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Abstract: In recent years, thermoelectric (TE) technology has been emerging as a promising alternative
and environmentally friendly technology for power generators or cooling devices due to the
increasingly serious energy shortage and environmental pollution problems. However, although
TE technology has been found for a long time and applied in many professional fields, its low
energy conversion efficiency and high cost also hinder its wide application. Thus, it is still urgent to
improve the thermoelectric modules. This work comprehensively reviews the status of strategies
and approaches for enhancing the performance of thermoelectrics, including material development,
structure and geometry improvement, the optimization of a thermal management system, and the
thermal structure design. In particular, the influence of contact thermal resistance and the improved
optimization methods are discussed. This work covers many fields related to the enhancement of
thermoelectrics. It is found that the main challenge of TE technology remains the improvement of
materials’ properties, the decrease in costs and commercialization. Therefore, a lot of research needs
to be carried out to overcome this challenge and further improve the performance of TE modules.
Finally, the future research direction of TE technology is discussed. These discussions provide
some practical guidance for the improvement of thermoelectric performance and the promotion of
thermoelectric applications.

Keywords: thermoelectric conversion; TE module; thermoelectric cooler; energy efficiency;
performance improvement approaches

1. Introduction

With the rapid development of the economy and the improvement of people’s quality of life,
the energy crisis and environmental problems are becoming increasingly serious, which has gradually
attracted the attention of all countries in the world. Therefore, the development of renewable energy
has become a hot topic. However, there are still many difficulties in their utilization. Therefore,
the development of sustainable technologies to effectively use, convert and recycle waste energy is
another way to solve the problem. Being no moving parts, environment friendly, requiring almost no
maintenance, and directly converting heat into electricity, thermoelectrics has become one of the most
promising methods to solve environmental pollution and energy problems. Thermoelectrics has many
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practical applications that range from renewable energy utilization to the utilization of industrial waste
heat [1]. Moreover, thermoelectrics not only generate electric energy from heat, but can also be used as
a heat pump based on the Peltier effect. To date, the application of thermoelectric technology has been
extended to aerospace, vehicles, industrial equipment, energy-saving buildings, medical devices and
electronic devices. Thermoelectric technology is a research hotspot in this period, which has attracted
many researchers’ interest. Thermoelectric technology is usually applied in the form of thermoelectric
modules. However, although the module has been out for a long time, its low efficiency and high
cost hinder its wide application and commercialization. Existing thermoelectric converters could not
compete with existing alternatives such as organic Rankine cycles or compression refrigeration. As a
result, immense efforts have been made to improve the energy-conversion efficiency and enhance
the thermoelectric performance of thermoelectric (TE) devices. The continuous efforts to improve
thermoelectric conversion based on the working principles of TE can be divided into three categories:
(1) the improvement of the material; (2) the optimization of the structure/geometry of the thermocouple
or TE module; and (3) the improvement of the thermal management.

There are many reviews of thermoelectricity, mainly for materials [2], devices [3], and its
application [4]. This work is therefore aimed at accommodating better insights and carrying out a
comprehensive review of the strategies and progresses of improving the thermoelectric conversion
efficiency and their performance. A brief background and the basic principles of thermoelectrics is
covered first, which provides a theoretical basis for the enhancement of thermoelectric performance.
Section 3 deals with the improvement of the thermoelectric module while Section 4 discusses the
optimization of the thermal management system of TE systems. The influence contact resistance
and their improvement methods are presented in Section 5. At the end of the paper, the technical
obstacles of improving the efficiency of thermoelectrics are summarized, and the future research work
is prospected. It provides different insights and further guidelines of how to improve the thermoelectric
conversion efficiency of thermoelectric devices.

2. Basic Principle of Thermoelectrics

Thomas Johann Seebeck observed in 1821 that when two different metals were brought together
and there were different temperatures at the connection, a current electromotive force was generated
in the connection circuit which was proved by the change of the magnetic field. In addition, in 1834
J.C.A.Peltier discovered that two joint dissimilar metals do not only generate electricity from heat,
but the opposite can also happen. When there is an electric current, the joints of different conductors
absorb or reject the heat according to the direction of the current. Based on the discovery of this
phenomenon, eventually a thermoelectric effect and the thermoelectric materials are developed [5].
The typical TE module consists of a bunch of thermocouples made of n-type and p-type materials
wired together. A pair of thermocouples in a TE module working as an electric generator and a heat
pump is schematically shown in Figure 1.
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Figure 1. Representation of the Peltier (a) and the Seebeck (b) effect. Reproduced from [6].

In the TE element, the charge carriers are transmitted by p–n junctions, and electrons/holes
act as “fluids”. The applied temperature gradient produces the carrier gradient and then generates
electrostatic potential. In thermoelectric cooling, the reverse process occurs: the current produces a
heat flow at the junction of p-type and n-type materials.

The figure of merit (Z) is a commonly used parameter used to evaluate thermoelectric material:

Z =
α2

p,nσp,n

λp,n
(1)

where αp,n stands for the Seebeck coefficient, σp,n is the electrical conductivity, and λp,n is the
thermal conductivity.

In addition, a dimensionless parameter, the figure of merit (ZT), could be written as:

ZT =
α2σT
λ

(2)

where T is the operating temperature. These four parameters α, σ, λ and T depend on each other.
It can be learned from formula (2) that a good TE material should have a good conductivity and poor
thermal conductivity, as well as a high Seebeck coefficient. In theory, ZT has no basic maximum
limit. In addition, based on the use of known material optimum values, it is possible that the ZT
value is greater than 4 [7]. The ZT value of thermoelectric material should be bigger than three for
commercialization [8].

Moreover, the conversion efficiency of the thermoelectric module acting as an electrical generator
or heat pump could be written as:
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where η is the thermoelectric conversion efficiency, Th and Tc are the temperatures of the cold and hot
sides of the TE module, respectively.

The figure of merit (ZT) and Equations (3) and (4) demonstrate that the improvement of a
thermoelectric module could be obtained by improving the Seebeck coefficient, reducing the thermal
conductivity and managing the temperature. To go along with this, nowadays, there are three main
action strategies to improve the conversation coefficient of η (main for power generation) or COP
(main for refrigeration). The first strategy is directed at enhancing the performance of thermoelectric
materials by increasing the ZT with certain approaches/strategies. The second strategy aims to improve
thermoelectric modules by optimizing the structure/geometry of thermocouples or modules, or by
using scalable manufacturing techniques. The third line of strategy in order to enhance the performance
of thermoelectric modules is focused on thermal system management to optimize the temperature
difference between the two sides of the TE modules. Therefore, this review is focused on these three
aspects. The details are discussed in the following sections.

3. Development of High-Efficiency Thermoelectric Modules

Over the years, a great deal of efforts has been made to improve thermoelectric performance, and we
have witnessed the rapid development of thermoelectric research. Some new concepts and examples
are described here, which aim at superior TE materials and higher TE performance. Generally, recent
studies have focused on novel nanostructured thermoelectric materials. In addition, the properties
of classical materials have been significantly improved, including the improvement of classic TE
material properties (such as doping, alloying, inserting foreign species and nanostructure), organic
TE materials [9], and increasing the ZT values of thermoelectric materials by nanotechnology [10],
the optimization of the structure/geometry of thermocouples or developing the novel thermoelectric
module shapes [11]).

In recent years, with the development of nanostructure engineering, people are more and more
interested in thermoelectric devices, which makes people devote themselves to display efficient
nanostructured materials such as the alloyed nano-system, superlattices, nanowires and quantum dots.
Table 1 lists some thermoelectric materials obtained in recent years by different improving methods
and their thermoelectric properties.

Table 1. Some different thermoelectric materials and their thermoelectric properties.

Application Material ZT Temperature, K Ref

Power generations

CuxSn1S4 0.6 370∼570 K [12]
Phase-separated PbTe0.7S0.3 >2 673∼923 K [13]
Mm0.9Fe3.5Co0.5Sb12-based 0.9 773∼973 K [14]
Bi2Te3/Sb2Te3 superlattice 2.4 Room temperature [15]
Bi2(Te,Se)3 nanowire array 1.01 Room temperature [16]

PbTe(1−x)Se(x) alloys 1.5 400∼900 K [17]
3,4-Ethylenedioxythiophene 0.42 Room temperature [18]

Heat engine
CdZnTe 283 K∼313 K [19]

Sb2Te3/Bi2Te3 Bi2Te3−xSex 1.5 Room temperature [20]
Bi2Te3-based thin-film superlattice >2 [21]

In this section, we mainly discuss some methods that can significantly improve the performance
of materials such as doping/alloying, superlattices, other nanostructures, and structure/geometry.

3.1. Thermoelectric Material

The material used in the TE module has an important influence on its performance. Many researchers
have done a lot of work to improve the performance of TE material, and some significant advances have
been made in improving its properties in recent years. The performances of lots of thermoelectric materials
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have been improved and new materials have been developed. These materials range from semiconductors
to ceramics [22,23], from bulk to superlattice [24,25] and from nanoparticles to nanowires [16–27].

3.1.1. Doping/Alloying

The key to design high-performance thermoelectric materials is to improve the strong correlation
of S, σ and K by carrier concentration n. In the ideal case, the Seebeck coefficient is directly decided by
the bandgap, the carrier concentration and the charge carriers’ mass. Moreover, it will vary linearly
with the absolute temperature. Thus, it is found that carrier concentration n is the key to adjust the
peak temperature and the maximum power factor (S2σ).

The relationship between the carrier concentration and the Seebeck coefficient could be written as

S =
8π2κ2

B

3eh2 m∗T
(
π
3n

)2/3
(5)

where m∗ is the effective mass of the charge carrier, h is Planck’s constant, κB is the Boltzmann constant,
and e is the carrier charge.

For inorganic semiconductors, proper doping can improve the carrier concentration in
thermoelectric material by changing their electronic band structure. Therefore, as the appropriate
dopant atoms continue to grow, the number of states in each level will also increase. The energy
states close to the Fermi level can promote electron transport. For organic materials, according to
band theory, the highest occupied energy levels of atoms in the lattice form the valence band, and the
lowest vacancy electronic levels form the conduction band; when the band gap between the two bands
is small enough to make the electrons move from the valence band to the conduction band under
excitation, the conductivity in the semiconductor is produced. Thus, by introducing defects, doping
can introduce an additional energy level between the two bands, thereby increasing conductivity [26].

Figure 2 shows the Seebeck coefficient and conductivity varying with the change of the carrier
concentration. Obviously, the charge-carrier concentration has a great effect on them, and with the
increase in carrier concentration, the conductivity increases but the Seebeck coefficient decreases.
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Thus, to improve σ, doping is an effective way to improve the thermoelectric performance.
Therefore, a virtually universally used and one of the technologically simplest and straightforward
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method to improve the thermoelectric properties of TE materials is doping/alloying or inserting
foreign species.

Chemical doping is widely used to tune the carrier concentration and improve the figure of merit
ZT [28–30]. SnSe, Sn, Ag and Cu [31,32] usually act as p-type dopants, while BiCl3 and I [33] are n-type
ones. Tremendous progress has been made in the past 20 years in the exploration of high-performance
thermoelectric materials [34–36] and records of high ZT values are constantly being broken in
the laboratory, such as Bi2Te3-based compounds [37–39], lead chalcogenides [40] and hole-doped
crystals [41]. Moreover, by doping [42], alloying [43,44] and microstructure modulation [45,46],
the relatively high ZT values ~1.1 of polycrystalline samples is obtained at 773–823 K. Wei et al. [47]
studied the enhancement of thermoelectric properties by doping Li, K, and Na to polycrystalline
SnSe. They found that all these dopants improved the carrier concentration and conductivity of SnSe.
At 800 K, the maximum ZT of ~0.8 in contrast to pristine SnSe samples, the performance was improved
by 30%. Peng et al. [48] gained excellent thermoelectric properties of SnSe single crystals by doping
3% Na. Especially in the case of Sn0.97Na0.03Se, the ZT value was more than 2 at 800 K. Tan et al. [49]
obtained p-type SnTe with substantially improved thermoelectric properties through In/Cd cooping.
In addition, the ZT value reached 1.4 at 923 K. Lei Yang et al. [50] proposed excellent n-type PbTe-based
thermoelectric materials by selecting Bi to dope PbTe nanocubes and gain a maximum ZT of 1.35 at
675 K for n-type Pb0.99Bi0.01Te. H. J. Wu et al. [13] introduced K into the phase-separation PbTe0.7S0.3

system. It not only had the peak ZT value at 923 K of 2.2, but also created the first example of the widest
platform material with ZT > 2. The average ZT of 2.5% K-doped PbTe0.7S0.3 is 1.56. Zhao et al. [41]
realized the hole-doped tin selenide (SnSe) crystals and obtained a maximum ZTdev of 1.34, whereas
Mori et al. [51] achieved a maximum ZT of 2.0 at 600 K in the Ge0.92Cr0.03Bi0.05Te by reducing the
formation energy of Ge vacancies by replacing Ge with Cr. Li and G. Jeffrey et al. [52] reduced the
lattice thermal conductivity (kappa(l)) by microstructure engineering and enhanced the thermoelectric
figure of merit (zT).

3.1.2. Superlattices

From Equation (2), it can also be observed that reducing thermal conductivity can improve
the material properties. According to the above description, the doping and alloying could also
increase the Seebeck coefficient by magnifying the electron density of the states. However, the key to
achieve a high ZT value is to increase the conductivity without increasing the thermal conductivity.
In semiconductors, 90 % of thermal conductivity usually comes from the lattice thermal conductivity.
Therefore, reducing lattice thermal conductivity will result in a significant improvement in the TE
performance [53]. The thermal conductivity of materials is strongly affected by phonons produced
by lattice vibrations [54]. The lattice thermal conductivity depends on the crystal structure and
lattice parameters. Meanwhile, the disadvantage of heavy doping is that the superlattices can
solved the Seebeck coefficient corresponding to the minimum conductivity, resulting in optimal
transport/thermoelectric properties [55].

Super-lative is the periodic layers of two or more substances having a thickness of about one
nanometer. Wherein the alternating layers of different materials can prevent phonon transmission
through scattering by internal interface scattering and the electronic properties can remain substantially
ineffective as long as the periodicity of the superlattice is properly set so that the value of the thermal
conductivity in superlattices is greatly reduced has led to many theoretical studies in this field. The study
of Chen Gang et al. [56] show that the thermal conductivity of nanostructures is lower than that of
bulk materials. The influence of superlattice structure on lattice thermal conductivity was affected by:
including the correction of phonon spectrum, the localization of the phonons, the diffuse or specular
scattering of the phonons at interfaces and the scattering of phonons at defects [57]. These mechanisms
have been explored through several superlattices where the composition of the material starts with
fairly good TE properties, such as PbTe/PbSe [58,59], Bi2Te3/Sb3Te3 [15,58], Si/Ge [60,61] and Bi/Sb [62],



Energies 2020, 13, 3142 7 of 24

inorganic/organic [63]. As can be seen from these examples, the use of superlattice structures reduces
thermal conductivity, resulting in increased ZT values.

Venkatasubramanian et al. [64] proposed for the first time the idea of using superlattices to
improve the ZT value by reducing the phonon thermal conductivity. Later generations continue to
explore this mechanism. They obtained a p-type Bi2Te3/Sb2Te3 superlattice device by controlling the
transmission of phonons and electrons in superlattices. and the ZT of it could reach a record of 2.4 [15].
Several experimental studies have been reported in [65], which proved that the thermal conductivity
of various superlattices is significantly reduced. This phenomenon leads to a large improvement in
the ZT value of superlattice thermoelectrics. Harman et al. [59,62,66] manufactured a superlattice
structure with PbTe/PeSe0.98Te0.02 on top of the BaF2 substrate, and the structure achieved ZT ~1.6
and ZT ~3.5 at 300 K and 570 K, respectively. Lee et al. [67] presented thermoelectric properties of
p-type Bi2Te3/Bi0.5Sb1.5Te3 superlattice films. These achieved an impressively high ZT of 1.44 at 400 K,
43% higher than the original. Priyadarshi Pankaj et al. [68] analyzed various superlattice designs and
concluded that a superlattice with a Gaussian distribution of barrier thickness provides maximum
ZT. The high ZT value of 6 can be obtained in these cases, where the lattice thermal conductivity has
been found to be much lower than the alloy limit and sometimes close to the values of amorphous
phases. The main disadvantage of using superlattices is that the synthesis route is complex, the cost is
high and the large temperature difference on the material cannot be supported. Niemela et al. [55] and
Zhao et al. [69] made a comprehensive summary of studies on superlattices.

3.1.3. Nanostructures

As mentioned in the previous section, superlattice is a two-dimensional thermoelectric nano
material. When the grain size is reduced to nano scale, the performance of thermoelectric materials
can be improved, phonon scattering can be increased, lattice thermal conductivity can be reduced,
and good electrical performance can be maintained at the same time [70]. However, due to heat
transfer and cost limitations, it is difficult for these superlattices to be extended to very large
energy conversion applications. Moreover, their application under high temperature is also limited.
Thus, the development of new nano methods to improve the thermoelectric efficiency of TE materials
is a future research topic [71].

In 1992, Hicks and Dresselhaus [72] proposed the use of lower dimensional structures to selectively
modify the material properties. They theoretically proved that using two-dimensional, one-dimensional
or even zero-dimensional structures can significantly improve electronic properties. Other later
publications, by Venkatasubramanian [73] and Tritt [74], showed that the use of nanostructures
could significantly reduce lattice thermal conductivity. Subsequently, in 1993, the nanostructure
concept was used as an improvement tool to improve the material properties by Hicks and
Dresselhaus [75]. Encouraged by these predictions, nanostructures and nanocomposites have been
proposed and synthesized in recent years in excellent thermoelectric materials by reducing the
lattice thermal conductivity. Furthermore, nanostructured materials such as quantum wells [62]
(2D thermoelectric nanomaterials) and nanowires [76], nano-mesh [77] and nanoribbons [78] (1D
thermoelectric nanomaterials) has been used in manufacturing novel TE devices [79]. This indicates
that the ZT enhancement can be achieved in the nanometer scale or nanostructure form. Most of all,
nanostructuring can improve the density of states near the Fermi level by quantum configuration,
thereby providing a way of decoupling thermoelectricity and conductivity [80–82]. This may lead to a
ZT value in some nanomaterials or nanostructures exceeding three [83].

Kanishka et al. [84] obtained the maximum reduction of lattice thermal conductivity by controlling
and fine-tuning the mesoscale structure of nanostructured thermoelectric materials. A ZT exceeding the
threshold of two was obtained at 915 K with ~2.2 ZT value. Tan et al. [16] have successfully prepared the
n-type Bi2(Te,Se)3 ternary compound film composed of an ordered nanowire array by a simple thermal
co-evaporation technique without using any templates. The Bi2(TeSe)3 nanowire array film has a ZT of
1.01 at room temperature. Tran and Sebastian et al. [81] proved that the natural electronic properties of
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a graphene band can be fully preserved and its thermoelectric properties can be greatly improved. The
room-temperature ZT of it can be enhanced from 0.26 to 2.5. These improvements in thermoelectric
performance are usually made by using precise but expensive nanomaterial growth techniques.
However, expensive prices are not conducive to commercialization and practical applications of
thermoelectric materials are required to be inexpensive. Nanostructured composite thermoelectric
materials provide the possibility to solve this problem. Nanocomposite thermoelectric material refers to
a thermoelectric material doped with impurities, such as nanoparticles or nanometer-sized hollow [23].
It is considered to be a promising method for the preparation of thermoelectric materials with a
high ZT value. Compared with the quantum well, quantum wire can improve the density of states.
Theoretically, nanowires may have better thermoelectric properties than superlattices [30]. If the
diameter of the quantum wire is less than 10 nm, the ZT value of the material may be greater than
10. Ibáñez et al. [85] suggested mixing semiconductor nanocrystals with metal nanocrystals to form
ohmic contacts with bulk semiconductors. The improvements of PbS–Ag nanocomposites enhance the
transport properties and increase the ZT value up to 1.7 at 850 K.

3.2. Structure/Geometry

It was found that for the designed TE module, there is an optimal length ratio to the TE
module to produce a maximum output, which depends not only on the material, but also on the
geometrical structure. Therefore, except for improving the thermoelectric performance by enhancing
the thermoelectric materials, thermoelectric performance can also be improved by improving the
structure/geometry of thermoelectric components [11,36], such as the thermoelement length [86],
the number of thermocouples [87], the ratio of thermocouple length to cross-sectional area [88,89],
slenderness ratio (X = (Ap/Lp)/(An/Ln) [86,90–92] and the thermoelement with a special sectional
area [93,94].

Meng et al. [95] found that the logarithm and the leg length of the TE module have a significant
influence on the thermoelectric power generator (TEG) performance. The optimization of these
parameters improves the performance of the TE module by 893% compared with the original design
for which Zhang et al. [96] proved the geometric optimization of the thermoelectric leg played a crucial
role in improving the performance of the TE module. Ferreira and Pereira [97] used the COMSOL
Multiphysics software to optimize thermoelement physical dimensions. Similarly, for thermoelectric
refrigeration it was found that the cooling capacity is dependent on thermoelement length, and with
the reduction of the length of the thermoelectric element, this trend is becoming more and more
significant. Furthermore, cooling power increases with the decrease in the ratio of thermocouple
length [98]. If the thermoelement is constant, shorter thermoelement length leads to a larger cooling
capacity [99]. Most commercial thermoelectric modules have thermoelectric elements ranging in length
from 1.0 × 10−3 m to 2.5 × 10−3 m.

A typical thermoelectric module primarily consists of n-type and p-type TE materials fabricated
from bulk thermoelectric materials, and the basic structure of it is plate-like shapes as illustrated in
Figure 3.

However, due to the limited planes or angle shapes of devices such as round, cylinder and curved
surfaces, device engineering has been ignored. Considering that the most of heat source surfaces
connected by these planar devices are curved, there will inevitably be a lot of heat loss. It has been
pointed out that the heat sources of TE generators are mostly irregular and the traditional plane
structure TE device composed of vertical blocks cannot achieve ideal contact. Hence, developing novel
thermoelectric module shapes or a flexible thermoelectric module is a good way to address this issue.
Great efforts have been made to this end.
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A thin film thermoelectric module is an invention to overcome this technical problem. It is a thin
film TEG based on a flexible fiber substrate. Film modules produced by screen printing are mentioned
in [101]. Another invention to overcome this technical problem is the flexible thermoelectric material
for wearable applications [102]. With the increasing popularity of 3D printing technology, flexible
and bendable TE modules produced by 3D printing are gradually emerging [103]. The printable TE
module will greatly improve its applicability [104].

Park et al. [105] shows a shape-engineering thermoelectric painting that is geometrically compatible
with surfaces of any shape, as shown in Figure 4. They used Sb2Te3 thiocyanate as the sintering
assistant of thermoelectric particles to prepare Bi2Te3-based inorganic coating. The ZT values of the
n-type was 0.67 and the p-type painted materials was 1.21, which was in competition with the bulk
values. The output of the TE module directly brushed on the curved surfaces was up to 4.0 mW cm−2.
This method paved the method for the design of a TE module that could be easily applied in more
fields. It is a very promising way to make the technology be applied to where there is excess heat
without limiting the shape.
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3.3. Summary

Thermoelectric research has made great progress in the past 20 years. A promising way to achieve
high-efficiency thermoelectric performance is to build low-dimensional nanostructures and improve
the structure/geometry of the thermoelectric module. The ZT value has long surpassed once a longtime
barrier value of one and great efforts were made to break through the threshold of ZT ~2. Although high
ZT > 2 has been reported in low dimensional TE materials in the laboratory, many of these materials are
impractical for applications due to the cost and strict manufacturing conditions. Therefore, it is urgent
to develop high-performance TE modules for wider use. Furthermore, the optimization of the structure
or geometry of the TE modules based on the material which is cheaper and with a ZT value that is
not high is another promising way to improve their performance. In some practical cases, the TEG
performance can be increased by 20–210% and the TEC performance can be increased by 10–624%.
In addition, with the further development of thermoelectric technology and commercialization beyond
the niche market, other factors such as the availability, life cycle, cost, as well as the manufacture of
convenience should be paid more attention to in future studies.

4. Optimization of Thermal Management System of Thermoelectric Modules

According to Equation (2), the efficiency of ideal thermoelectric devices (∆T) depends on its
working temperature and the ZT value of the materials. Thus, apart from improving the thermoelectric
materials, one of the key factors improving the performance of the TE modules is producing a significant
temperature difference on the thermoelectric device with a certain heat flux. One way to generate a
larger temperature difference is using heat exchangers on the thermoelectric modules, whose purpose
is to increase the cooling at the cold end. Besides, these exchangers could reduce the thermal resistances
between the TE module and the cold source or heat source. Thus, the maximum temperature difference
of TE can be obtained. At the same time, different heat exchangers can be used by TE modules.
This is to reduce the cost of the whole system, facilitate manufacturing and installation and improve
efficiency [106,107].

4.1. Finned Heat Sink

Finned heat sinks are the most frequently used heat exchangers to improve the heat transfer on
the hot side of the thermoelectric modules because of its simple structure and low cost [98]. It has been
applied to many thermoelectric devices where there is no need to increase the electrical efficiency past a
certain extent considering its cost. The convection coefficient will be effectively improved by enhancing
the heat transfer associated with the internal flow through the pumps. Obviously, any enhancement
the heat transfer coefficient usually leads to will produce an increase in the pressure losses, which in
turn leads to a higher power consumption [108].

Plate fins are placed at the hot end of the semiconductor cooling plate, and the upper end uses a
small fan for forced convection heat, which is shown in Figure 5. The advantages of this radiator system
are simple, small footprint, low cost, representing the hot end cooling solution of most electronic devices
in the current market. The disadvantages of the radiator are large thermal resistance, low convective
heat transfer coefficient on the surface and high temperature at the hot end, which leads to low cooling
efficiency [109].
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The finned heat sink is widely used in many fields [111,112], such as the studied waste heat
recovery of the solar system using TE modules. The finned heat sink is used for cooling the cold side
of TE modules by natural convection air. [113–118] proposed thermoelectric derives to get energy from
the waste heat of electronic equipment, like high-power LEDs or vehicles. In addition, the TE modules
were cooled by a finned heat sink or finned heat sink with fan. In additional, many studied have
sought to optimize and enhance the fined heat sink, which includes the investigation of heat sinks’
geometry, different area aspect ratios and the flat metal base [119–121]. Thus, as an active cooling
system, these simple finned heat sink systems can reach relatively high cooling power rates for both
refrigerators and power generators [122].

However, a air-cooled finned heat sink is sometimes not powerful enough to obtain the cooling
demand (forced convection by fan, e.g., thermal resistances of 0.54–0.66 K/W and 0.5 K/W [123]).
Moreover, the connection to the fins generates a higher thermal resistance (0.54–0.66 K/W), mainly
because of the constriction coefficient between the finned heat sink and the TE modules as well as the
low heat capacity of air. Thus, more effective heat sinks are needed [124].

4.2. Fluid–Air

The finned heat sink is the most frequently used and cheapest heat sink, but is sometimes
inadequate in terms of the desired performance. Compared to the air heat exchanger, another better
choice is the fluid–air heat exchanger, which uses fluid to absorb the heat from the TE module. Heat is
distributed to the environment through a heat exchanger with an internal channel and fan or coil.
Considering the cost and specific heat, water is the most used fluid. This type of heat exchanger is
more effective and has a lower thermal resistance (example thermal resistance of 0.108 K/W [125])
because the convection coefficient of the air flow is better than that of air. In general, the water–air heat
exchanger is used where the heat flow rate is high or the heat flux is large, for example the cooling
or waste heat harvest of a supercomputer chip or CPU [126,127], the waste heat recovery in power
plants [128–130] or the waste gas treatment in engines [131–135].

In the improvement of the water–air heat exchanger, great efforts have been made including
geometrical or structural improvements [136], associating forms of channels [137]. Lesage et al. [138]
experimentally studied the power enhancement performance of the TE module when the flow
channel of the water–air heat exchanger has been fitted with three different geometric turbulating
inserts. The results show that the increase in disturbance by the turbulating inserts can maximize
the power generation by 110%. Faraji and Akbarzadeh [137] proved that a specific combination of
the thermoelectric module and the tightly configured liquid channel can improve power generation
efficiency. Lu et al. [139] proposed a heat exchanger on an exhaust vehicle as shown in Figure 6.
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The inlet-1 and outlet-2 increased the hydraulic disturbance and lead to the enhancement of the heat
transfer coefficient, making the flow distribution more uniform and the surface temperature higher
than in the other two cases.
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In addition, to change the fluid refrigerant is also a direction to enhance the heat transfer.
Hasan Nia et al. [140] experimentally investigated the performance of an electrical power and heat
water cogeneration system by thermoelectric modules. The waste oil was used as the working fluid
of the heat exchanger on the hot side of the TEG. The results show that the output power of the
matched load was 1.08 W, and the efficiency was 51.33% when the radiation intensity was 705.9 W/m2.
Recently, heat exchangers with nano-fluid have shown a good ability to improve the heat transfer
coefficient [141,142]. Mohammadian and Zhang [143] used Al2O3-water nanofluids as the working
fluids to dissipate heat at the ends of the thermoelectric module. The results show that the performance
coefficient of the thermoelectric module was significantly improved and the total entropy production
was reduced by adding nanoparticles into the heat exchanger. Ahammed et al. [144] have studied
the analysis of mixed nano-fluids in a two-channel and multiport microchannel coupled with a
thermoelectric cooler. However, it still has some shortcomings. For example: although these systems
can provide an improved thermal resistance, the auxiliary equipment will consume more power due
to the high-convection coefficient realized by the fluid [108]. Considering that the goal is to reduce the
energy consumption and make the devices more competitive, the power consumption of the auxiliary
devices should be considered. Therefore, it is uncertain whether the fluid–air heat exchanger can really
improve the efficiency due to the possible use of the auxiliary device.

4.3. Heat Exchangers with Phase Change

From the last sections we know that the advantages of the above two types of heat exchanger,
but they cannot reach high cooling power rates as mentioned in the last section. Other types of heat
exchangers are based on liquid, such as water, oil, and nano-fluid [143,144]. In these cases, auxiliary
consumption exists because auxiliary equipment needs to be supplied. Nowadays, because of the
latent heat, the heat exchanger with phase change has been studied in depth, which improves more
heat transfer and has a smaller temperature drop 1 [145]. The heat pipe is one of the high-efficiency
heat transfer devices, which transfers large amounts of heat by working fluids [146]. Moreover, the heat
pipe has no moving parts and transmits a large amount of heat without any power input. According
to the literature [118], the heat pipe dissipator is the best heat exchanger of medium temperature below
300 ◦C for TE devices.

A variety of applications and optimization methods for the heat pipe have been adopted.
Zhang et al. [147] proposed an efficient, economical and practical solar thermoelectric cogenerator
system using heat pipe heat exchanger to transfer and dissipate heat. Aranguren et al. [148] compared
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two different types of studied heat exchangers, finned heat sinks and heat pipe heat exchangers, a TE
module with two different heat exchangers. The results showed that the thermoelectric device with a
heat pipe heat exchanger has a higher output performance than the thermoelectric device with fins in
the same conditions, 43%. Astrain et al. [108] made a comparative study of different heat exchange
systems (including finned heat sink, heat pipe and water tube) in a thermoelectric cooler as is shown in
Figure 7, and it was found that the heat pipe heat exchanger was very functional in a compact space.
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Besides, the heat sink integrated with a heat pipe is a common cooling technology, and the cooling
technology based on the integration of the heat sink with the thermosyphon or phase change material
is also attractive. Astrain et al. [149] proposed a heat exchanger for the cold side of the TE module in
thermoelectric refrigeration based on the principle of thermosyphon with phase change and capillary.
After the experimental test and analysis calculation, it was found that the COP of the thermoelectric
cooler with TPM (phase-change device) was 32% better than that of the COP when the finned heat
sink was used. Araiz et al. [150] proposed a thermosyphon heat exchanger at the cold side of TEGs to
improve their performance, as is shown in Figure 8. The net power output can be increased by 6%,
which is 36% higher than the net power generation with finned heat sinks.
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4.4. Summary

One of the promising methods expected to improve TE performance is by enhancing the heat
dissipation by using better heat dissipation. The chapter focuses more on the classification and
improvement of the TE heat exchanger. According to the research works discussed in this section, it is
summarized as follows:

Firstly, the heat exchangers applied to the TE module depend on the applications of power
density. In general, forced cooling is required when the heat flux of the electronic device is greater than
0.08 W/cm2 or the volumetric power density is greater than 0.18 W/cm3. When the heat flux of the
device is greater, large specific heat capacity fluid and other cooling methods are needed to dissipate
the heat [107,119,144,145]. Secondly, the thermal design of the cooling system should depend on the
inherent efficiency of the TE module, which includes the research on the heat transfer coefficients of
heat exchangers on the TE module, contact thermal resistances and interface layer analysis. This study
found that by inserting spiral inserts in the flow channels, the power generation can be increased by up
to 110% [138]. Thirdly, as long as there is no auxiliary power consumption, another method improving
the output efficiency is to use more effective heat exchangers. The over-all heat exchanger coefficient of
the finned heat sink is 0.25 W/K to 0.164 W/K, for fluid–air is 1.094 W/K to 3.88 W/K, and for heat pipe
is 1.72 W/K to 10.7 W/K [107,120,151]. Sinks such as the heat sink are integrated with a thermo-syphon.
A last but not least method involves changing the working condition of the thermoelectric heat sink,
that is, the working fluid of the heat sink and the coolant’s mass flow rate, etc.

5. Extrinsic Factors: Contact Resistance

In some practical applications, the contact plates on both sides of the TE module form an interface
between the surrounding and its TE components, which produced thermal contact resistance. Moreover,
the performance of a TE module depends not only on the thermal management system and operating
conditions, but also on the contact resistance. Actually, for practical applications, other than the thermal
resistance of heat exchangers or the system itself, the existence of contact resistance makes the effective
value of the thermoelectric power generation device far lower than the thermoelectricity value of the
material, which greatly restricts the performance of thermoelectric power generation devices which
is principally because the thermal resistance leads to a loss of temperature gradient between the TE
materials, resulting in the declining of output power [152].

When considering the electrical and the contact thermal resistance, the performance of the TE
module is determined by the equivalent thermoelectric zt, namely.

zt = ZT(
L

L + 2ρcσ
) (6)

where L is the device leg length, ρc is the specific contact resistivity, σ is the bulk material electrical
conductivity, and zt is the material figure-of-merit. As seen in Equation (1), the specific contact
resistivity ρc and σ significantly limits the ZT. Therefore, the performance of the TE module can be
significantly improved by reducing the contact resistivity.

The contact thermal resistance would be divided into three broad categories: the contact thermal
resistance between the TE module and the heat source and between the TE module and the heat sink,
or caused by the TE module itself. Firstly, the contact surface is uneven, as shown in Figure 9, as an
“air gap” appears in the uneven interface. These places have a large thermal resistance because of the
low thermal conductivity of air.
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Thirdly, other than the thermal resistance of heat exchangers, the connection mode and
processing technology between the TE module and the heat/cold source would cause an increase in
thermal resistance.

The contact resistance is mainly controlled by three factors, namely heat, force and material.
The other influencing factors include contact pressure, surface roughness, contact surface temperature
and material properties. A great deal of work has been widely carried out to investigate the
effect of contact thermal resistance on TE devices. Simulation is the most commonly used method.
Many electrical and thermodynamic models have been built to accurately calculate contact resistances
and analyze their influence on the performance of the TE module. BJØRK [156] has established an
analytical model which can analyze the influence of contact thermal resistance. When the hot side
temperature approached the peak ZT temperature and the cold side temperature remains constant
at indoor temperature, the corresponding efficiency of the different thermoelectric material without
contact resistance ranged from 6.88% to 14.32%. Siouane et al. [155] proposed the fully TE module
with contact thermal resistance and proved that the performance of the TE module involved not only
the operating conditions but also the thermal contact resistance. Luo and Kim [157] described the
causes and influencing factors of contact resistance in the process of optimizing the performance of
thermoelectric devices by considering the contact resistance of thermoelectric devices, and pointed
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out that the existence of contact thermal resistance seriously restricted the performance of the
temperature generator. Wang et al. [154] investigated the influence of the thermal contact resistance
on TE performance by experiment. They demonstrated that the performance of a TE device can be
significantly improved by reducing the contact thermal resistance.

Actually, for some practical applications, in order to improve the TE devices’ performance, many
methods have been used to reduce the contact thermal resistance. The most frequently used method is
to sandwich a material with high thermal conductivity between the TE module and the heat source
for decreasing their thermal contact resistance [158]. In addition, the thermal grease and conductive
adhesive are often used to decrease the thermal resistance of two contact surfaces. It is the same as for
a thermal adhesive, as the use of a high thermal conductivity is an effective way to reduce thermal
contact resistance. The performance of the TEG has been significantly improved by reducing the
contact resistance at the thermal interface [159–161].

Nowadays, more suitable thermal interface materials (TIM) are used to improve the operation
performance of TE modules in different locations and working conditions. These include inorganic
compounds [162], greases [163], graphite [164], metal nanometer material [165], and carbon
materials. The results [153] showed that the boron nitride-based ceramic coating, white coating
and polyurethane-based sheet are suitable for reducing contact resistance, respectively. The thermal
resistance decreases and leads to the increase in temperature r by between 13% and 15%. In addition,
close physical contact between contact surfaces is essential to minimize heat losses at the interface.
This kind of contact plays an increasingly prominent role in the heat-energy collection of curvy surfaces’
heat sources. However, conventional TE modules based on hard and brittle ceramic substrates are not
viable for applications where surface irregularities or irregular surface shapes.

The development of highly flexible and stretchable thermoelectric modules that are pliable to
curvy and deformable surfaces are urgently needed. This challenge has driven the advent of flexible
and stretchable TE modules in recent decades, which created a wide range of revolutionary functional
TE devices including the liquid alloy [166], silk-fabric [167] as well as printed [168] and printing
technologies [169]. The manufacturing is realized by the customized layer-by-layer manufacturing
process where some special methods are used to reduce the contact thermal resistance. Karwa et al. [170]
designed an on-line restriction injection array heat sink in which the coolant was directly impinging on
the thermoelectric module to reduce the thermal resistance of the interface. The experimental and
simulation results show that a low thermal resistance 0.025 K/W can be obtained.

6. Conclusions and Further Research Direction

Considering today’s energy and environmental crisis, thermoelectric modules are an application
with good prospects for thermoelectric generation and thermoelectric cooling in the future. Due to
the low thermoelectric conversion rate, it is still urgent to improve thermoelectric modules to
promote their commercialization. This paper comprehensively reviews the efforts and methods
used to improve properties and enhance the performance of thermoelectrics in terms of material
progress, structure/geometry, module construction, thermal management and thermal structure design.
The summaries and corresponding research directions are proposed as follows:

(1) The performance of thermoelectric devices is determined by two main factors: the thermoelectric
material performance and the thermal structure, which corresponds to Z and temperature T.
Thus, there are two corresponding ways to achieve high-performance thermoelectrics: one is for
materials, and another is thermal design and optimization.

(2) Although a high ZT has been obtained in some low dimensional thermoelectric materials such
as superlattices, nanostructures, quantum dots, nanowires, and carbon nanotubes, the highest
ZT of thermoelectric materials ever found at ambient temperature is 2.4 or even higher in the
lab. However, many of them are not viable for large-scale commercial use at present due to
their expensive materials and complex processes. Hence, developing the novel thermoelectric
module shapes to order or a flexible thermoelectric module is a good way to address this issue.
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The polymer-based materials and screen-printed technology whose ZT value are generally in the
range of 0.1–0.4 are flexible. It is noteworthy that the shape-engineerable painted materials are
geometrically compatible to any shape. Although they do not have such a high ZT value, they are
still very promising in TE applications and they also afford a new study direction for them.

(3) Compared to improving materials to enhance the figure of merit Z through complex technical
means and expensive instruments, controlling temperature T by the heat sinks or heat exchangers
is much easier and has a high performance–price ratio. By optimizing the structure of the heat
exchanger or using appropriate heat exchangers, the performance of the TEG will be increased
from 20% to 150%, and the TEC will be upgraded from 20% to 600%, compared to the original
heat exchanger.

(4) In addition, thermal resistance is also an important factor affecting performance. According
to the existing analytical model, when the TE working temperature approached the peak ZT
temperature, the corresponding efficiency of different thermoelectric material without contact
resistance was ranging from 6.88% to 14.32%. The experiment results show that using the TIM to
reduce contact thermal resistance leads to 15% of temperature rises. We are not looking for ways
to obtain higher values of Z, rather, the thermal structure design is another research direction in
the future to achieve greater performance gains.

With its further advances in the performance of TE modules by materials and thermal structure, the
future of TE devices looks bright for green energy solutions to relieve today’s energy and environmental
crisis from the research area into the commercial stage.
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