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Abstract: Due to the relatively low efficiency of thermoelectric (TE) generators, they have mostly been 
used in niche applications where the unique properties of TE generators outweigh their lack of efficiency, 
or conditions where it is more reasonable to base the optimal design on maximum generated power rather 
than maximum efficiency. The aim of this work is to investigate how the different fundamental transport 
properties (Seebeck coefficient, thermal conductivity and electrical resistivity) in materials with equal 
figure of merit (ZT) impact TE module design and maximum power output. Further, we discuss and 
review the strategies to enhance material properties and the latest studies on the TE module performance. 
It is shown, that by increasing the power factor by a factor of 15 and decreasing the thermal conductivity 
by 13.33 in order to maintain ZT=1, power output is increased by 45%. This effect is stronger in lower 
module fill factor and thermal resistance of the heat source and heat sink. 

Keywords: Thermoelectric module; Seebeck coefficient; Figure of merit; Power factor; thermal 
conductivity; Contact resistance.  

Nomenclature 

PF Power Factor 10ିଷ𝑊 𝐾ଶ𝑚⁄  R Electrical resistance [Ω] 

𝜅  Thermal conductivity [𝑊 𝑚𝐾⁄ ] t Thickness 

𝜌  Electrical resistivity [Ω. 𝑚] V Voltage [𝑉] 

𝜎  Electrical conductivity [1 Ω. 𝑚⁄ ] I Electrical current [𝐴] 

𝑆 Seebeck coefficient [𝜇𝑉 𝐾⁄ ] 𝑄 Heat flux [𝑊] 

𝑇  Temperature [𝐾] P Power [𝑊] 

𝐵𝑖 Biot number 𝑛்஼  Number of thermocouples 

ℎ௙  Heat transfer coefficient [𝑊 𝑚ଶ𝐾⁄ ] Abbreviation 

𝑙  Length [𝑚] COP Coefficient of Performance 

A Surface Area [𝑚ଶ] DOS Density of States 

𝑞̇  Heat flux [𝑊 𝑚ଶ⁄ ] FF Fill Factor 

𝑗  Electrical current density [𝐴 𝑚ଶ⁄ ] PGEC Phonon-Glass Electron-
Crystals  

A Surface area [𝑚ଶ] TE Thermoelectric 
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Subscribes 

C Cold side J Junction 

Con connection leg Thermoelectric leg 

E Electrical M Module 

eff Effective N n- type 

F Filler P P- type 

H Hot side T Thermal 

IC Inter Connection 0 Base initial condition 

Introduction 

Thermoelectric (TE) phenomena was introduced by Thomas Seebeck in 1821 and formulated by 
Onsager-Casimir methodology [1] in 1951 theoretically. Thermoelectric is the general name  for Seebeck 
and Peltier effect with the same physical origin. Potentially, many energy conversion systems can be 
replaced by TE systems if the efficiency or coefficient of performance (COP) of TE systems becomes 
comparable to traditional technologies. For example, the conventional bismuth telluride, 𝐵𝑖ଶ𝑇𝑒ଷ,  has the 
ZT of about 1, whereas by ZT equal of 4.5, COP of the commercial refrigerators can be achieved [2]. While 
TE materials and devices were well known in 1950s[3, 4] , there were no vision for ZT higher than one at 
that moment.  ZT is a dimensionless number (𝑍𝑇 = 𝑆𝜎ଶ𝑇 𝜅⁄  ), reflecting TE materialsquality, i.e., the higher 
ZT, the higher efficiency.  In early 1990s,  theoretical studies [5, 6] cleared that it is  possible to improve the 
TE material properties by preparing them in quantum well superlattice structure and increae the figure of 
merit by factor of 13 potentially; However, Jian and Terry [7] in 2017 reviewed the paradigm-shifting 
mechanisms which kept TE researches trending in past few decades and counting 15 different mechanisms, 
concluded in past  60 years the maximum ZT value have doubled and in optimistic view have tripled. It 
does not sound impressive but they believe fourfold increase will significantly affect the renewable energy 
landscape. Since now, the low efficiency has restricted TE device applications for the specific applications 
[8, 9], including extreme environments - e.g. space exploration-  waste heat rectory [10-12], micro generation 
for sensors [13], and wearable and flexible generators [14, 15]; albeit, advances in materials and devices has 
relatively broaden TE applications in past few decades [16]. There are the vast amount of literature on TE 
systems performance [17-25], interested readers referred to outstanding review papers [2, 25-29], but there 
are only a few studies describing the link between material transport properties and TE device performance 
[30-32]. Transport properties refers to fundamental macro scale properties including Seebeck coefficient 
(𝑆), electrical conductivity (𝜎), and thermal conductivity (𝜅). It is also common to report the ZT numerator 
called Power factor (PF) which reflects the electron related behavior of TE materials. It is the product of 
Seebeck coefficient square and electrical conductivity. Power factor and thermal conductivity do not affect 
TE device performance equally and ZT cannot reflect this inequality [33] and it is necessary to study the 
correlation between material properties and device level performance to provide the more clearer view 
both for scientist and engineers.  LeBlanc [31]  reviewed the effects of material properties on system design 
and argued that not only TE materials but also filler, substrates, solders and contacts, afterward 
manufacturing process, and cost are also important in TE device design process. She concluded that the 
most important issues in TE marketing are material selection, thermal and chemical stability, engineering 
of interfaces, interface materials, and optimization of hot and cold side thermal resistances. In another study 
[32], the material properties effects on three different kind of TE generators, e.g. a water heater, an 
automotive exhaust system, and an industrial furnace were studied and carbon nanotubes suggested as a 
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promising material to overwhelm the interface contact challenges. The ultimate purpose of engineers is 
achieving the optimum design for the defined application. The optimization goal of energy conversion 
system is maximum efficiency. Design to achieve maximum power generation, disregarding the efficiency, 
is an optimization goal which it is reasonable in two conditions: the big enough heat sources and niche 
application with priorities other than cost, for example micro TE generators [34-38] for powering the 
wireless sensors. Such a studies have done for low temperature difference by neglecting the Thomson 
effect[34][39]. Base on author’s survey, there is the lack of study which exactly comparing the effect of 
power factor and thermal conductivity on TE device performance in equal ZT condition. Prior to this, it is 
necessary to take a look on the current status of materials and each property ranges to provide the realistic 
estimation and suggestions.  
Based on the above argument, it is necessary to have a bridge between the fundamental material 
properties and device performance parameters, which is only possible by having a picture of the whole 
TE generator device in mind and looking at the specific details simultaneously. To achieve this goal, the 
different strategies to enhance TE material properties will be discussed in Section 0 and their 
opportunities and challenges has been noted. Each property range and enhancement possibility has also 
been noted. In section 0, different simulation approaches in field of thermoelectric are reviewed, and 
most important references were addressed to provide enough argument for selecting the simulation 
method and optimization procedure. Then the series of optimization process base on maximum power 
generation will perform with the balance between possible simplicity and validity in Section 4 and 
generated power for different combinations of materials properties, keeping ZT equal to one, has been 
investigated. 

Different TE Materials and the development strategies  

Since 1990s, after promising theoretical studies by physicists, predicting the nanostructuring potential 
to enhance TE material characteristics, the research on this topic has been increasing, mostly in material 
science and physics [2, 40-49]. Using desire material properties ranges for simulations is necessary to study 
the effect of material transport properties on device behavior, . Despite the number of outstanding reviews 
explaining the methods and strategies by detail, there was a lack of a database to provide data and 
evaluation possibilitis until  2013 when Gaultois et al. [48] reviewed more than 100 published papers and 
material properties were gathered in a free access online database [50] containing more than 18000 data 
points. Data was collected manually from digital publications using free software such as PlotDigitizer [51] 
and DataThief [52] at four temperatures (300 K, 400 K, 700 K and 1000 K). In some cases, they reported 
power factor instead of ZT because of the lack of thermal conductivity data and in some others numbers 
were interpolated or extrapolated to the desire temperatures. 
A challenge to improve TE properties is controlling the electronic and thermal properties independently. 
It has successfully done in telluride materials for low-temperature applications However, this approach is 
not applicable at high temperatures [53]. To achieve this goal, there are four major ways, including sharp 
feature of the density of state (DOS) in bulk materials, sharp feature of DOS in low-dimensional materials 
[54], energy filtering and  resonant levels to enhance the DOS [55, 56]. A more detailed categorized has 
been done by Jian and Terry in 2017 [7] that divided the development strategies into 15 categories, see 
Table 1, based on their origins. Furthermore, they gathered the latest and the most inspiring studies by 
more details. This paper uses the first category since it covers most of the strategies and enough details 
for defined purpose in this study. 

Table 1- Summary of developing mechanism for thermoelectric materials extracted form [7]. 

Origin Mechanism 
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Enabled by 
defect 

Intrinsic point defects 
Resonant levels 

Band convergence 
Topological defects 

Interfacial preferential scattering 
Modulation doping 

Enabled by 
size effect 

 

Critical 
phenomena 

Anharmonicity 
Rashba effect 

Topological states 
Spin Seebeck effect 

Other 

The optimal carrier concentration 
Electron repository 

Multilocalization transport scenario 
Temperature-dependent mobility 
Band degeneracy and intervalley 

scattering 
The difficulty to increase the TE material performance arises from the correlation between different 

parameters and the necessity to optimize all the parameter for the special working temperature. While the 
electrical conductivity and Seebeck coefficient depend on electron behavior, thermal conductivity only 
depends on electron and phonon, a quanta of crystal lattice vibration energy, behavior. Snyder and Toberer 
[40] studied the role of the electrons and phonons in thermal conductivity by using Wiedemann–Franz law, 
the relation between electron thermal and electrical conductivities [57]. They noted that if the ratio between 
phonon and electron part of thermal conductivity is very small, electron behavior is a dominating 
parameter and Seebeck coefficient determines ZT consequently. Tian et al. [55] reviewed the progresses in 
TE materials comprehensively  and reported strategies to enhance the material performance including 
alloying in bulk materials by the idea of phonon-glass electron-crystals (PGEC) [58]; phonon rattling, 
putting the atom or molecules in void cage of the lattice structure, Skutterudites for temperature range 
between 500-900 K, Clathrates with low thermal conductivity, complex structures with low thermal 
conductivities, Half-heusler which are environment friendly and thermally stable, and having been focused 
on recently, Oxides, with advantage such as non-toxicity and thermal stability and suffering from low 
thermoelectric performances.  

Nano-structuring is a way to enhance ZT in all kind of TE materials. It affects the TE behavior in two 
ways, quantum confinement by size reduction and phonon scattering by increasing boundaries and 
interfaces [59, 60]. The nanostructure TE materials researches started by super lattices and quantum wells 
[61] and followed by bulk nanocomposites which are embedded nanoparticles or nanowires in a matrix or 
a hetero-structure. In [62] adding Bi nanoinclusions in nanostructured 𝐵𝑖ଶ𝑇𝑒ଷ matrices was caused the 
reduction in lattice thermal conductivity and incensement in power factor by approximately doubling of 
the electrical conductivity and only a 20–25% reduction in Seebeck coefficient which is lead to 15–30% 
increase in power factor. 

Skutterudites have 𝐴𝐵ସ𝐶ଵଶ chemical formula in which A is a rare earth; B is one of 𝐹𝑒, 𝐶𝑜, 𝑅𝑢 or 𝑂𝑠 and  
C is one of  𝑃, 𝐴𝑠 or 𝑆𝑏 elements [63] and they know as the most promising mid temperature TE materials 
[64].  In a recent research[65], nano inclusions by reducing the grain size of the material was used to enhance 
the TE properties in bulk Skutterudites, 𝑌𝑏଴.ଷ𝐶𝑜ସ𝑆𝑏ଵଶ(ଵା௫%) was synthesized, and the power factor increases 
dramatically to 4.7 10ିଷ𝑊 𝐾ଶ𝑚⁄  due to energy filtering effect. Consequently, the ZT of ≈1.08 has been 
achieved. In [66] 𝐶𝑢ଵଶି௫𝑀௫𝑆𝑏ଵଷ, where M is a metal  was introduced with ZT and thermal conductivity near 
unit at 700 K and relatively lower cost which can be used in a wider variety of applications. 
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Half-Heuslers have ABX structure (A represents transition metal, noble metal or rare-earth element; B  
represents transition metal or noble metal; and C is main group element) like cubic 𝑀𝑔𝐴𝑔𝐴𝑠 that has  
one vacant sublattice [67]. The opportunities for tuning electronic and lattice make them a candidate for 
new high temperature materials, especially TE materials. Stability at high-temperature and low ZT of p-
type materials are challenges. Nano-compositing approach to enhance  n-type 
𝐻𝑓଴.଻ହ 𝑍𝑟଴.ଶହ 𝑁𝑖𝑆𝑛଴.ଽଽ 𝑆𝑏଴.଴ଵ resulted 25% higher ZT (ZT=1, PF=5 10ିଷ𝑊 𝐾ଶ𝑚⁄  and 𝜅 = 4.2 𝑊 𝑚𝐾⁄  at 
600 ℃) than the previous methods [68], and heavy doping of p-type 𝐹𝑒𝑁𝑏𝑆𝑏 led to a 𝑍𝑇 ≈ 1.5 at 
920℃ [69]. The outstanding review on Half-Heusler TE materials and their electron and phonon 
transport features can be found in [70].  

The metal chalcogenides are composed of metal and chalcogen elements (𝑆, 𝑆𝑒 and 𝑇𝑒). In [71] the 
most recent strategies and development till 2016 in metal chalcogenides and their effect on TE enhancement 
mechanisms was presented. It introduces 237 references just for metal chalcogenides researches and also 
gives a comparison between different strategies. Difficult commercial production, poor mechanical 
behavior, low thermal stability, and toxicity are the most important problems which should be solve for 
this materials and nanostructures of shape, size, and interface and defect engineering are the most 
important and efficient ways to improve their behavior.  

Oxides are another candidate for TE materials [72-74] although, they have poor intrinsic TE properties 
due to the low carrier mobility and high lattice thermal conductivity [7]. Materials like 𝐵𝑖𝐶𝑢𝑆𝑒𝑂 are known 
as a good thermoelectric materials with ZT between 1.2 and 1.4 in 800-900K temperature range[75], most 
of the improvement is because of intrinsic low thermal conductivity less than 1 𝑊 𝑚𝐾⁄  in recent years the 
discovered p-type 𝑁𝑎𝐶𝑜ଶ𝑂ସ showed the large Seebeck coefficients and low thermal conductivities (< 1 
𝑊 𝑚𝐾⁄ ) with ZT=1 at 700-1000 K and the most promising candidates for n-type oxide thermoelectric 
materials include Perovskite-type 𝑆𝑟𝑇𝑖𝑂ଷ and 𝐶𝑎𝑀𝑛𝑂ଷ which by partially substituting 𝐷𝑦 for 𝑆𝑟, the 
thermal conductivity can drop to 3.4 𝑊 𝑚𝐾⁄ [55]. Another strategy to enhance the TE performance is 
increasing the Seebeck coefficient and electrical conductivity by increasing carrier mobility and suitable 
doping to find the material which can produce higher power even with lower efficiency. Oxides are 
relatively cheap and it might be reasonable to use them in large scale to produce electrical energy in case 
of waste heat recovery. Interestingly, decreasing fill factor increases the effect of better Seebeck coefficient 
that means by focusing on enhancing Seebeck coefficient instead of decreasing thermal conductivity it 
might generate higher energy with less material and costs. Nano-structuring can be considered as a way to 
improve the electron performance in Oxides [76]. By taking into account the above discussion and looking 
at the TE material properties online data base  [50], the range transport properties to investigate their 
priority was chosen between 3×10ିଷ and 14 10ିଷ𝑊 𝐾ଶ𝑚⁄  for power factor, 1 and 5 𝑊 𝑚𝐾⁄ ) for thermal 
conductivity and 1 and 8 Ω. m for electrical resistivity.  

Theoretical approaches in Thermoelectric Studies 

Majority of theoretical models and simulations in thermoelectric phenomena describe the intrinsic TE 
behavior in materials and minority describes the best design for the TE generators and cooler with respect 
to material properties, application and working conditions. In context of linear non-equilibrium 
thermodynamics, the TE phenomena considered as the result of coupling between Seebeck, Peltier, Ohm, 
and Fourier phenomenological equations. The relation between Seebeck effect and Peltier effect described 
by generalized Onsager reciprocal relations[77]. Due to the shortcoming of classic methodologies to explain 
the thin layers materials behaviors, Ballistic-diffusive equations [78], the new heat transfer model derived 
from the Boltzmann equation, was used and the better experimental verification in comparison to Fourier 
and Cattaneo’s equations has been observed. Machrafi et al. [79, 80], developed the size depended transport 
equations with respect to Knudson number to describe TE properties in  nanofilms, nanocomposites and 
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thin film nanocomposites. They indicated that extended irreversible thermodynamic (EIT) approach has a 
good agreement with experiments and more complex theories. A comprehensive review on continuum 
theories for TE materials and systems can be found in [77]. The overall overview on both continuum and 
fundamentals models since 2008 was provided in [81] [82][83]. Recently, Zebarjadi [84] studied the heat 
lost from sidewalls of TE legs and introduced a new modified Biot number (𝐵𝑖 = ℎ௙𝑙௟௘௚ 𝜅⁄ ), to address the 
optimum sidewall insulation.  

 First-principles simulation is obtaining the intrinsic macroscopic properties, e.g. thermal, and 
electrical transport properties, of semiconductors with respect to their microscopic atomic structure [85]. In 
[86] both quantum and electron-phonon scattering used the non-equilibrium Green’s function approach 
and claimed their predicated value for Seebeck coefficient in thin film materials show the similar trends 
with measured ones. By using the band theory to calculate the transport properties, the Seebeck coefficient 
can be defined as the average energy transported by the charge carriers. The simulation results show that 
the maximum power factor usually happens under highly doped condition and fine carrier concentration 
controlling in 𝐻𝑓𝑍𝑟𝑆𝑛𝑆𝑏 increase a ZT value to 1.0 at 600–700℃ [68]. Lemal et al. [87] proposed 𝐹𝑒ଶ𝑌𝑍 
semiconductor to obtain high power factor because of their single band orbitals, and introduced 𝐹𝑒ଶ𝑁𝐵𝐺𝑎 
as the most promising n- type TE material with  high power factor ranging from 5 × 10ିଷ to 20 ×

10ିଷ 𝑊 𝐾ଶ𝑚⁄ . Another first principal study [76] shows that in low temperatures, the thermal conductivity 
is proportional to 𝑇ଷ, because of weak  phonon-phonon scattering and longer phonon MFPs while at high 
temperatures, thermal conductivity is proportional with 𝑇ି௡ (n=1-1.5) because of constant phonon specific 
heat at high temperature and linear increase of phonons with temperature. The first principal simulation 
is a strong approach to predict the material properties, and explains the mechanism and define the 
limitations and boundaries for advancement [88].  

 The simulation approach should be chosen according to simulation purpose that is investigation of 
the transport properties effect on TE device performances parameter. Authors focus is on general TE 
devices where it is not necessary to use specific approaches for thin layers. Continuum Onsger-Casimier 
relationships can provide sufficient information to support this study. Moreover, the assumptions, such as 
one dimensional heat transfer and neglecting Thomson effect, do not affect the simulations negatively since 
this study aims to find that which transport properties has more intense effect on maximum power 
generation.  

Calculations 

In order to investigate the effect of the different material properties on the module design parameters, 
methodology similar to [34-38] is used with some modifications. Figure 1 depicts the thermal and electrical 
models for thermoelectric generators (TEG). The TEGs model is a coupled model between electrical and 
thermal fields which interact by Ohm’s law, Seebeck voltage and Thomson heat. 
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Figure 1- (a) Thermal resistance in one dimensional model, (b) the equivalent electrical model for 
thermoelectric generator. 

To calculate thermal and electrical resistances of the module in the pre-process level of simulations the 
temperature independent electrical resistance is: 

𝑅ா.௣/௡ = 𝜌௣/௡

𝑙௟௘௚

𝐴௣/௡

 Eq.  1 

 The electrical resistances of all interconnections material are calculated geometrically:  

𝑅ா.ூ஼ = 2𝑛்஼𝜌ூ஼

1 + ට 1
𝐹𝐹

𝑡ூ஼

 Eq.  2 

  The contact resistance of module can be defined as: 

𝑅ா.௖௢௡ = 𝑛்஼ ቆ
𝜌௖௢௡

𝐴௡

+
𝜌௖௢௡

𝐴௣

ቇ Eq.  3 

Therefore, the total electrical resistance of the module is: 

𝑅ா.ெ = 𝑛்஼൫𝑅ா.௡ + 𝑅ா.௣൯ + 𝑅ா.ூ஼ + 𝑅ா.௖௢௡ Eq.  4 

The thermal resistances are calculated by similar method for each elements and part of the module as 

𝑅௧.௣/௡ =
𝑙௟௘௚

𝜅௣/௡𝐴௣/௡

 Eq.  5 

For the filler substrate and passive layers, we get: 

𝑅௧.ி =
௟೗೐೒

఑ಷ஺(ଵିிி)
  (a) 

𝑅௧.௦௨௕ =
௟ೞೠ್

఑ೞೠ್஺
   (b) 

Eq.  6 
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𝑅௧.௣௔௦௦ =
௟೛ೌೞೞ

఑೛ೌೞೞ஺
  (c) 

where 𝜅௦௨௕,𝜅௣௔௦, 𝑙௦௨௕ and 𝑙௣௔௦௦ are substrate and passive layers thermal conductivity and thickness, 
respectively. The thermal resistance of the module. In the module, the filler and thermocouples are parallel 
thermally while they are electrically in series with interconnections and contact resistances which it means:  

𝑅௧.ெ = 𝑅௧.௦௨௕ + 𝑅௧.௣௔௦௦

+ ቆ
𝑛்஼

𝑅௧,௣

+
𝑛்஼

𝑅௧,௡

+
1

𝑅௧,ி

ቇ

ିଵ

 
Eq.  7 

In order to provide the maximum power, according to simplified model in [89]  the electrical load should 
be equal to effective inner resistance(𝑅ா.௅௢௔ௗ = 𝑅ா,ெ

௘௙௙): 

𝑅ா,ெ
௘௙௙

= 𝑅ா.ெ + 𝑇௖𝑛்஼
ଶ ൫𝑆௣ − 𝑆௡൯

ଶ
൫𝑅௧,௖ − 𝑅௧,௛൯

𝑅௧,ெ

𝑅௧,ெ + 𝑅௧,௖ + 𝑅௧,௛

 Eq.  8 

After defining related variable and introducing them into the system on nonlinear equations for TEG 
module, the system of equations solved numerically in MATLAB. The governing equations for TE module 
based on energy balance equations and Seebeck law can be derived with respect to Figure 1: 

𝐼 =
𝑆ெ∆𝑇ெ

𝑅ா,ெ + 𝑅ா,௟௢௔ௗ

 Eq.  9 

𝑇௛ − 𝑇ெ,௛

𝑅௧,௛

=
𝑇ெ,௖ − 𝑇௖

𝑅௧,௖

+ 𝐼ଶ𝑅ா,௟௢௔ௗ  Eq.  10 

𝑇௛ − 𝑇ெ,௛

𝑅௧,௛

=
∆𝑇ெ

𝑅௧,ெ

+ 𝐼𝑆ெ𝑇ெ,௛ − 𝐼ଶ
𝑅ா,௟௢௔ௗ

2
 Eq.  11 

where  𝑆ெ = 𝑛்஼൫𝑆௣ − 𝑆௡൯ is the Seebeck coefficient of the module. The final simulation step is the post-
processing to define meaningful parameters. Table 2 shows the temperature independent material 
properties which belong to common TE materials. The figure of merit for all materials kept one in all 
simulations. All the reported values for power in this study are based on maximum power optimization.  
Figure 2 shows the flowchart of simulation process to find the maximum power for the different designs.  
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Figure 2-flowchart of all process including finding the optimized leg length. 

Table 2-Initial TE module parameters in simulations. 

𝑇௛(𝐾) 312.15 𝑙௣௔௦௦(𝑛𝑚) 100 
𝑇௖(𝐾) 302.15 𝜅௣௔௦௦(𝑊 𝑚𝐾⁄ ) 29 

𝐴(𝑐𝑚ଶ) 1 𝑡ூ஼(𝜇𝑚) 20 
𝑛்஼  100 𝜌ூ஼(Ω. 𝑚) 1.68 × 10ି଼ 

𝜅ி(𝑊 𝑚𝐾⁄ ) 0.024 𝜌ூ஼(Ω. 𝑚ଶ) 5 × 10ିଵଵ 
𝐿௦௨௕(𝜇𝑚) 200 𝑅௧,௛(𝑊 𝐾⁄ ) 1 

𝜅௦௨௕(𝑊 𝑚𝐾⁄ ) 25 𝑆(𝜇𝑉 𝐾)⁄   173 
𝜅௟௘௚(𝑊 𝑚𝐾⁄ ) 0.9 𝑃𝐹(

× 10ିଷ 𝑊 𝐾ଶ𝑚)⁄  
3 

 

The output power for each set of simulation was been normalized based on the specific base condition. 
To calculate the absolute value for the power, normalized power (P/P0) should be multiplied in the 
corresponded initial condition (𝑃଴). 

Results and Discussion 

The effect of different material properties on maximum possible electrical power was investigated. For 
this purpose, it was assumed the n- and p- type materials have identical thermoelectric properties, with 
same cross sectional area. To evaluate the effect of power factor and thermal conductivity several set of the 
simulations were performed. In each set, different combinations of the Seebeck coefficient and thermal 
conductivity were used to provide constant figure of merit (ZT=1). In other words, the higher power factor 
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leads to the higher thermal conductivity to keep ZT constant. In thermoelectric module design there are 
many correlated parameters which affect the module performance. To deal with this complexity, the 
matched power was normalized based on the base condition, mentioned in the caption of each figures. 

 

Figure 3- Normalized maximum power according to normalized power factor for different conditions with 
the different fill factor (Tୡ=302.15 K, T୦= 312.15 K, PF୭=3× 10ିଷ W Kଶm⁄  and R୲,ୡ= 10 W Km)⁄ ). 

 Figure 3 shows the normalized maximum power according to normalized power factor.  It is clear 
that materials with higher power factor can produce higher amount of electrical power. From 
𝑃𝐹 𝑃𝐹଴ = 1 to 5.5⁄  (PF vary from 3 to 15 × 10ିଷ 𝑊 𝐾ଶ𝑚)⁄  and thermal conductivity from 1 to 5 𝑊 𝐾𝑚⁄ , 
consequently), according to literature, most of the studied material with high ZT are in this domain [50]. 
The normalized power increases steeply by increasing normalized power factor from 1 to 5.5, then it 
relatively leveled out at specific power factor. The higher generated power in higher power factor is due to 
higher thermal conductivity that means an increment in transferred heat and, consequently, higher 
electrical power even with lower efficiency. In current TEG applications, e.g. wireless sensors and waste 
heat recovery, the heat source is large enough to provide enough energy and the problem is providing 
higher electrical power. Therefore, it is acceptable to produce enough energy even if it costs lower 
conversion efficiency. An example for material which has high power factor and thermal conductivity are 
Half-Heusler materials which by alloying and nanostructuring give (ZT=1) in p-type 𝑍𝑟ଵି௫𝑇𝑖௫𝐶𝑜𝑆𝑏଴.଼𝑆𝑛଴.ଶ 
and n-type 𝐻𝑓ଵି௫𝑍𝑟௫𝑁𝑖𝑆𝑏଴.ଽଽ𝑆𝑛଴.଴ଵ [90].  The critical value for power factor depends on the electrical contact 
and interconnection resistance, although 15 × 10ିଷ 𝑊 𝐾ଶ𝑚⁄  can be a rough estimation for suitable power 
factor for materials which have the ZT=1, since the used values for contact resistance and interconnections 
in this study are the most convenient values. The effect of fill factor on the power factor is clearly visible in 
Figure 3. Decreasing the fill factor from 0.1 to 0.04 increases the effect of power factor from 21% to 48%, 
means well designed modules less amount of TE materials in FF=0.04 (1.1  𝑚𝑊 cmଶ⁄ ) can produce the same 
amount of energy  with the FF=0.1 (1.16 𝑚𝑊 cmଶ⁄ ). 
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Figure 4- Normalized maximum power according to material electrical resistance with the different Fill 
factor (Tୡ=302.15 K, T୦= 312.15 K, FF=0.1 and R୲,ୡ= 10 K W⁄ ). 

The second scenario is the materials with same thermal conductivity but different electrical 
conductivities. As shown in Figure 4, increasing the electrical resistivity increases Seebeck coefficient in 
equal PF that means the higher power. However, the Joule heating increases and it suppresses the power 
increase.  

 

Figure 5- Optimal leg length for different power factor (FF=0.1). 

The matched power for different leg length and power factor is presented in Figure 5. Increasing the 
power factor causes the higher matched power in higher leg length. The higher leg length is needed to 
provide the proper temperature difference in higher thermal conductivity. One way to enhance power 
and efficiency is lowering the leg length to decrease the thermal impedance. However,  this approach 
would cause some practical problems like cracks and degradation[30]. Kim et al, [91] proposed a 
methodology to deal with TE performance and device reliability. In a case study for p-type 𝐵𝑖ଶ𝑇𝑒ଷ  they 
claimed it is not suitable to enhance ZT by reducing the thermal conductivity less than 0.5  𝑊 mK⁄ . This is 
a different view compare to view in this study, however both of them refer that there should be a 
limitation for lowering thermal conductivity. Summary of different models aiming to predict the TE 
performance in large temperature difference and defining minimum acceptable thermal conductivity 
value can be found in [30].  

Figure 6 shows effect of variation of material properties on figure of merit of the module.  The all 
module and system level parasitic effects on TE generators are translated to dimensionless module figure 
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of merit. Figure 6 indicates the choice of material can decrease the module figure of merit from 0.9 to 0.7 
that corresponds to have the material with ZT=1.3 instead of 1 that is a significant improvement in the 
material level. Figure 7 (a) and (b) show the effect of heat source and sink thermal resistances. In case that 
the optimization is based on the power generation, the lower thermal resistance in heat source and sinks 
increases the power generated by increasing the transferred heat across the module. Figure 7 shows that 
by reduction of the heat sink thermal resistance from 10 to one the matched power can increase from 1.1 to 
5.46 𝑚𝑊 cmଶ⁄ . However reduction of heat sink thermal resistance is the critical technical problem and 
cannot be achieved simply. The results can help choose the proper material for each n- and p- type elements. 
Regarding to material selection, it should be noted that there are more consideration like operating 
temperature and toxicity which should be took into account. 

 

Figure 6- Module figure of merit for different power factor (FF=0.1). 

 
(a) 

 
(b) 

Figure 7- (a) Effect of source and sink thermal resistance. (b) Effect of power factor in different heat sink 
thermal resistance Tୡ=302.15 K, T୦= 312.15 K and FF=0.1). 

Conclusion 

In this work, the effect of the materials transport properties on TE systems performance was studied. 
TEGs are mostly used in a place which there is no other alternatives, like micro power generators for 
wireless sensors, heat recovery and space explorations which the heat sources are much bigger than the 
energy demand and it is reasonable to design the TE system to reach enough power instead of the higher 
efficiency. The most important approaches to enhance TE material performance were addressed. The TE 
module design is an interdisciplinary subject across physics, chemistry and materials science and 
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engineering, in which intrinsic material parameters and device performance interact and requires general 
view during the design process. For example, the fill factor, and thermal resistance of the heat source/sink 
can strongly affect the optimum required power factor. According to the simulation results, the power 
factor has a significant effect on TE performance. Enhancement of the ZT by increasing power factor is the 
better enhancement strategy compared with decreasing the thermal conductivity. The importance of power 
factor should not be disregarded by focusing on ZT. This conclusion is  furthermore supported by other 
recent studies with different arguments in [92] and [30], that address the thermos-mechanical durability 
and stability problems caused by low thermal conductivity. 

Among current TE materials categories, oxides and Skutterudites show better electron performance 
by nanostructuring and doping control and according to simulation results, they are more promising.  
Because of intrinsic low thermal conductivity (~2  𝑊 mK⁄ ) and power Factor (~0.1-1 × 10ିଷ 𝑊 𝐾ଶ𝑚⁄ ) in 
Oxides, there is a potential to modify electron mobility and carrier concentration to enhance their power 
factor; even though, it costs higher thermal conductivities [93]. A comprehensive review on power factor 
enhancement strategies [94] shows there is a long path to enhance the power factor, and many 
opportunities to failure and success. In recent years, Carbon nanotubes [95, 96], organic [97, 98], and 
inorganic-organic[99] materials have shown great potential to enhance thermoelectric power factors,  For 
instance, new carbon nanotubes films and fibers with power factor of 2.48 × 10ିଷ 𝑊 𝐾ଶ𝑚⁄  at room 
temperature [95], new organic multidimensional conjugated nanomaterials (2.71 × 10ିଷ 𝑊 𝐾ଶ𝑚⁄ ) [98],  and 
flexible inorganic-organic superlattice (0.904 × 10ିଷ 𝑊 𝐾ଶ𝑚⁄ )[99] are some of candidates. Finally, it is 
worthy to note that progress in this field has not been fast as much as expected at the beginning of 1990s, 
nevertheless progress in material development and selection of optimization strategy leaves a lot of 
opportunities for future studies.  
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