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Abstract: Energy crisis and carbon emissions are two increasingly prominent issues in our society. As one of the
clean energy sources, thermoelectric power generation is a promising alternative energy technology to convert heat
into electricity. As long as there is a heat source, thermoelectric generators can provide electricity for watches, sensors,
electronics, spacecraft, etc., and can also be used to recover waste heat, such as automobile exhaust heat, industrial
waste heat, ship waste heat, etc. This study proposes a novel classification paradigm based on power output
(microwatt, 1 W-1 kW, >1 kW), systematically revealing the technological characteristics at each power level: the
microwatt level relies on flexible materials and compatibility with human body heat, while the kilowatt level requires
the integration of high-temperature materials and optimized thermal management. The study also demonstrates that
performance can be significantly enhanced through asymmetric geometric designs and non-equilibrium synthesis
processes. This work provides a comprehensive design framework, from material innovation to large-scale
integration, for next-generation thermoelectric systems, addressing the theoretical gap in techno-economic analysis.
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1. Introduction

In recent years, fossil fuel consumption and carbon emissions caused by electricity production have been the
focus of the whole society. Many countries have issued policies to reduce the use of primary energy and promote
renewable energy development. The proportion of renewable energy in global electricity production is gradually
increasing, as shown in Figure 1. The development of renewable energy has attracted great interest from
researchers. As one of the renewable energy, thermoelectric power generation has incomparable advantages over
other clean energy, such as, no moving component, no noise, weather independence, simple structure, no maintenance
cost, long life, and so on [1-4], which has the potential to become a promising alternative energy technology.
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Figure 1. Global electricity production with different sources.
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Thermoelectric generators (TEGS) can directly transfer heat into electricity when there is a temperature
difference on both ends of TEGs. Various types of heat energy can be used to generate electricity by different TEG
systems [5]. According to the different heat sources, the power generation level of TEG systems is quite different,
from micro power supply to kilowatt system. Some preliminary TEG applications have been witnessed. The
wearable TEG device can harvest body heat to provide power for watches or other electronics [6]. In space
exploration, the spacecraft driven by the photovoltaic (PV) power supply does not work without light, which
affects the normal progress of the exploration mission; The radiative TEG system can overcome the impact of the
environment and continue to provide power, and NASA has started the relative research plan since 1951 [7]. To
further enhance the efficiency of PV semiconductors, thermoelectric materials can be combined with PV materials
to form a PV-TEG device, which can use both solar and thermal energy [8]. Zhao et al. [9] enhanced the efficiency
of a photovoltaic-thermoelectric generator (PV-TEG) by integrating microchannel heat pipes and phase change
materials; They further applied a hybrid optimization algorithm to perform multi-objective optimization on the
system, achieving a remarkable electrical efficiency of 25.6% for the PV-TEG. Considering that about 1/3 of energy
produced by burning fossil fuels is wasted in the form of exhaust heat, the automobile TEG system can be installed
in the vehicle exhaust system to convert the exhaust heat into electricity and improve fuel efficiency [10-14]. Also,
the thermoelectric power generation technology can be applied to recover other forms of waste heat, such as
industrial waste heat [15], ship waste heat [16], etc. For instance, Zhuang et al. [17] conducted an in-depth
numerical simulation study on industrial thermal environments and heat transfer characteristics of TEGs, thereby
developing a novel industrial waste heat recovery TEG system that combines high power generation efficiency
with operational stability. Innovatively, Li et al. [18] introduced a radiation shielding layer within the thermoelectric
leg gaps, which effectively reduced heat loss and enhanced system conversion efficiency and output power by 15%
and 9.5%, respectively. There is an increasing interest in thermoelectric power generation technology.

However, the TEG has not yet been widely commercialized due to its relatively low conversion efficiency
and high cost of thermoelectric materials. The ability of the TEG to convert heat energy into electricity depends
on the performance of thermoelectric materials, which is estimated by a dimensionless constant of figure-of-merit
ZT = 0a®TA7%, wherein ¢ is the electrical conductivity, « is the Seebeck coefficient, T is the absolute temperature,
and 2 is the thermal conductivity [19,20]. At present, Bi;Tes-based materials are the only commercialized
thermoelectric materials because of the relatively high ZT value near room temperature, about 1. The ideal
conversion efficiency of the TEG can be estimated by the ZT value, that is
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where Ty and T, are the hot-side and cold-side temperatures, respectively. Figure 2 shows the conversion efficiency
of the TEG with different ZT values as well as the comparison with Carnot efficiency. In numerous application
scenarios, such as automotive waste heat recovery, a temperature difference of 150 K can be easily achieved. When
the ZT value exceeds the threshold value of 2 [20,21], the conversion efficiency can reach more than 10%, and the
application of the TEG will become more competitive compared with other alternative energy conversion
technologies such as the PV energy conversion. Researchers aim to identify thermoelectric materials with a ZT
value of 2.0 using advanced material technologies.

With the progress of thermoelectric materials, an increasing number of thermoelectric power generation systems
have been reported in different industries. TEG systems with different power generation levels feature different
barriers that block their wide applications. For example, the micro power supplies, such as wearable TEG devices
and self-powered sensors, need to satisfy the requirement of flexible structures to adapt to different heat source shapes.
Kilowatt TEG systems require a heat exchanger with good heat transfer performance to improve the hot-side work
temperature and a good electrical connection scheme to reduce the parasitic power losses. In the previous work, we
provided a comprehensive review of thermoelectric technology, from materials to systems [22]. The thermoelectric
applications were also reviewed and summarized [23]. As the development of TEG systems continues to flourish,
new challenges emerge in different scenarios, thus a more recent and classified review is required.

In this review, TEG systems are classified according to different power generation levels. Section 2
introduces the basics of the TEG, including thermoelectric effects, thermoelectric materials, and the TEG design.
Section 3 presents the development of thermoelectric micropower supplies. Section 4 comprehensively reviews
TEG systems from 1 W to 1 kW. Section 5 introduces the application of TEGs in power generation systems that
exceed 1 kKW. The challenges and outlook for TEG systems are also discussed.
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Figure 2. The conversion efficiency of the TEG with different ZT values.

2. Basics of the Thermoelectric Generator

As the basic power source of thermoelectric power generation systems, the TEG is composed of p- and n-
type thermoelectric legs, metal connectors, and insulating plates, and presents a sandwich configuration, as shown
in Figure 3. When the heat source applies a heat flux to one side of the TEG, the high temperature will induce the
movement of the holes on p-type thermoelectric legs and the electrons of n-type thermoelectric legs towards the
side with lower temperature, and the heat will be dissipated by a cooling source attached on the other side of the
TEG. Multiple thermocouple pairs, connected in series, can amplify the voltage, and the current is produced once
an external load is connected. This device has no mechanical moving parts and can generate power from heat
sources such as industrial waste heat, automobile exhaust, or radioisotopes. The p- and n-type thermoelectric legs
are connected electrically in series and thermally in parallel. To reduce parasitic power loss, metal connectors,
usually made of copper, must have high thermal and electrical conductivity. To increase the temperature difference
on both sides of the TEG, insulating plates possess high thermal conductivity [24] and are usually made of ceramics.
The performance of AIN ceramic plate is better than Al,O3 based ceramic plate, but the cost is higher.
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Figure 3. A diagram showing the working principle of the TEG.

2.1. Thermoelectric Effects

Thermoelectric effects include Seebeck, Peltier, and Thomson effects. The Seebeck effect was first
discovered by Thomas Seebeck in 1821. When different conductors (or semiconductors) are connected and
subjected to a temperature gradient, the Seebeck voltage will be generated. The Seebeck voltage is directly
proportional to the Seebeck coefficient and temperature difference, which can be estimated by:
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V = aAT 2

where a is the Seebeck coefficient, and AT is the temperature difference. Therefore, thermoelectric materials must
have a high Seebeck coefficient to produce considerable voltage.

The Peltier effect, a fundamental aspect of the thermoelectric effect, can be considered the reverse of the
Seebeck effect. First discovered by Jean Peltier in 1834, it involves the reversible conversion of electrical and
thermal energy. When an external current I flows through a thermocouple made of two distinct conductor or
semiconductor materials (A and B), Peltier heat is produced at the junction, alongside the Joule heating due to
resistance. Peltier heat is generated at both ends of thermoelectric legs, wherein the end of carrier accumulation will
release heat and the end of carrier dissipation will absorb heat. The amount of Peltier heat can be expressed as:

Qpeitier = Tl = aIT (3)

where 1 is the Peltier coefficient. Peltier coefficient and Seebeck coefficient are closely related through Kelvin
relation, i.e., m = aT. Due to the Peltier effect, thermoelectric materials were also used to fabricate thermoelectric
coolers for cooling electronic devices [25].

The Thomson effect, discovered by William Thomson in 1854, describes a unique thermal phenomenon in a
homogeneous material when both a temperature gradient and an electric current are present. When current flows
through a thermoelectric material with a temperature gradient, the carriers generate additional heat due to changes
in their Kinetic energy (Thomson heat). If the current direction aligns with the temperature gradient, the material
releases heat; otherwise, it absorbs heat. Thomson heat is directly proportional to the current and temperature
gradient, which can be estimated by:

QThomson = 7IAT (4)

where 7 is the Thomson coefficient. The Thomson coefficient z is related to the temperature dependence of the
Seebeck coefficient (t = TZ—:). Although the effect is weak, the directional sensitivity endows it with a unique

value in dynamic temperature control scenarios.

In the global heat transfer process of thermoelectric legs, there are four kinds of heat: heat conduction, Peltier
heat, Joule heat, and Thomson heat. The relationship among them is that the heat conduction is the largest, followed
by Peltier heat, Joule heat, and Thomson heat [26].

2.2. Thermoelectric Materials

With the development of semiconductor physics, more and more ideal thermoelectric materials have been
found, among which thermoelectric materials synthesized by tellurium (Te), bismuth (Bi), antimony (Sbh), or
selenium (Se) are the conventional Bi;Tes-based materials for the preparation of TEGs [27]. Owing to the modern
synthesis and characterization techniques, conventional bulk thermoelectric materials with nanostructures have
thrived, such as nanostructured Bi,Tes [28], PbTe [29], and SiGe [30], and the ZT value has been improved to a
certain extent. In addition to conventional thermoelectric materials, skutterudite, half-Heusler, and organic
thermoelectric materials have also been widely used in different application scenarios. Based on the different
working temperatures, thermoelectric materials are classified into three categories: low- (300-500 K), medium-
(500-900 K), and high-temperature (>900 K) materials. Low-temperature thermoelectric materials mainly include
Bi,Tes and organic materials, medium-temperature thermoelectric materials mainly include PbTe and skutterudite,
and high-temperature thermoelectric materials mainly include SiGe and half-Heusler. In recent years, with the
continuous advancement in thermoelectric materials research, various novel thermoelectric materials have been
developed to significantly enhance thermoelectric performance. This section systematically reviews and discusses
recent research progress in the field of thermoelectric materials.

In the field of low-temperature thermoelectric materials, Kim et al. [31] developed a cost-effective synthesis
strategy for Bi,Tes-based thermoelectric materials, as illustrated in Figure 4a. This technique employs rapid
extrusion of excess liquid during the pressing process, significantly enhancing thermoelectric performance in
bismuth telluride (Bi,Tes) specimens. The proposed methodology effectively circumvents electrical conductivity
degradation through the strategic introduction of grain boundary dislocations, ultimately achieving a peak ZT value
of 1.86 at 320 K. Wang et al. [32] effectively suppressed Te vacancies in n-type nanostructured Bi,Tes through
spark plasma sintering (SPS)-induced non-equilibrium reactions, as demonstrated in Figure 4b. This approach
remarkably reduced thermal conductivity to 0.48 W m™ K while maintaining a ZT value of 1.1 at 420 K in the
thermoelectric leg. Meroz et al. [33] demonstrated an optimized synthesis protocol for n-type Bi>Te24Seos by
integrating the melt spinning technique with hot pressing; This hybrid processing strategy yielded a maximum ZT
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value of 1.07 at 338.15 K, showcasing enhanced thermoelectric performance through combinatorial fabrication
approaches. Zheng et al. [34] proposed a design scheme for a full-scale hierarchical structure (Figure 4d). This
scheme achieved multiple scattering of phonons by introducing a high density of grain boundaries, dislocations,
layer dislocations, twin boundaries and nanoholes, which significantly reduced the lattice thermal conductivity of
the MgAgSbh material over the entire temperature range. The thermoelectric material achieved a ZT value of 1.4.
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Figure 4. (a) Schematic illustration showing the generation of dislocation arrays during the liquid-phase
compaction process. “Reprinted with permission from Ref. [31].2015, Kim, S.I.””; (b) Non equilibrium reaction
induced by spark plasma sintering. “Reprinted with permission from Ref. [32]. 2020, Wang, Y.”; (c) SEM cross-
sectional micrograph of Bi2Tez.4Seo s thin films after melt spinning at 600 and 300 rpm. “Reprinted with permission
from Ref. [33]. 2020, Meroz, O.”; (d) A design scheme of full-scale hierarchical structure. “Reprinted with
permission from Ref. [34]. 2019, Zheng, Y.”.

Research on medium- and high-temperature thermoelectric materials have achieved significant breakthroughs.
Wu et al. [35] proposed an innovative strategy involving alternating regulation of interatomic interactions through
lattice strain modulation while maintaining the original material composition. This methodology achieved a
remarkable 58% reduction in lattice thermal conductivity without sacrificing carrier mobility, ultimately realizing an
exceptional ZT value of 2.6 at 850 K in the engineered material system. Rogl et al. [36] successfully synthesized (Ro)
with a nominal composition of (Ro.33Bao.33Ybo.33)0.35C04Sb123 (R = Sr, La, DD, MM, SRMM, SRDD) massive n-
type three filled and multi filled skutterudite materials. The experimental results show that the series of
thermoelectric materials achieve the highest ZT value of 1.8 at 835 K. Tsai et al. [37] significantly reduced the
thermal conductivity of the material by introducing Sb,Tes alloying into GeTe-based thermoelectric materials,
while maintaining a suitable carrier concentration over a wide compositional range. Owing to this optimization
strategy, the material can achieve a ZT value > 2.6 at 720 K. Saiga et al. [38] systematically investigated the effect
of Cu doping on BagGaisSnsp crystal growth and its thermoelectric properties. The results show that the ZT values
of p-type and n-type single crystals reach 0.88 and 1.45 at 520 K, respectively, with the n-type single crystals
having the highest ZT values among all the substitution systems of BagGaisSnzo. Shi et al. [39] successfully
optimized the synergistic optimization of high carrier concentration and mobility in n-type MgsSh, alloys by
introducing Y doping at the cationic position. It was found that the material’s thermoelectric properties were
significantly better than those of the previously reported n-type MgsSh, system, achieving a ZT value as high as
1.8 at 700 K.

In different application scenarios, variations in operating temperature range cause significant differences in
the thermoelectric material systems used. For example, micropower supplies typically operate in the low-
temperature range, TEG systems in the 1 W to 1 kW order of magnitude are mostly deployed in the low or medium-
temperature range, and TEG systems with power levels greater than 1 kW need to be matched to medium- or high-
temperature operating environments. Table 1 systematically summarizes the peak ZT values of thermoelectric
materials and their corresponding temperature regions in the above studies. Therefore, temperature matching and
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material selection based on actual working conditions are of great significance for optimizing system performance,
and key factors such as thermal stability of materials, temperature dependence of thermoelectric parameters, and
interfacial compatibility need to be considered comprehensively.

Table 1. Optimum ZT values and operating temperatures of various thermoelectric materials.

Materials Type ZT Value Temperature Ref.
BiosSb1sTes p-type 1.86 320K [31]
BizTezgs n-type 11 420K [32]
Bi2Te2.4Seos n-type 1.07 338K [33]
Mgo.97ZN0.03AJ0.9Sho .95 p-type 14 423 K [34]
Nao.03EU0.03SN0.02Pbo.o2Te p-type 2.6 850 K [35]
(Ro.33Ba0.33Yb0.33)0.35C04Sh12 3 n-type 1.8 835K [36]
(GeTe)o.os(ShaTes)oos p-type 2.7 720 K [37]
BagGaisSnao n-type 1.45 520 K [38]
Mg3.05-x Y xSbBi n-type 1.8 700 K [39]

2.3. Design of the Thermoelectric Generator

Conventional TEGs typically employ symmetric cubic configurations for their thermoelectric semiconductors,
as depicted in Figure 5a, where p-type and n-type thermoelectric legs maintain identical geometric dimensions.
However, research has shown that geometric optimization of thermoelectric components, including asymmetric
architectures and gradient cross-sections, can enhance performance. This structural optimization enables precise
regulation of heat flux distribution, enhanced phonon scattering mechanisms, and minimized interfacial thermal
losses, thereby establishing novel design paradigms for high-efficiency TEG systems. Luo et al. [40] proposed an L-
shaped TEG configuration (Figure 5b) accounting for inherent material parameter disparities between p-type and n-
type thermoelectric materials. This innovative configuration engineer’s distinct height dimensions for p-type and n-
type semiconductor legs. Experimental results demonstrate that under a temperature difference of 400 K, the L-shaped
TEG yielded a maximum output power of 1.96 W with a conversion efficiency of 7.8%, representing 2.39% and 1.44%
enhancements, respectively, compared to conventional n-type TEG counterparts. Wang et al. [41] proposed an X-
type TEG configuration (Figure 5¢) and systematically analyzed its thermoelectric and mechanical properties
under steady-state conditions. The results show that under the temperature difference of 200 K, the maximum
output power of the X-type thermoelectric module reaches 0.0847 W, and the conversion efficiency is 5.2%, which
is about 4.57% higher than the traditional configuration. Luo et al. [42] proposed a ring-shaped TEG configuration
with variable cross-sectional area (Figure 5d), in which the cross-sectional area of thermoelectric legs increases
along the gradient of heat flow direction to alleviate the performance degradation caused by the decline of
temperature gradient. The results show that the output power of the annular TEG is 76.66 W, and the conversion
efficiency is 1.45%, which is 8.97% and 8.93% higher than the traditional configuration, respectively.

In addition, the two-stage TEG further improves the comprehensive performance of TEG by stacking two
thermoelectric modules up and down. Enciso-Montes et al. [43] proposed a two-stage TEG configuration (Figure 5e)
and systematically studied the influence of different thermoelectric leg shapes on TEG performance. The results
show that although the efficiency of two-stage TEG and single-stage TEG is 3.9%, the peak voltage of two-stage
TEG is 97.6 mV, which is significantly higher than that of single-stage TEG of 49.7 mV. Bian et al. [44] developed
a two-stage TEG configuration (Figure 5f), in which different thermoelectric materials are used at the hot end and
cold end to adapt to the corresponding temperature range. In this study, the non-dominated sorting genetic
algorithm Il (NSGA-I1) was introduced for the first time to optimize TEG’s electrical output performance and
mechanical stability.

Considering the different optimal working temperatures of different thermoelectric materials and the
temperature gradient of thermoelectric legs from the hot side to the cold side, the segmented design can effectively
overcome the negative impact of the temperature drop, in which the high-temperature area adopts high- or medium-
thermoelectric materials and the low-temperature area adopts medium- or low-temperature thermoelectric
materials. Zhang et al. [45] prepared a Bi,Tes/Skutterudite segmented thermoelectric module (Figure 5g), and
achieved a conversion efficiency of up to 12% at a temperature difference of 541 K, setting a record in the field, with
an output power of 5.6 W. He et al. [46] developed a double-cone segmented thermoelectric generator (Figure 5h).
The results show that, compared with the traditional segmented ring thermoelectric generator, the output power of
the double cone segmented ring thermoelectric generator is increased by 20.23%, the energy efficiency is increased
by 8.55%, and the economic cost is reduced by 21.36%. Sun et al. [47] combined the multi-objective genetic
algorithm with the finite element method to optimize the multi-parameter and multi-objective of the segmented
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annular TEG. The results show that the optimized segmented TEG has an output power of 0.04326 W and an
efficiency of 9.63% at a temperature difference of 300 K, which is 32.839% and 61.915% higher than that before
optimization, respectively.

(b)

1.4 mm
ni external loa electrode sheet

(e) Convective heat transfer region (f)

Cold side

(g =

""""""" .

ISKD powders  Ti-Al powders I- ..... -
i

. o A
Ni foil o
P CINZI 5

Lo ___ 'S W .

Hnt-pn:.\'surel L= ‘I -
sintering e $ =™
Polish&Cut i ! |'J"
A Olls)
Brazing MoCu . . . J.

I
I
electrode SRR ——
Bismuth telluride dices

Figure 5. (a) Traditional n-type TEG; (b) L-type TEG. “Reprinted with permission from Ref. [40]. 2024, Luo, D.”;
(c) X-type TEG. “Reprinted with permission from Ref. [41]. 2020, Wang, R.”; (d) Variable cross-sectional area
annular TEG. “Reprinted with permission from Ref. [42]. 2024, Luo, D.”; (e) Two-stage TEG. “Reprinted with
permission from Ref. [43]. 2024, de Oca, O.Y.E.-M.”; (f) Two-stage TEG with different thermoelectric materials
between the upper and lower stages. “Reprinted with permission from Ref. [44]. 2025, Bian, M.”; (9)
BizTes/Skutterudite segmented TEG. “Reprinted with permission from Ref. [45]. 2017, Zhang, Q.”; (h) Biconical
segmented annular TEG. “Reprinted with permission from Ref. [46]. 2024, He, H”.

Table 2 summarizes the above studies. Based on the review and analysis of the TEG design strategy, it can
be seen that the thermoelectric performance of TEG can be significantly improved through effective structural
design (such as asymmetric configuration, segmented integration, multi-objective optimization, etc.). These design
strategies provide important theoretical guidance and technical path for realizing high-performance TEG by
optimizing heat flow distribution, interface contact resistance and electrical transport characteristics.

Table 2. Output performance and conversion efficiency of different types of TEGs.

Temperature Output Power Conversion
Difference or Voltage Efficiency

400 K 1.96 W 7.8% [40]

Type of TEG Improvement Measures Ref.

P-type and n-type thermal legs are designed with
different heights
The cross-sectional area of the thermal leg
X-Type gradually decreases from the upper and lower 200K 0.0847 W 5.2% [41]
ends to the center

L-Type
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Table 2. Cont.
Temperature Output Power Conversion
Type of TEG Improvement Measures Difference or Voltage Efficiency Ref.
. The cross-sectional area of the thermoelectric leg
Asymmetric . - N
. - increases gradiently along the direction of heat - 76.66 W 1.45% [42]
configuration flow
Two-stage TEG Stack two layers of TEG - 97.6 mV 3.9% [43]
Two layers of TEG are stacked, and different
Two-stage TEG  thermoelectric materials are used for hot end and 300K - 6.89% [44]
cold-end TEG
Segmented TEG B1zTe3/Skutterud1ter?]eo%rﬂleented thermoelectric 541 K ) 12% [45]
Segmented TEG Segmented annular TEG Wltr_l double cone-shaped ) ) ) [46]
thermoelectric leg
Segmented TEG Combining multiobjective genetic algorithm with 300 K 0.04326 W 963% [47]

finite element method

3. Micropower Supply

Due to the low power demand of microelectronic devices, thermoelectric power generation technology has
broad application prospects in the field of micropower electronics. Thermoelectric micropower supplies include
wearable thermoelectric devices that convert body heat into electricity, self-powered sensors, and microelectronics
in the specific application environment.

3.1. Wearable Thermoelectric Devices

In recent years, with the rapid development of micro-nano processing technology and flexible electronic
devices. The TEG can be integrated into wearable electronic devices owing to its miniaturization and flexible
design, achieving self-powered energy collection of temperature differences between the human body and the
environment. The current performance evaluation system for wearable TEG mainly focuses on two core indicators:
output power density and wearing comfort. According to the differences in material systems and structural
characteristics, wearable TEGs can be divided into two categories: traditional rigid TEGs represented by Bi,Tes,
and flexible TEGs made of organic materials.

For the traditional rigid TEG, Nozariasbmarz et al. [48] studied the joint effect of material and device
parameters on the efficiency of wearable TEG and developed a nanocomposite thermoelectric material based on
Bi,Tes (Figure 6a). The experimental results show that the power density of the nanocomposite TEG is 44 pw-cm™
without airflow and can be increased to 156.5 uw-cm™ under airflow, which is 4-7 times higher than that of similar
commercial wearable TEG. Hyland et al. [49] proposed an efficient TEG design scheme for wearable applications
and developed a functional T-shirt integrated with TEG (Figure 6b). By systematically measuring the power
generation performance of TEG in different parts of the human body (such as the upper arm, forearm, chest, etc.), it is
found that when TEG is installed in the upper arm, its output power reaches the maximum. Van et al. [50] realized TEG
with high integration density through advanced assembly technology. The output power of the TEG reaches 91 uW at a
5 K temperature difference. Based on this technology, the research team successfully developed a wearable TEG
prototype and verified the feasibility of its continuous power supply for electronic watches (Figure 6c¢). Van et al. [51]
proposed a brain-computer system powered by wearable TEG (Figure 6d), with the output power of wearable TEG
maintained at 2-2.5 mW (30 %2 pw/cm?). However, due to the fixed geometry of the TEG based on Bi,Tes, they
are difficult to fit the skin surface, resulting in low heat recovery efficiency. Organic thermoelectric materials have
the advantage of flexible structure and can adapt to different shapes and sizes. Lv et al. [52] proposed a three-
dimensional spring thermoelectric device with a basic double elastomer layer and air gap (Figure 6e). The device
has excellent flexibility and compressibility, generating a power density of 416.22 nw/cm?. Kim et al. [53]
developed a self-powered wearable ECG system based on flexible PCB (Figure 6f). The system optimizes the
performance of wearable TEG through a flexible radiator based on polymer so that its output power density reaches
38 pw/cm? in the initial 10 min and remains at 13 pw/cm? after 22 h of continuous operation so that it can
continuously supply energy for ECG sensor and power management circuit. The aforemenioned research indicates
that the flexible TEG of organic-inorganic composites enhances its bending (radius of curvature <5 mm) and
endows it with low thermal conductivity (<0.5 w m™ K™2), but its power density is usually lower than that of rigid
wearable teg1-2 orders of magnitude.
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Figure 6. (i) Nanocomposite thermoelectric materials based on BizTes. “Reprinted with permission from Ref. [48].
2020, Nozariasbmarz, A.”; (i) A T-shirt integrated with wearable TEG. “Reprinted with permission from Ref. [49].
2016, Hyland, M.”; (iii) Wearable TEG supplies power for electronic watches. “Reprinted with permission from
Ref. [50]. 2021, Van Toan, N.”; (iv) A brain-computer system powered by wearable TEG. “Reprinted with
permission from Ref. [51]. 2008, Van Bavel, M.”; (v) A three-dimensional spring thermoelectric device with basic
double elastomer layer and air gap. “Reprinted with permission from Ref. [52]. 2021, Lv, H.”; (vi) A self powered
wearable ECG system based on flexible PCB. “Reprinted with permission from Ref. [53]. 2018, Kim, C.S.”

3.2. Self-Powered Sensors

Automation and intelligence have become the development trend of modern industry. Thanks to this,
intelligent sensors and microelectronics have made great development. More and more manufacturers incorporated
sensors into products to improve their competitiveness. Current intelligent sensors and microelectronics require a
few hundred microwatts or a few milliwatts of power to operate. Powering these devices typically requires
extensive cabling from the battery, which often fails to satisfy the sensor’s long-life demands. In some specific
applications, sensors are required to work in extreme environments such as high temperature and vacuum. Wireless,
long-life power supply, and extreme working environments are the main challenges that come to sensors. TEGs
are an ideal candidate for these challenges. Beltrén et al. [54] proposed a TEG-powered vacuum pressure sensor
and reported that the random error of the pressure signal was less than 10%. Kim et al. [55] designed a high-
performance self-powered wireless sensor node powered by the flexible TEG, which can be used to remotely
monitor the heat pipe temperature, ambient temperature, humidity, etc. Self-powered sensors and microelectronics
are promising applications of TEGs. Guan et al. [56] developed a self-starting two-stage boost thermoelectric
energy harvesting system, incorporating open-circuit voltage MPPT and low-power design; The system can self-
start and efficiently supply power at an extremely low input of 20 mV/84 uW, driving microcontrollers and
wireless sensors, with performance surpassing that of commercial solutions.
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4. Thermoelectric Generator Systems from 1 W to 1 kW

At present, the output power of most TEG systems with preliminary application ranges from 1 W to 1 kW,
including radiative TEG systems, solar thermoelectric generators, and automobile TEG systems. The recent
developments, challenges, and prospects of these three TEG applications are discussed below.

4.1. Radiative Thermoelectric Generator System

In space exploration, satellites, and spacecraft require a long-term power supply to meet the needs of exploration
missions. Current satellites and spacecraft are mainly powered by PV devices. However, due to the rotation of the
planet, PV devices can receive sunlight for only half of the time at most, resulting in the deterioration of the lifespan
of spacecraft. Radiative TEG systems utilize heat from natural radioactive decay as a power source. The exceptionally
long half-lives of radioisotopes enable these systems to provide continuous electrical power for spacecraft over multi-
decade timescales. In 1961, the PbTe-based radiative TEG system was first applied to the US Navy’s Transit
navigation satellite. The output power was about 2.7 W, but it operated for over fifteen years. Sponsored by NASA,
radiative TEG systems with better performance have been developed continuously. In 1997, the Voyager | and Il
used 3 SiGe-based radiative TEG systems to provide 423 W of power for onboard electronics. This power is gradually
reduced by about 7 W per year due to the decay of plutonium, and they are still in operation [57]. The success of
radiative TEG systems developed by NASA has accelerated the application of thermoelectric power generation
technology in space exploration, and an increasing number of countries have issued corresponding research plans.

4.2. Solar Application

Thermoelectric technology can also directly convert solar radiation into electricity based on the Seebeck
effect. Unlike photovoltaic (PV) devices that directly convert light energy into electric energy, solar TEGs collect
solar heat through a solar heat absorber and then transfer the heat to thermoelectric legs for power generation.
Shittu et al. [58] analyzed the output performance of a segmented solar TEG through a numerical model and
obtained that the output power was about 3 W under the radiation value of 11,000 W/m2. Kraemer et al. [8]
manufactured a skutterudite/Bi.Tes segmented solar TEG and experimentally demonstrated its conversion
efficiency under the direct normal irradiance of 211 kW/m?. The experimental results showed that a peak efficiency
of 7.4% was achieved. Cotfas et al. [59] prepared a metal oxide/additive composite absorption layer on the hot
side of a solar TEG using spray deposition technology. The power generation increased by 25% under standard
solar irradiance and by 82% under concentrated irradiance conditions. Cao et al. [60] proposed a solar TEG
integrated with phase change materials and forced water cooling, achieving a power output of 6.42 mW and an
output voltage of 307.3 mV at a solar irradiance of 1 kW/m=approximately 9 times higher than that of the
traditional thermoelectric module (35.5 mV). Although the conversion efficiency of the solar TEG is still lower than
that of PV devices, it is likely to become a promising alternative solar energy technology. However, the solar radiation
in practical application is far lower than that in the laboratory. To be more competitive, the figure of merit of
thermoelectric materials must be further improved. The high-performance heat absorber on the hot side of the solar
TEG and the high-performance heat sink on the cold side of the solar TEG also help to improve its performance.

4.3. Automobile Thermoelectric Generator System

For automobile engines, about 1/3 of the thermal energy produced by burning fossil fuels is wasted in the form
of waste heat with exhaust gas, resulting in serious energy waste and environmentally harmful emissions. The
automobile thermoelectric generator (ATEG) system is considered a promising technology that can improve the fuel
economy and reduce the use of fossil fuels. Automobile manufacturers and research institutes are trying to develop
high-performance ATEG systems and integrate them into the vehicle exhaust system. However, the conversion
efficiency of currently reported ATEG systems is about 2%, which seriously limits its wide commercial applications.
Structure-based optimization is one of the most effective methods for improving the performance of ATEGs.

ATEGs primarily consist of heat exchangers (used to absorb heat from exhaust gases), thermoelectric
modules (used to convert thermal energy into electrical energy), and radiators (used to maintain the cold-side
temperature of the thermoelectric modules). The structural optimization of thermoelectric modules has been
discussed in detail in Section 2.3. The optimization of the heat exchanger structure focuses primarily on enhancing
its heat absorption efficiency. Luo et al. [61] proposed a convergent TEG (Figure 7a), which significantly enhanced
the heat absorption efficiency of the heat exchanger, resulting in a 5.96% increase in the net output power of the
TEG. To accommodate the circular exhaust pipe, Yang et al. [62] proposed a circular TEG with pin-fin type fins
(Figure 7b) and determined the optimal structure of the TEG using Taguchi optimization; The net power reached
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34.11 W, representing an 18.7% increase compared to the original design. Studies have shown that the installation
of fins inside the heat exchanger can significantly enhance its heat absorption efficiency. Consequently, researchers
aim to optimize the fin structure. Luo et al. [63] proposed a fin with dimples based on plate fins (Figure 7¢) and
determined the optimal design of the dimples through numerical simulations. The net output power increased by
10.09%. Ge et al. [64] introduced twisted-strip fins into the heat exchanger and optimized their pitch ratio, twist
ratio, and tilt angle (Figure 7d), resulting in a 30% increase in the output power of the TEG.

Additionally, heat pipes exhibit exceptional heat transfer performance, fully meeting the high thermal
conductivity requirements of ATEGs. Luo et al. [65] proposed a novel ATEG integrated with heat pipes,
introducing the heat pipes into the heat exchanger (Figure 7e). The incorporation of heat pipes expanded the
thermal side area of the heat exchanger, resulting in an output power of 213.19 W, representing a 42.95% increase.
Pacheco et al. [66] longitudinally installed heat pipes inside the heat exchanger, significantly enhancing the
temperature uniformity of the exchanger due to the high thermal conductivity of the heat pipes. Despite the
promising results of the aforementioned studies, the generated electrical power remains insufficient to fully meet
the power supply requirements of the vehicle. To achieve higher output power, a larger ATEG is necessary. To
address this, Liu et al. [67] integrated four identical ATEGs in parallel into a vehicle (Figure 7f), achieving a
maximum output power of 944 W in the tests. Zhang et al. [68] stacked multiple small heat exchangers together
(Figure 7g), resulting in a maximum output power of 1002.6 W for the TEG, although this also resulted in a high-
pressure drop. Although these large ATEGs generate exceptionally high output power, they occupy a significant
portion of the vehicle’s space. Therefore, maximizing the output power of ATEGs within limited space is an
important research endeavor for future development.

Heat isolation
(a)

TEM Twisted Tapes =

K} ¢
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Internal Topology of the Heat Exchanger =

(d) Exhaust Heat Exchanger &

Fabricated for Experiment |

Figure 7. (a) Convergent TEG. “Reprinted with permission from Ref. [61]. 2019, Luo, D.”; (b) Pin-fin type circular
TEG. “Reprinted with permission from Ref. [62]. 2024, Yang, W.”; (c) Fins with dimples. “Reprinted with permission
from Ref. [63]. 2024, Luo, D.”; (d) TEG with twisted band fins. “Reprinted with permission from Ref. [64]. 2025, Ge,
M.”; (e) Expand the hot side area of the heat exchanger using heat pipes. “Reprinted with permission from Ref. [65].
2024, Luo, D.”; (f) Using heat pipes to improve the temperature uniformity of heat exchangers. “Reprinted with
permission from Ref. [66]. 2020, Pacheco, N.”; (g) Four-TEG system. “Reprinted with permission from Ref. [67].
2015, Liu, X.”; (h) Compact TEG. “Reprinted with permission from Ref. [68]. 2015, Zhang, Y.”.

11 of 16



Green Energy Fuel Res. 2025, 2(2), 93-108. https://doi.org/10.53941/gefr.2025.100008

5. Thermoelectric Generator Systems Exceed 1 kW

In addition to recycling the waste heat in automobile exhaust, TEG can also be applied to the recovery of
waste heat from ships and industrial waste gases. The exhaust gas temperature in these fields is usually high and
the waste heat is huge. Therefore, the power generation capacity of TEG system in these application scenarios
often exceeds 1 KW and even can achieve higher power output.

In ship application, TEG can recover heat energy from high-temperature exhaust gas emitted by the engine
and further improve energy recovery efficiency by using other waste heat sources generated during ship operation,
such as boiler exhaust gas and engine room waste heat. This waste heat recovery system can provide clean power
for ships, reduce dependence on traditional generators, and effectively reduce fuel consumption and improve the
overall energy efficiency of ships. Compared with TEGs applied to vehicles, the TEG system applied to ships can
ignore the negative impact of increased weight. However, few studies have been perfomed to develop whole TEG
system prototypes for ship waste heat recovery because it requires a large number of TEG modules and costs.
Georgopoulou et al. [69] studied the waste heat recovery potential of TEGs for marine applications, and results
showed that the installation of TEGs could generate about 26 kW of extra power, corresponding to 0.2% of the
main engine power. Eddine et al. [16] analyzed and optimized the performance of a simplified ship TEG system
through a theoretical model. Results showed that the Bi,Tes-based TEG module was more suitable for ship waste
heat recovery, and its output power was 70% higher than that of the SiGe-based TEG. With the increasing demand
for fuel economy, ship manufacturers are opting to utilize TEGs to optimize ship waste heat recovery, because it
has a weight advantage, offers a free cooling source, and does not require maintenance.

In the industrial field, especially in high-temperature industrial processes (such as metallurgy, chemical
industry, glass production, etc.), the TEG system can effectively extract heat energy generated from the high-
temperature exhaust gases. TEG can achieve high power output by optimizing the heat exchange system and
thermoelectric materials. In industrial waste heat recovery, technologies, such as the organic Rankine cycle, steam
turbines, and Stirling engines, are increasingly being optimized. As a promising energy technology, various waste
heat projects using TEGs have been studied. Luo et al. [15] proposed a novel TEG system to harvest waste heat
from cement rotary Kilns, in which 3480 Bi,Tes—PbTe TEG modules were applied on the walls of the kiln. The
system performance was estimated using a mathematical model. Results showed that the system can produce about
211 kW of electrical power and recover more than 32.85% of the heat that used to be lost as waste heat through
the kiln surface. Kuroki et al. [70] described a TEG system used for waste heat recovery in the steelmaking industry,
which contains 896 Bi,Tes-based TEG modules. Experimental results showed that the system could generate 9
kW electricity when the slab temperature was about 1188 K and the slab width was 1.7 m. Although the conversion
efficiency of the TEG system is low (~2%), it still enables considerable application prospects in the field of
industrial waste heat recovery. The cost of installing TEG systems will be recovered within a few years because
the furnace works 24 h a day.

Looking forward to the future, the application potential of TEG technology in the field of industrial waste
heat recovery is still huge. With the continuous progress of thermoelectric materials, heat exchange technology,
and system optimization design, the efficiency and output power of the TEG system need to be further optimized.
In addition, with the increasing demand for energy conservation and environmental protection in the market, TEG,
as a green and low-carbon energy recovery technology, is expected to be increasingly applied in industrial waste
heat recovery, ship energy recovery, and other high-temperature waste gas utilization.

6. Conclusions

In this review, basic principles, recent advances, current challenges, and prospects of thermoelectric power
generation from micropower supplies to kilowatt systems are discussed. As a basic power unit of the TEG system,
the performance of the TEG module can be improved by applying high-performance thermoelectric materials and
advanced structural design. For micropower supplies, the wearable TEG system should not only pay attention to
performance improvement but also comfort, while the self-powered sensors and microelectronics mainly focus on
the performance and application environment. For TEG systems from 1 W to 1 kW, preliminary applications have
been achieved, such as radiative, stove, and automobile TEG systems, among which the automobile TEG system
has the potential to generate over 1 kW of electricity. When TEGs are applied to waste heat recovery from the ship
and industrial exhaust gas, the TEG system can easily generate an output power of more than 1 kW, and there is
an increasing interest in using TEGs to reduce energy use. Ongoing developments in thermoelectric materials and
devices will soon facilitate broader adoption of thermoelectric power generation technologies.

Despite these advancements, critical challenges persist in TEG applications, including inherent limitations in
thermoelectric material efficiency (e.g., low ZT values at mid-to-low temperature ranges), interfacial thermal
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resistance in system integration, and long-term stability under cyclic thermal stresses. Future studies should
investigate nanostructured composites and topology-optimized modules to decouple electronic and thermal
transport properties, as well as Al-driven design frameworks for hybrid energy systems. Emerging applications in
10T power supply and aerospace waste heat recovery, coupled with scalable manufacturing techniques like inkjet
printing of thermoelectric films, are expected to accelerate the transition of TEGs from niche applications to
industrial ubiquity.
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