] 

studied the effect of leg number on the performance of a solar thermoelectric generator under non-uniform solar 

radiation. The authors argued that reducing the thermoelectric leg number is an effective method to increase the 

performance of thermoelectric generator under non-uniform solar illumination. They found that under the same 

non-uniform solar radiation, the maximum power output increased by 73.5% when the leg number decreased 

from 32 to 18 and it increased by 244.9% when the leg number decreased from 32 to 8.

Recently, Luo et al. [57] recommended the use of more thermoelectric legs to achieve a greater power output 

from the TEG. In addition, they found that the maximum power output and maximum efficiency of the 

thermoelectric module with increased thermoelectric leg number increased by 1% and 1.2% respectively. Miao et 

al. [58] analysed and optimized the mechanical stability of thermoelectric modules. In addition, the influence of 

the number of thermoelectric legs on the stability of the thermoelectric module was studied and they found that 

optimization of the thermoelectric leg number can reduce the internal stress generated in the module and improve 

the working stability of the module. Furthermore, the effect of TE leg number on the PV-TE performance was 

investigated by Lakeh et al. [59]. A parametric study was performed, and they found that the PV-TE efficiency 

for any given length of arms would have an optimum range versus different number of TE legs. It was also 

found that the PV-TE could be advantageous when used in conditions of outer space or by adding a heat 

absorber to the hybrid system.

3.4 Thermoelectric leg shape

Fig. 7

Relationship between number of legs and (a) output power and (b) conversion efficiency [54].



The conventional thermoelectric legs are rectangular/symmetrical however, asymmetrical thermoelectric legs are 

being researched as a method to improve the transfer of heat in the legs and enhance the TE performance. In 

fact, the TE legs temperature gradient can be increased due to the reduction of the TEG overall thermal 

conductance which is achieved by using asymmetrical legs. Furthermore, asymmetrical thermoelectric legs 

usually have variable cross-sectional area resulting in a trapezoid shape. Sahin et al. [60] studied theoretically, the 

effect of thermoelectric geometry on the performance of a TEG. A TEG which had variable cross-section legs 

was studied and they found that the trapezoid shape leg geometry significantly improved the TEG efficiency. In 

addition, they found that the power generation capability of the TEG was greatly affected negatively by the 

shape parameter. Similarly, a thermodynamic model was used by Ali et al. [61] to study the influence of TE 

geometry on the thermal performance of TEG. Results revealed that the increase of the geometric parameter 

which is dimensionless caused an improvement in the thermal efficiency of the TEG. In addition, they found that 

the point at which the highest efficiency was obtained was different from the point at which the highest power 

output was obtained. The influence of TE geometry configuration on the TEG (shown in Fig. 8) performance 

was studied by Lamba et al. [62]. They found that the exergy and energy efficiency of the trapezoidal shaped 

TEG increased by 2.31% and 2.32% respectively. In addition, they found that the point at which highest output 

power was obtained was different from that at which the highest exergy and energy efficiency was obtained.

Fig. 8



Furthermore, Shi et al. [63] studied the optimum TE leg geometry and investigated the effect of shape parameter 

on system performance. They found that when both nominal power density and efficiency are essential, TEGs 

with trapezoidal legs are better. In addition, they found that at a zero value for shape parameter, the highest 

nominal power density could be obtained. Fabián-Mijangos [64] investigated numerically and experimentally, 

thermoelectric generators with asymmetrical legs. Fig. 9 shows the thermoelectric legs fabrication process while 

Fig. 10 demonstrates the superiority of the asymmetrical legs in comparison to the symmetrical legs. This study 

provided the first experimental prove of concept which showed the feasibility of asymmetrical thermoelectric 

legs for performance enhancement. Lin et al. [65] optimized a two-stage trapezoid shaped TEC. Intermediate 

ceramic plates were eliminated to reduce the inter-stage thermal resistance and enhance performance. They 

found that the two-stage TEC coefficient of performance and maximum cooling capacity were affected by the 

hot-stage trapezoid leg shape ratio. Similarly, Lamba et al. [66] studied a thermoelectric cooler using a 

thermodynamic model and found that the TEC cooling capacity increased because of Thomson effect. 

Furthermore, they found that the best values for the shape parameter and the load ratio were respectively 1 and 2 

at which the highest output power could be obtained.

(a) Schematic of leg, rectangular area is shown in red colour and (b) cross-sectional view of trapezoidal TEG [62]. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9

Fabrication steps for thermoelectric legs [64].

Fig. 10



Liu et al. [67] presented a novel solar thermoelectric generator design which had thermoelectric materials that 

were segmented and thermoelectric legs with asymmetrical geometry. The numerical study was performed using 

a three-dimensional model and the leg area and length ratios were optimized. They found that the use of 

asymmetrical legs with the segmented design enabled a 4.21% additional power output enhancement in 

comparison to the optimized segmented legs without asymmetrical geometry. Similarly, Shittu et al. [68] 

presented a detailed numerical study on a TEG with segmented and asymmetrical legs (shown in Fig. 11) under 

transient and stead state conditions. A comparison with non-segmented TEG was presented and the new design 

of TEG was optimized for electrical performance and mechanical reliability enhancement. In addition, 

rectangular pulsed heat power was applied as the heat source for performance enhancement. Results showed the 

superior performance of the optimized design in comparison with the traditional TEG. Furthermore, a segmented 

asymmetrical TEG was studied by Karana et al. [69] and they investigated geometric parameter effect on the 

system performance. Results from the theoretical study showed that the geometric parameter strongly influenced 

the load ratio and temperature ratio. In addition, the authors argued that due to advancement in the technology 

required to manufacture the TE legs, the new unconventional shape of the TE leg could be made more cost 

effective. The power generation capability of the newly designed TEG was observed to be higher than that of 

the traditional TEG.

Fabricated module (a) with symmetrical legs (b) with asymmetrical legs (c) temperature difference (d) open circuit voltage [64]

.

Fig. 11



3.5 Thermoelectric structure

This section presents a brief overview of the different thermoelectric structure currently being researched and 

some of the results obtained using these structures.

3.5.1 Flat plate thermoelectric

The most common and conventional structure of a thermoelectric module is the flat plate as shown in Fig. 12 

[45]. As shown, a thermoelectric module consists mainly of ceramic substrate, copper electrode, solder layer and 

semiconductor thermoelectric legs which are usually connected in parallel thermally and in series electrically. 

Thermal and electrical contacts are usually present in a thermoelectric module with thermal contact existing 

between the copper surface and the ceramic surface while electrical contact occurs between the thermoelectric 

leg surface and the copper surface. The ceramic substrate provides thermal conductivity and electric insulation 

while the copper electrode provides the electrical connectivity. The solder layer connects the copper layer and 

thermoelectric legs while also helping to decrease thermal stress effect. The choice of thermoelectric material is 

greatly influenced by the specific application and operating temperature. Furthermore, the TE module has two 

sides including hot side and cold side and depending on required, the TE can be operated as a generator (TEG) 

to produce electric power to an external load or as a cooler (TEC) for cooling/heating. In terms of geometry 

optimization, the TE leg area and length are usually paid more attention, in addition to the thickness of the 

copper, solder and ceramic layers.

Schematic of (a) non-segmented TEG (b) segmented asymmetrical TEG (c) optimized geometry and (d) rectangular pulse heat 

[68].

Fig. 12



Luo et al. [70] presented a novel thermoelectric module structure (shown in Fig. 13). A numerical and 

experimental study was carried out and results showed the new TE module structure had a superior performance 

than the traditional TE module using the same material quantity. In addition, the thermoelectric material used was 

based on BiSbTeSe and a steady state numerical study was carried out. The authors found that the ratio of load 

resistance to internal resistance is greater than one for obtaining maximum output power. He et al. [71] optimized 

the design of a TEG for use as an engine waste heat recovery system and argued that improved TEG 

performance can be achieved by optimizing the module area. In addition, the impact of the parameters of the 

exhaust gas on the thermoelectric generator optimum performance was investigated and found that the best 

module area is affected greatly by the mass flow rate. Using dimensional analysis, Lee [72] presented an optimal 

design of thermoelectric devices for obtaining maximum efficiency (or COP) and power output (or cooling 

power). Therefore, both a thermoelectric generator and cooler was optimized, and the authors argued parameters 

such as load resistance ratio, thermal conduction ratio, efficiency and power could be obtained in dimensionless 

form using the optimal design. In addition, the heat sink was also optimized, and the best ratio for load resistance 

was found to be greater than one, for a thermoelectric generator with heat sink.

Schematic of (a) thermoelectric generator (b) thermoelectric uni-couple and (c) energy flow diagram [45].

Fig. 13



3.5.2 Annular thermoelectric

When circular heat sinks or heat source are to be used, annular thermoelectric modules are beneficial as shown in 

Fig. 14 [46]. This is because they can eliminate any contact resistance resulting from mismatch of geometry. 

Applications with a radial heat flow or cylindrical heat source would require a different type of thermoelectric 

configuration asides the conventional flat plate thermoelectric configuration which would be unsuitable in such 

applications [73]. Bauknecht et al. [74] analysed the performance of annular thermoelectric couples under non-

uniform temperature distribution. Contact resistances and parasitic effects in the thermoelectric module were 

considered and results showed that uniform temperature distribution provides a better performance. Furthermore, 

Kaushik et al. [75] investigated an annular thermoelectric generator (ATEG) and provided expressions for the 

optimum current at which the highest output power could be obtained. In addition, the figure of merit expression 

was modified while considering the Thomson effect. The simulation was performed using a Simulink block 

diagram and they found that the ATEG provided a lower performance than the flat plate TEG. Furthermore, 

results revealed that the consideration of Thomson effect caused the ATEG performance to be decreased.

Thermoelectric generator structure (a) main view and (b) cutaway view. Where (1) heat sink (2) thermoelectric module (3) heat 

exchanger (4) heat exchanger inlet and outlet connectors and (5) heat exchanger inner fins [70].



Similarly, Manikandan et al. [76] analysed the performance of ATEG with solar heat pipe shown in Fig. 15. 

They found that in addition to the solar ATEG providing better performance compared to the flat plate TEG, it 

also provides improved heat transfer characteristics. Furthermore, the authors argued that the new solar ATEG 

could be installed and maintained easily in comparison to the flat plate TEG due to its structure which is 

cylindrical in natural. However, they also stated that the solar ATEG systems are not economical although an 

increase in thermoelectric figure of merit would make such systems more attractive. Shen et al. [77] presented a 

one-dimensional steady state model to analyse an ATEG performance. They found that the ATEG and flat plate 

TEG operate using similar fundamental formulas with the only difference being the total electrical resistance and 

thermal conductance expressions. In addition, when the annular shaped parameter is 1, the ATEG turns into a 

flat plate TEG.

3.5.3 Segmented thermoelectric

Since thermoelectric materials are only efficient in specific temperature ranges, the idea of segmented 

thermoelectric generator and cooler has attracted more interest recently. The reason for this is that, materials that 

Fig. 14

Schematic diagram of ATEG: (1) heat source (2) heat sink (3) p-type leg (4) n-type leg (5) ceramic (6) copper electrode [46].

Fig. 15

(a) Solar heat pipe annular TEG and (b) cross-sectional view of solar heat pipe flat plate TEG [76].



are highly efficient at specific temperature ranges can be combined due to segmentation. For example, highly 

efficient medium temperature range thermoelectric material (CoSb
3
) can be combined with a low temperature 

range TE material with high efficiency (Bi
2
Te

3
). Consequently, the two materials will function in the 

temperature range in which they are most efficient thereby leading to an enhanced overall performance. 

However, not all thermoelectric materials are compatible [78] therefore, the compatibility factor must be 

considered because for a segmented thermoelectric, it is the most important parameter as thermoelectric material 

properties are subject to change from one segment to another [79]. Fig. 16 shows the compatibility factor  for 

thermoelectric materials. When the relative current density  is equal to the compatibility factor 

, maximum conversion efficiency can be achieved [80]. Consequently, segmentation will 

become inefficient if the compatibility factor differs by a factor of 2 or more [79]. Generally, spark plasma 

sintering (SPS) method is used to fabricate most non-segmented and segmented thermoelectric materials because 

it is less time consuming and it provides improved thermoelectric material performance [81].

Hadjistassou et al. [82] presented a methodology formulated on computation and analytical modelling for 

designing highly efficient segmented thermoelectric generator (STEG) shown in Fig. 17 and found that the 

STEG achieved a 5.29% maximum efficiency at a 324.6 K temperature gradient. In addition, they found that the 

STEG thermal resistance increased as the TEG temperature difference increased and the thermoelectric materials 

used were bismuth telluride and lead telluride. Kim et al. [83] studied the behaviour of a two-pair STEG which 

could be used for recovering waste heat in unmanned aerial vehicles and observed that the use of low electrical 

barriers improved the STEG performance. Shu et al. [84] analysed the STEG and TEG performance for diesel 

engine waste heat recovery. As shown in Fig. 18, the results revealed a 13.4% increase in the solar 

thermoelectric generator maximum output power compared to that of the TEG. The authors recommended the 

use of STEG for waste heat recovery has it was more effective. Furthermore, they found that the heat sink fins 

affect the best thermoelectric module configuration. The design of a STEG with high performance and with cost 

considered was presented by Ouyang et al. [85] and contact resistances (electrical and thermal) were accounted 

for. Different combinations of segmented thermoelectric legs were considered and the most efficient geometry 

with the best cost performance ratio were analysed as shown in Fig. 19. The thermoelectric figure of merit was 

argued by the authors as the top criterion to be considered when choosing TE materials.

Fig. 16

Compatibility factor  for (a) p-type and (b) n-type thermoelectric materials [79].

Fig. 17



Schematic of STEG with active cooling heat exchanger [82].

Fig. 18

(a) Voltage output and (b) Power output of non-segmented (case 1) and segmented TEG (case 2) [84].

Fig. 19



3.5.4 Cascaded thermoelectric

Unlike in a segmented thermoelectric generator or cooler, the issue of compatibility can be avoided by cascading 

rather than segmenting a TEG or TEC because in principle, for each stage of a cascaded thermoelectric device, 

the electrical circuits are independent therefore, for each stage, the best relative current density values can be 

used even if they are different [79]. Cascaded thermoelectric devices are also called multi-stage thermoelectric 

devices because multiple thermoelectric modules are usually placed directly on each other in a cascaded form. 

Xiao et al. [86] studied a cascaded TEG with two-stage and three-stage. They found that the three-stage TEG 

achieved an efficiency of 10.52% and the performance comparison results of the TEG with different stages is 

shown in Table 1. The thermoelectric materials used were bismuth telluride and Skutterudite and the authors 

argued in favour of STEG as new thermoelectric materials are developed with high figure of merit.

Cost performance ratios, TEG efficiencies and power output densities versus leg lengths of different TEG modules [85].

Table 1

Performance comparison of different stage thermoelectric generator [86].

i The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 

the Proof.



Cheng et al. [87] analysed the performance of multi-stage and single-stage TEGs. Results showed that the multi-

stage TEG which was cascaded provided an enhanced performance [87]. In addition, the authors found that the 

superiority of the multi-stage TEG over the single-stage TEG becomes more obvious at large temperature 

differences [88]. Similarly, Wang et al. [89] optimized a two-stage TEC (shown in Fig. 20) and found that the 

optimal design could be obtained at specific temperature difference due to the temperature difference 

independence of the applied current and geometric structure. Furthermore, Lv et al. [90] investigated a two-stage 

thermoelectric cooler and noticed that for the two-stage TEC, the maximum temperature drop at the cold side 

increased significantly compared to the single-stage TEC. In addition, they argued that pulse and geometry 

optimization improved the temperature overshoot, super cooling state holding time and cold side maximum 

temperature decrease.

3.5.5 Corrugated, concentric and linear thermoelectric

In this section, the few research available on corrugated, concentric and linear thermoelectric devices are 

presented. Firstly, Owoyele et al. [91] presented a novel thermoelectric cooler (TEC) architecture (shown in Fig. 

21) . The effects of various geometry parameters were studied, and they found that the corrugated TEC 

performed better and was competitive in terms of cost for applications with low cooling power density. In 

addition, the authors recommended the use of corrugated TEC for applications which required a low cooling 

power density over a large area. Appropriate thickness selection was also recommended for reducing losses in a 

Uni-couple Single-stage (Bi2Te3) Two-stage Three-stage

Concentration ratio 168 173 179

Input power (W) 0.2579 0.2652 0.2749

Output power (W) 0.0279 0.0353 0.0452

Efficiency (%) 10.82 13.31 16.44

Fig. 20

Two-stage TEC symmetric unit with separate applied current configuration [89].



corrugated TEC. Furthermore, Sun et al. [92] studied a TEG which was made up of thin film and corrugated 

architecture. Fig. 22 shows the process for fabricating the corrugated structure of the TEG. They found that the 

heat-shrink fabrication approach which was used was simple and better for applications with large area and low 

power density. In addition, the authors argued that the corrugated TEG was more economic for applications 

which required small power density, and which used low quality waste heat as the heat source. Furthermore, 

they stated that the use of thermal interface layers which had high values of thermal conductivity would lead to 

an increase in the TEG performance.

Fig. 21

Schematic of (a) conventional flat plate TEC (b) in-plane TEC and (c) corrugated TEC [91].

Fig. 22

Schematic of (a) fabrication process (b) simplified corrugated TEG and (c) corrugated TEG before and after thermal formation 

[92].



Liu et al. [93] presented the two available literatures on TEG designed with concentric filament architecture. In 

[93], they designed a concentric thermoelectric filament structure (shown in Fig. 23) for radioisotope TEG which 

could be used in aerospace microelectronic devices because of its low power and high voltage. It was found that 

the thermoelectric filament TEG provided an open circuit voltage which was greater than that of the TEG with 

traditional π-type structure by 2.4 times. In a subsequently study [94] a TEG designed based on concentric 

filament architecture (shown in Fig. 24) for application as a miniaturized radioisotope TEG was presented by the 

same authors. They found that at a 398.15 K heat source temperature, the maximum obtainable open circuit 

voltage and power output were 418.82 mV and 150.95 µW respectively.

Fig. 23

(a) Concentric filament structure (b) sectional view and (c) arrayed in series [93].

Fig. 24



Linear shaped thermoelectric devices have been researched by two different authors including Jia et al. [95] and 

Ali et al. [96]. Firstly, Jia et al. [95] presented a novel linear shaped TEG (shown in Fig. 25) which allowed the 

optimization of the thermoelectric legs independently because of its unique structure thus, providing better design 

flexibility compared to conventional π-shaped TEG. The effect of geometric parameters including leg length 

ratio on the linear TEG performance was studied at different total leg heights and lengths. The linear 

thermoelectric generator was found provide superior performance compared to the traditional π-shaped TEG and 

decrease of total length and/or increase of height can enhance power output [95]. In a subsequent study [97], the 

linear shaped thermoelectric generator transient performance was investigated by the same authors. They 

(a) Concentric filament architecture (b) sectional view and (c) monolithic construction [94].



analysed how transient heat source affect the TEG performance and found that for both heating and cooling 

processes, the linear thermoelectric generator output power could be increased by decreasing the geometric 

parameter. Furthermore, Ali et al. [96] presented a new TEG design which had a pin configuration that was 

segmented and extended as shown in Fig. 26. It was discovered that the new design enabled the TEG to 

function at two different temperatures on the cold sides. In addition, it was found that the TEG performance 

improved because of the new design. Subsequently, the same authors presented a new design of a TEG which 

was made up of segmented pin configuration and tapered extended legs [98]. They found that the TEG 

maximum efficiency increased because of the pin geometry which was tapered and the newly designed STEG 

provided a greater power output compared to the traditional thermoelectric generator [98].

3.5.6 Flexible and micro thermoelectric

In this section, papers on flexible and micro thermoelectric devices are presented. Glatz et al. [99] used a new 

wafer level process for fabricating a micro TEG based on a novel polymer. The new TEG design was for non-

planar surface application and they found that the increase of TE leg area could decrease the contact resistance 

and increase the output power. Similarly, Aranguren et al. [100] presented an optimized design for flexible 

polymer thermoelectric generators. The polymer TEG geometry was optimized using a validated numerical 

model for increased output power. Results showed that polymer TEG obtained a power output 6 times less that 

of a bismuth telluride TEG however, the authors argued that the polymer TEG could be advantageous for large 

applications. Furthermore, Qing et al. [101] presented the design of flexible TEG (shown in Fig. 27) for human 

body sensor. They used a steady state one-dimensional model and found that the temperature of the ambient 

Fig. 25

Structure of linear TEG [95].

Fig. 26

Schematic of TEG with extended and segmented pin configuration [96].



significantly influenced the TEG performance. Reveals also revealed that the flexible TEG could be used for 

powering sensors for the human body. Recently, Karthikeyan et al. [102] presented a wearable and flexible thin 

film thermoelectric module for multi-scale energy harvesting. They found that the new design decreased the 

thermal impedance and increased the temperature gradient, thereby increasing the power conversion efficiency 

compared to bulk thermoelectric generator.

Dunham et al. [103] optimized the power density of a micro thermoelectric generator. They used a closed-form 

solution which provided results very similar with the coupled iterative solution to model the micro TEG. Results 

showed that for a given fill fraction, increasing the thermoelectric legs number could help reduce the losses 

resulting from the electrical interconnects. In addition, the same authors experimentally studied a micro-

fabricated thermoelectric generator for smart sensor and wearable applications [104]. They found that the micro 

TEG with 13.8 mm
2
 footprint and temperature difference of 7.3 K produced a 1mW maximum output power. 

Furthermore, Liu et al. [105] fabricated a micro TEG (shown in Fig. 28) based on through glass pillars. The 

authors performed a numerical and experimental study and found that each thermocouple delivered a 10.22 mV 

voltage at open circuit and a large difference in temperature of 138 K was established.

Fig. 27

Structure of two-rows flexible TEG (a) flexible substrate (b) cold-side fins (c) warm-side fins and (d) cross-sectional view [101]

.

Fig. 28



4 Thermoelectric geometry and structure optimization methods

In this section, two main thermoelectric geometry and structure optimization methods for performance 

enhancement are discussed including three-dimensional and multi-objective methods. Furthermore, papers, 

which used both optimization methods, are also reviewed in this section.

4.1 Three-dimensional finite optimization

A more accurate simulation could be obtained using three-dimensional modelling which also provides a better 

understanding of temperature distribution and heat transfer process in systems thereby enhancing performance 

predictions [106]. Bjørk et al. [107] analysed thermoelectric generator heat losses internally, using a three-

dimensional finite element numerical model. They found that the use of a good insulating material positioned in 

the middle of the TE legs could help reduce heat losses and maximize the efficiency. Rezania et al. [108] studied 

how thermoelectric footprint significant affected the TEG performance. Finite element method (FEM) was used 

Fabrication process of micro TEG [105].



to perform the numerical study and Fig. 29 shows the voltage and temperature distributions in the uni-couple 

considered. Results revealed that when , maximum TEG output power and cost-performance could be 

obtained. Furthermore, Shi et al. [109] optimized the geometric parameters of a real-sized TEG using a three-

dimensional model and FEM. Results showed that variation of the leg geometry or number of legs affected the 

temperature difference and temperature distribution at the hot-side simultaneously. Meng et al. [110] presented a 

three-dimensional numerical study of helical TE module (shown in Fig. 30) using finite volume method (FVM) 

and a comparison with conventional straight module was also presented. Comparing the helical module and 

straight module, they found that the power output of the helical module was higher and the helical TEG power 

output and efficiency were positively influenced by increasing the pitch.

Fig 29

(a) Voltage and (b) temperature distributions [108].

Fig. 30

Single cycle of helical TEG [110].



Ming et al. [111] studied a compact TEG numerically and analytically. The numerical study was conducted using 

ANSYS and results showed that the new compact TEG performed excellently. The authors argued that the 

newly designed TEG was utilized space efficiently while maximizing output power therefore, it could be applied 

in areas such as automobile and aerospace. Furthermore, Fernández-Yañez [112] used a 3D model to investigate 

a TEG thermal performance. The thermoelectric generator internal geometry and dimensions effect on system 

performance as well as the potential for energy recovery of the TEG were presented. The authors argued that the 

developed 3D computational fluid dynamics (CFD) model allowed an insight into the heat transfer process in the 

modules which is not experimentally possible without altering the heat transfer. Ferreira-Teixeira et al. [113] used 

FEM and COMSOL Multiphysics software to perform TEG geometric optimization. Cubic and cylindrical 

thermoelectric leg geometries were studied, and they observed an identical performance from both geometries 

under the same conditions. In addition, they observed an output power increase as the leg area increased and 

they recommended that the leg area and copper contact area should be the same for output power enhancement. 

Lee et al. [114] used 3D FEM to investigate the performance of a TEG and they observed a decrease in thermal 

resistance as the leg spacing increased. In addition, they found that the use of analytical equations and effective 

properties could cause the TEG performance to be accurately predicted across a wide range of operation. Liao et 

al. [115] presented a three-dimensional finite element model for a TEG with 127 thermocouples (shown in Fig. 

31) and an experiment was performed to validate the simulation. They found that both the temperature difference 

and maximum output power increased by 10.2% and 14.8% respectively by the use of TEG with fins in 

comparison to when fins were not used. Furthermore, Wang et al. [116] optimized the geometry of a TEG and 

results showed that larger cross-sectional area ratio and lower leg height provided an enhanced power output. 

Lead telluride thermoelectric material was used, and the authors argued that optimization of thermoelectric 

geometry was a very good approach to achieve performance enhancement. Gong et al. [117] optimized the 

design of a compact TEC using a 3D FEM model. The temperature distributions in the TEC for different electric 

current are shown in Fig. 32 and they found that the TEC performance was significantly affected by the Joule 

heat. In addition, they observed an inverse relationship between the TEC coefficient of performance and cooling 

capacity. Thermoelectric legs with short height were also found to provide enhanced performance in terms of 

cooling.

Fig. 31

TEG (a) voltage and (b) temperature distributions [115].

Fig. 32



4.2 Multi-objective optimization

Since several parameters of a thermoelectric geometry need to be optimized concurrently to achieve optimum 

performance, multi-objective optimization methods have received great interests recently for thermoelectric 

geometry optimization. The process of optimizing two or more contrary objective functions simultaneously 

under specific constraints is called multi-objective optimization [118]. The three-dimensional optimization 

method is time consuming and might not be able to consider all possible design variables simultaneously 

therefore, multi-objective optimization methods provide the best and most efficient results for thermoelectric 

geometry optimization. Khire et al. [119] used multi-objective optimization to simultaneously minimize two 

design objectives and they found that to operate the thermoelectric coolers, the total input power required 

decreased with an increase in TEC distribution density. In addition, the authors observed that on the 

thermoelectric cooler, the thermal resistance of the attached heat sink significantly influenced the required 

number of thermoelectric coolers. Cai et al. [120] used an improved Powell algorithm along with a discrete 

numerical model to optimize a STEG geometry. Results revealed that the STEG performance improved due to 

geometry optimization. Furthermore, the authors argued that compared to genetic algorithm and particle swarm 

optimization algorithm, the Powell method provides a fast-ultimate convergence rate. Khanh et al. [121] 

performed geometry optimization of thermoelectric coolers (TECs) using simulated annealing. The dimension of 

TECs were optimized using simulated annealing to maximum the rate of refrigeration. The authors argued that 

the simulated annealing provided better optimal dimensions of the thermoelectric coolers with a larger value of 

rate of refrigeration compared to genetic algorithm used in a previous study [122].

Furthermore, Lossec et al. [123] used particle swarm optimization and Pareto dominance to optimize the size of a 

TEG. Optimization parameters such as capture surface area of the TEG, leg length, heatsink presence and height 

were considered, and results showed increasing the leg length of the thermoelectric generator until it reaches an 

optimum value allowed the performance of thermal impedance matching. In addition, the authors argued that 

when the electrical power value is high, the use of heatsink is imperative to ensure the thermal coupling with the 

environment is improved. Similarly, Ibrahim et al. [124] optimized the geometry of a thermoelectric generator for 

efficiency and output power enhancement using three different evolutionary algorithms. Geometric parameters 

Temperature distributions (upper row) and temperature gradient contours (lower row) [117].



such as shape factor and leg length size were considered, and results showed that the shape factor and leg length 

size significantly affected the TEG performance. It was also found that thermoelectric legs which are non-

parallel are better for operational conditions which are fixed because they provided enhanced TEG performance. 

Furthermore, Takezawa et al. [125] used topology optimization to optimize the geometry of TEG. Design 

parameters such as thermoelectric material type, volume, and installation position shape and temperature were 

considered in the optimization. Furthermore, the optimized objective functions were efficiency and output power 

and a sensitivity analysis for these functions was carried out. Results revealed that when only the efficiency is 

considered, a large percentage (>50%) of the volume could be classified as being redundant. In addition, the 

authors argued that in optimized thermoelectric devices which had a heating route that was simple bent, voids 

were not required. Similarly, Lundgaard et al. [126] used topology optimization to optimize segmented 

thermoelectric generators and coolers in two different studies. In [126], the off-diagonal output power and figure 

of merit of a STEG was optimized using density based topology optimization and they found that the design 

results obtained using topology optimization outperformed those obtained using analytical method by 229% and 

233% for the power output and figure of merit design problems respectively. Furthermore, the same authors 

optimized a segmented thermoelectric cooler using density based topology optimization and found that the TEC 

cooling power increased by 48.7% and the TEC efficiency increased by 11.4% [127].

Genetic algorithm (GA) has been vastly used for geometry optimization in thermoelectric generators and coolers 

due to the large number of variables needed to be optimized [128]. Furthermore, genetic algorithm can be used 

to solve optimization problems that are constrained or unconstrained by using a selection method which follows 

the principles of biological evolution in a simplified manner [129]. Arora et al. [130] used NSGA-II to optimize 

a two-stage TEG. In [130], results showed that the optimization using multiple objective functions provided a 

more accurate solution compared to single/dual objective optimization. In a subsequent study [131], Pareto 

frontier was obtained for the multiple objective functions and Fig. 33 shows the NSGA-II algorithm flowchart 

used. Furthermore, Lamba et al. [132] used genetic algorithm to optimize the geometry of a trapezoidal shaped 

thermoelectric heat pump and found that the genetic algorithm population quickly converged after 20 runs, 

thereby proving that it is a cost effective and fast optimization tool. In addition, they found that the system 

heating load was negatively affected by the Thomson effect and contact resistance also reduced the performance 

of the system.

4.3 Combined optimization

Three-dimensional finite difference method (FDM), finite volume method (FVM) and finite element method 

(FEM) have been combined with multi-objective optimization methods to accurately optimize the thermoelectric 

geometry for performance enhancement. Jang et al. [133] used a combination of three-dimensional FDM and 

Fig. 33

NSGA-II algorithm flowchart [131].



simplified conjugate-gradient method (shown in Fig. 34) to optimize the TEG spacing and spreader thickness. 

Results revealed that the heat transfer coefficient of the waste gas significantly influenced the optimum TEG 

spreader thickness and spacing. Furthermore, the authors chose the TEG power density has the objective 

function which was maximized, and they argued that the use of a heat spreader with the right size could cause a 

decrease in the thermal resistance and using a heat spreader provides a 50% power output enhancement. 

Similarly, Meng et al. [134] optimized a thermoelectric generator model with simplified conjugate-gradient 

algorithm and a model which had multiple physics. Geometric parameters of the thermoelectric generator were 

optimized, and the authors recommended the use of multi-objective optimization for simultaneous output power 

and efficiency improvement. They argued that optimizing the output power only led to an increase in output 

power however the efficiency decreased and vice versa. Furthermore, Liu et al. [135] used three-dimensional 

optimization method and simplified conjugate-gradient method (SCGM) to optimize a two-stage TEG geometry. 

Thermoelectric geometric parameters were optimized, and results showed that both parameters (area and length 

ratios) greatly affected the TEG performance. The optimal design with different objectives is shown in Table 2 

including the multi-objective optimization results. In addition, COMSOL and MATLAB were used to solve the 

3D model and SCGM algorithm respectively and the authors argued in favour of multi-objective optimization 

rather than single-objective optimization. Similarly, Huang et al. [136] optimized the geometry of TEC using 

simplified conjugate-gradient method and three-dimensional method. At a fixed temperature difference and 

current, the thermoelectric leg number, leg length and cross-sectional area were optimized simultaneously, and 

they found that the cooling rate of the TEC increased by 1.99–10.21 at a temperature of 20 K due to geometry 

optimization compared with the initial TEC geometry. In addition, they found that under conditions of small 

current and high temperature difference, the thermoelectric cooler cooling rate could be increased by the use of a 

greater number of thermoelectric legs.

Fig. 34





Kishore et al. [137] optimized the TEG geometry using a combination of Taguchi method and three-dimensional 

method. In [137], analysis of variance (ANOVA) was used alongside the Taguchi optimization method for 

STEG performance enhancement and results from using the Taguchi method should that the optimum cross-

sectional area and total leg height for maximum power output were 2.25 × 2.25 mm
2
 and 3 mm respectively. 

While in a subsequent study [138], a non-segmented bismuth telluride TEG was optimized using Taguchi 

method and three-dimensional numerical method. Results revealed the optimum leg cross-sectional area and 

height for maximum efficiency to be 1.5 × 1.5 mm
2
 and 1.75 mm respectively. Similarly, Taguchi method was 

used to optimize TEG performance by Chen et al. [139]. The heat sink width and length, fin thickness and 

height were optimized, and results revealed that the heat sink length affected the heat transfer rate the most. In 

addition, they found that the key factor the affected the TEG efficiency and output power was the temperature of 

the hot side while the width of the heat sink had almost negligible effect. Soprani et al. [140] optimized the TEC 

performance using topology optimization and three-dimensional FEM. The experimental results and model 

forecasts agreed very well. The method for optimization was utilized to design electronic devices which were 

cooled actively and could be used as an intervention tool for downhole oil. Furthermore, within the electronic 

device/unit, the distribution of aluminium and material for thermal insulation were optimized using the model.

Heghmanns et al. [141] performed multi-objective TEG optimization using genetic algorithm and 3D finite 

element model. The aim of the optimization efforts was to reduce the mechanical stress and improve the electric 

power density of the thermoelectric generator under realistic boundary conditions. It was found that the use of 

multi-objective optimization methods for geometry optimization enabled the significant reduction of mechanical 

stress. Similarly, Chen et al. [142] used a combination of multi-objective genetic algorithm (MOGA) and FEM to 

perform geometry TEG geometry optimization. Fig. 35 shows the evolution of TEG width and length with the 

Flow charts for FDM and SCGM optimization method [133].

Table 2

Optimal design with different objectives [135].

 (°C)

Initial design as objective as objective Multi-objective

200 0.0140 0.0700 0.0149 0.0793 0.0151 0.0755 0.0150 0.0780

300 0.0337 0.1038 0.0342 0.1050 0.0355 0.1025 0.0355 0.1043

400 0.0595 0.1280 0.0605 0.1293 0.0653 0.1274 0.0651 0.1289

500 0.0871 0.1430 0.0942 0.1515 0.1038 0.1500 0.1036 0.1513

600 0.1168 0.1460 0.1332 0.1713 0.0151 0.1690 0.1506 0.1710

700 0.1440 0.1429 0.1774 0.1880 0.2064 0.1862 0.2058 0.1877

i The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 

the Proof.



algorithm process. The authors argued that to obtain better performance from the TEG through geometry 

optimization, MOGA is a powerful tool that can be used. Results also revealed that under a specific heat flux 

condition, the efficiency and power output of the TEG could be increased by increasing the thermoelectric leg 

length/height however, when a fixed temperature difference is used, the TEG power output increased as 

thermoelectric leg length decreased. Furthermore, Ge et al. [143] used a combination of MOGA and FEM to 

optimize STEG and results showed that to obtain increased output power from the STEG, there is an optimal leg 

length ratio which should be used. The thermoelectric materials used for the hot side and cold side were 

Skutterudite and bismuth telluride respectively. Furthermore, the authors optimized two objectives 

simultaneously including maximum power output and minimum volume of semiconductor. In addition, results 

revealed that the STEG performed better than the Skutterudite TEG. Meng et al. [144] used a combination of 

NSGA-II and three-dimensional FEM model to optimize a two-stage thermoelectric combined device. They 

found that the leg ratio between the TEG and TEC alongside that between the two stages of the thermoelectric 

generator and cooler has an optimum number. Furthermore, it was found that at the interface of the different 

stages, the accumulated heat caused the reduction in performance. Recently, Sun et al. [145] optimized a two-

stage TEG [145] and a two-stage TEC [146] using finite element method and NSGA-II. It was found that there 

is an optimal ratio for cross-sectional area at both the lower stage and upper stage at which the power output can 

be maximized [145]. Similarly, they found that for the two-stage thermoelectric cooler, the ratio of TE legs 

between the upper and lower stages as an optimum number for obtaining maximum COP [146].

Fig. 35





5 Thermal stress optimization

Either in cooling/heating or power generation applications, the temperature difference in TE legs cause thermal 

stress due to the fact that the thermal expansion of the materials is different. Consequently, it is important to 

perform thermal stress analysis and optimization to provide information on locations of high stress in the legs 

[147]. The main aim of thermal stress optimization study is to significantly decrease the thermoelectric legs 

thermal stress which in turn helps to increase the thermoelectric device life span. Clin et al. [148] observed the 

high stress locations in the thermoelectric legs to be around the corners of the legs. Furthermore, they found that 

the stress at the thermoelectric leg corners could be reduced by soldering alloy plastic deformation. In addition, it 

was found that the distribution of stress in the thermoelectric legs was affected greatly by the boundary 

conditions and the mismatch of thermal expansion coefficient between the different materials in the TE module. 

Similarly, Turenne et al. [149] predicted the stress level in thermoelectric module components and found that the 

maximum stress observed on the legs were located at the corners of the module, which were further from the 

centre. The numerical study was performed using finite element analysis and under conditions of steady state. 

Furthermore, the effect of geometric parameters on the TEG thermal stress was studied by Gao et al. [150]. They 

found that initially, when the TE leg length increased, the shear stress and von Mises stress reduced. ANSYS 

simulation software was used to perform the numerical study with finite element analysis and the stress analysis 

was performed by considering the mechanical material properties as anisotropic. Furthermore, the effect of TE 

leg geometry on TEG thermal stress was investigated by Al-Merbati et al. [151]. Three different leg geometries 

were studied, and they found that TE geometry optimization could lower the stress developed in the 

thermoelectric legs greatly. The thermoelectric leg geometry shown in Fig. 36 was found to provide the lowest 

thermal stress in the thermoelectric legs. Furthermore, Chen et al. [152] used finite element method to study to 

investigate the stress developed in a bismuth telluride TEG and found that the use of elastic-plastic model 

provided a more accurate representation of the stress levels in the TEG compared to the linear elastic model. This 

is because in the elastic-plastic model, copper and solder alloy undergo plastic deformation which reduces the 

stress level in the TEG. In addition, Mu et al. [153] investigated how significantly, geometric dimensions 

affected the stress distributions in a Mg
2
Si-based TEG and found that increasing the leg width and length caused 

an increase in the TE legs maximum first principal stress. The numerical study was carried out using a three-

dimensional finite element model and ANSYS software. In addition, they found that the copper thickness had a 

more pronounced influence on the maximum first principle stress compared to the thickness of the ceramic and 

solder.

Process of parameter evolution of length and width of TEG for temperature difference of (a) 10 °C (b) 20 °C and (c) 40 °C 

[142].

Fig. 36



Jia et al. [154] estimated the mechanical performance of a STEG [154] and TEG [155]. The effect of segment 

length on the TE materials maximum stress level was studied at different temperatures and results revealed the 

significant decrease in STEG stress due to the deformation of solder and copper [154]. Furthermore, it was 

found that the maximum stress of TE legs occur on the hot end face that contact the welding strips and a 

reduction of thermoelectric leg length increases the maximum stress [155]. Erturun et al. [156] presented a series 

of studies on relationship between thermoelectric leg geometry and TEG mechanical performance. The results 

(shown in Fig. 37) reveal a thermal stress of 43.3 MPa in the cylindrical legs and 49.9 MPa in the rectangular 

legs at a temperature difference of 100 °C [156]. Furthermore, it was found that the maximum TE legs stress 

decreased by 10% by the use of coaxial-leg configuration [157]. In addition, the authors found that decreasing 

leg height, increasing leg width and spacing all led to an increase in thermal stress [158]. Ming et al. [159] 

studied how heat flux with a non-uniform distribution affected the stress developed in a TEG [159] and STEG 

[160]. Results revealed that the TEG mechanical performance was negatively impacted by the non-uniform heat 

flux [159]. In addition, it was found that an increase of heat concentration led to an increase in thermal stress 

[160]. Wu et al. [161] analysed the influence of various TE leg configurations on the developed stress in the 

(a) 3D temperature distribution and (b) thermal stress distribution [151].



TEG. The effect of geometric parameters such as TE leg distance, ceramic plate thickness, copper strip thickness 

and soldering strip thickness on the thermal stress in a TEG was studied. Results revealed that a smaller distance 

between thermoelectric legs reduces thermal stress and increase TE module life expectancy.

Bakhtiaryfard et al. [162] performed numerical simulations for various geometries of a thermoelectric module to 

investigate its mechanical performance under the same operating conditions. They found that the circular 

Fig. 37

Maximum stress distribution in legs (a) as nepogram and along the (b) x-, (c) y-, and (d) z-axis paths [156].



geometry provided a 13% stress decrease in comparison to that of the traditional rectangular TE geometry. 

Furthermore, Yilbas et al. [163] studied pin tapering effect on the stress in a TEG and they found that the regions 

close to interface of the hot side had high von Mises stress due to the mismatch of the ceramic and copper 

material properties. The thermal stress study was conducted using finite element software, ABAQUS. Karri and 

Mo [164] studied how significantly the geometric parameters affected the TEG thermal stress using ANSYS 

software and finite element analysis. Results showed the thermoelectric leg length affected the stress developed 

in the legs the most and the boundary conditions greatly affected the stress in the thermoelectric legs [164]. In 

addition, the authors argued that thermoelectric legs with long length are better for reducing thermal stress 

however, they also reduce the performance of the TEG [165]. Furthermore, Fan and Gao [166] studied the effect 

of geometric parameters on ATEG thermal stress. They found that increasing the thermoelectric leg angle ratio 

resulted in an initial stress decrease before it increased. In addition, results revealed the less impact of 

thermoelectric leg number on maximum stress in ATEG legs. It was also observed that the mechanical reliability 

of the ATEG could be improved by increasing the thermoelectric leg length although doing that will cause a 

decrease in the electrical performance of the ATEG. Ibeagwu [167] performed a comprehensive investigation on 

the influence of variable leg geometry on TEG stress. The authors considered four different leg geometries and 

they found that the thermal stress in their new geometry was lower than that in the conventional geometries as 

shown in Fig. 38. Furthermore, Gong et al. [168] presented two recent studies on thermoelectric cooler 

mechanical performance analysis using a 3D numerical model. Results revealed that attaching a thermal load to 

the Peltier junction would cause an extremely high thermal stress level that may in turn cause cracks and 

dislocations [168]. In addition, it was found that the use of transient super-cooling characteristics of the TEC 

could reduce thermal stress peaks [169].

Fig. 38





6 Additional thermoelectric optimization

Asides the geometry and structure optimization of thermoelectric for performance enhancement, contact 

resistance optimization study is equally important. This is because, thermoelectric thermal and contact resistance 

are two important parameters that significantly influence the performance of thermoelectric modules [170]. 

Furthermore, research on heat pipe incorporation in thermoelectric systems has attracted more attention recently 

due to opportunity for co-generation. Heat pipes are efficient heat transfer devices [171] therefore, their 

incorporation into thermoelectric systems can lead to performance enhancement. The application of pulsed 

heating and cooling to thermoelectric generators and coolers respectively for thermoelectric device performance 

enhancement has been investigated more recently. Consequently, the literatures on contact resistance study, heat 

pipe incorporation, pulsed heating and cooling are shown in Table 3.

Thermal stress distributions in GPa for (a) Rect-leg (b) Trap-leg (c) Y-leg (d) X-leg (e) I-leg and (f) centreline stress profile 

[167].

Table 3

Thermoelectric optimization approach for performance enhancement.

Reference
Thermoelectric 

device

Optimization 

approach
Key finding

Ebling et al. 

[172]

TEG
Contact 

resistance

Contact resistance negatively affects TEG figure of merit.

Gomez et al. 

[173]

TEG
Contact 

resistance

Electrical contact resistance can change with geometry and low 

electrical contact resistance is beneficial for power generation.

Fabián-

Mijangos et 

al. [174]

TEG

Contact 

resistance

Parasitic contact and wiring resistances increase isothermal resistance 

of TEG.

Massaguer et 

al. [175]

TEG
Contact 

resistance

Thermal contact resistances significantly affect power output.

Högblom et 

al. [176]

TEG
Contact 

resistance

Ignoring contact resistances in simulations lead to over-prediction of 

power output.

Luo et al. 

[177]

TEG
Contact 

resistance

Decrease of electrical contact resistance cause an increase in 

efficiency and effectiveness.

Ouyang et al. TEG Contact Contact resistances especially the electrical one significantly affects 

i The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 

the Proof.



[178] resistance TEG efficiency and power output negatively.

Gupta et al. 

[179]
TEC

Contact 

resistance

Processing stacks of bulk, metal-coated TE wafers using TE industry-

standard processes can be used to accurately measure contact 

resistance on bulk TE materials.

Pietrzyk et al. 

[180]

TEC
Contact 

resistance

Optimum B-factor did not change by more than 20% when contact 

resistance was varied over a range of five orders of magnitude.

Kim et al. 

[181]

TEC
Contact 

resistance

Proposed scanning probe method could accurately measure direct 

contact resistance.

Sun et al. 

[182]

TEC
Contact 

resistance

Thermal contact resistance negative affects performance more than 

electrical contact resistance.

Li et al. [183] TEG Heat pipe
The quantity of TEG needed and system cost can be reduced by the 

use of micro-channel heat pipe.

He et al. [184] TEG Heat pipe
Integrated solar heat-pipe/thermoelectric can be used for combined 

electricity generation and water heating.

Lv et al. [185] TEG Heat pipe
TEG can be combined with a heat pipe or collector for co-generation 

of electricity and hot water.

Cao et al. 

[186]

TEG Heat pipe
Use of heat pipes in TEG for heat recovery can increase its popularity 

for automobile exhaust waste heat recovery.

Li et al. [187] TEG Heat pipe
A high thermal performance in addition to extra electricity generation 

was observed from the new system with heat pipe.

Wu et al. 

[188]

TEG Heat pipe
Gravitational flat-plate heat pipe was advantageous compared to 

metal plate in temperature uniformity.

Asaadi et al. 

[189]
TEG

Pulsed 

heating

Rectangular pulsed heat provides best performance and transient 

pulsed heating enhanced performance of ATEG compared to stead 

state heating.

Yamashita et 

al. [190]

TEG
Pulsed 

heating

Application of periodically alternating temperature gradient improves 

efficiency of TEG.

Yazdanshenas 

et al. [191]

TEG
Pulsed 

heating

Range of power oscillation reduced as frequency of imposed heat flux 

increased.

Ruiz-Ortega 

et al. [192]

TEG
Pulsed 

heating

Temperature decrease across thermoelectric leg was more significantly 

when three pulses were applied.

Abdallah et 

al. [193]

TEG
Pulsed 

heating

Maximum TEG performance enhancement was achieved for a time 

period of 1000 s and a duty cycle of 10%.

Yan et al. 

[194]

TEG
Pulsed 

heating

Figure of merit and TEG conversion efficiency can be improved by 

the use of sinusoidal or square-wave periodic temperature gradient.

Chen et al. 

[195]

TEG
Pulsed 

heating

To obtain enhanced efficiency, pulsed heat power is better than 

alternating temperature gradient.

Synder et al. 

[196]

TEC
Pulsed 

cooling

Thermoelectric figure of merit is the key material parameter for pulse 

cooling.

Thonhauser 

et al. [197]

TEC
Pulsed 

cooling

Supercooling effect could be improved using quadratic pulse form 

and a maximum temperature decrease of 116 K was obtained.



7 Future research direction

Thermoelectric geometry and structure optimization are hot research fields currently being paid a lot of attention 

due to the huge potential for performance enhancement of thermoelectric generators and coolers. Regarding the 

optimization of thermoelectric leg length or height, it has been reported that the thermoelectric generator 

efficiency and power output have a linear and inverse relationship respectively, with the thermoelectric leg 

length. Furthermore, the optimum leg length ratios for maximum efficiency and output power in a segmented 

thermoelectric generator have been reported to be different. Therefore, optimizing the thermoelectric leg length 

for linear enhancement of power output and efficiency of TEG and STEG is a main issue which should be paid 

more attention in future. Furthermore, attention should be paid to the heat source condition used for a 

thermoelectric generator when leg length optimization is performed. This is because of the result reported which 

states that the optimum leg length for maximum power output under constant heat flux and constant temperature 

conditions are different. Consequently, leg length optimization is recommended whenever heat source condition 

is changed. While the efficiency of a thermoelectric generator increases as the leg length increases, the hybrid 

photovoltaic-thermoelectric system efficiency decreases as the leg length increases. In addition, it was reported 

that the optimum leg cross-sectional area in a thermoelectric generator and hybrid photovoltaic-thermoelectric 

system is different. This difference is due to the presence of the photovoltaic in the hybrid system which 

contributes the greater percentage of the hybrid system efficiency and power output. Consequently, it is 

recommended to perform leg length and leg cross-sectional area optimization in both a thermoelectric only 

device and a hybrid system as the results might be different.

Since the thermoelectric legs are connected electrically in series, the output voltage and power of the 

thermoelectric generator could be increased by increasing the number of thermoelectric legs. However, it was 

reported that reducing the leg number could enhance the power output of a solar thermoelectric generator under 

non-uniform solar illumination. Consequently, it is recommended that this phenomenon be studied more in detail 

and optimum leg number for solar thermoelectric generators under uniform and non-uniform illumination be 

investigated. Furthermore, asymmetrical thermoelectric legs have been reported to provide enhanced 

performance compared to the conventional rectangular/symmetrical legs due to the better heat transfer in the 

asymmetrical legs. However, currently only one experimental paper on asymmetrical thermoelectric legs is 

available in literature. Therefore, to increase the chances of commercialization of TEG and TEC with 

asymmetrical legs, more experimental studies alongside numerical optimization needs to be performed and are 

thus, recommended. In addition, more studies on the combined effects of thermoelectric leg length, area, number 

and shape on thermal stress in a thermoelectric generator and cooler are recommended.

Geometry mismatch can be eliminated by the use of annular thermoelectric generators and coolers when round 

shaped heat sources and sinks are used. Consequently, more attention is being paid recently to annular TEG and 

TEC however, the current available studies have considered only annular uni-couples. Therefore, more research 

Chakraborty 

et al. [198]

TEC Pulsed 

cooling

Process paths of pulsed and non-pulsed operations of TEC were 

accurately mapped.

Shen et al. 

[199]
TEC

Pulsed 

cooling

When the magnitude of the pulse is smaller than the optimal pulse 

magnitude, voltage pulse can effectively reduce transient cold side 

temperature.

Ma et al. 

[200]

TEC
Pulsed 

cooling

Periodic supercooling effect could be achieved by properly designing 

the current period.



on full-scale optimization of annular thermoelectric generators and coolers are recommended to facilitate wider 

adoption. Furthermore, segmentation of thermoelectric materials is an effective method to enhance performance 

by combining highly efficient materials at specific temperature ranges. However, the thermoelectric materials 

must be carefully selected to ensure they are compatible. In addition, the segmented geometry must be optimized 

for performance enhancement. Consequently, more research on geometry optimization in segmented 

thermoelectric devices is recommended. Furthermore, cascaded thermoelectric devices can be connected 

electrically in series, parallel or separately. Therefore, geometry optimization of cascaded thermoelectric 

generators and coolers under each of these electrical connection methods is recommended as the results might be 

different. Research on flexible and micro thermoelectric devices is recommended in order to facilitate the wider 

use of thermoelectric devices in wearable devices and micro energy harvesting.

Three-dimensional finite optimization studies are very important as they provide more information about 

temperature distribution in TEG and TEC as well as providing more accurate results close to real values. More 

three-dimensional parametric studies are encouraged for optimizing the TE geometry for the different geometry 

and structure types. Multi-objective optimization has been shown to be an efficient method to perform 

comprehensive and simultaneous optimization of various thermoelectric geometry parameters. The combination 

of three-dimensional finite optimization and multi-objective optimization is very important and significant as it 

combines the advantages of each of the individual optimization methods. Three-dimensional finite 

element/volume method can provide detailed thermal stress distributions to locate the positions of high stress 

while multi-objective optimization can efficiently optimize the thermoelectric geometry while considering both 

the electrical and mechanical performance of the device. Therefore, research on combined three-dimensional and 

multi-objective optimization of TEG and TEC geometry for electrical and mechanical performance enhancement 

is recommended as a future research direction.

Furthermore, the main drawback of all the interesting research being carried out on thermoelectric geometry 

optimization is the lack of experimental results to validate the numerical results and performance enhancement 

being predicted. There are few to none experimental research available on effect of thermoelectric geometry on 

electrical and mechanical reliability of TEG and TEC. Therefore, a major future research direction is 

experimental investigation of various thermoelectric geometries for electrical and mechanical performance 

enhancement. Combining the three-dimensional finite optimization and multi-objective optimization with 

experimental study will provide very significant insights on efficient design of thermoelectric generators and 

coolers.

8 Conclusion

Optimization of thermoelectric generator and cooler is a key research objective to increase their conversion 

efficiency. The low efficiency of thermoelectric devices alongside high material cost has hindered widespread 

application of thermoelectric technology despite the advantages offered by thermoelectric devices. Consequently, 

extensive research is being undertaken on geometry and material optimization for thermoelectric generator and 

cooler performance enhancement. This review presented an in-depth analysis of thermoelectric geometry and 

structure optimization. The main significance of geometry and structure optimization is that quantity of material 

needed for optimum performance could be reduced thereby providing a dual function of increasing efficiency 

and reducing material cost. The four main parameters including leg length or height, cross-sectional area, number 

of legs and leg shape which are paid attention to during optimization of thermoelectric geometry were discussed 

in detail. In addition, a review of the different thermoelectric structure currently available was provided including 

flat plate, annular, segmented, cascaded, corrugated, concentric, linear, flexible and micro thermoelectric 



generators and coolers. The significant results obtained from each of these geometries and structures were 

presented and discussed. Furthermore, the two main optimization methods for thermoelectric geometry 

optimization were discussed including three-dimensional finite optimization and multi-objective optimization. In 

addition, papers that used both methods were also reviewed and different algorithms such as improved Powell 

algorithm, particle swarm optimization algorithm, simulated annealing, genetic algorithm including non-

dominated sorting genetic-algorithm-II, simplified conjugate-gradient method, Taguchi method and Topology 

optimization were discussed in detail. An in-depth review of thermal stress optimization studies was presented 

and effect of thermal stress on mechanical reliability of thermoelectric generators and coolers was discussed. 

Furthermore, three additional thermoelectric optimization methods including contact resistance optimization, heat 

pipe incorporation, pulsed heating and cooling were discussed. Finally, future research directions were presented 

to provide valuable guidance for future research on geometry and structure optimization of thermoelectric 

devices.
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