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ARTICLE INFO ABSTRACT

Received: 31 Dec 2024 Thermoelectric Generators (TEGs) directly convert thermal energy into electrical energy,

rendering them a promising sustainable energy source. Using thermoelectric materials, TEGs

convert energy efficiently and environmentally, making them appropriate for many applications.

Accepted: 28 Feb 2025 TEG uses waste heat to generate power without moving components or intermediate processes,
lowering maintenance and operational expenses. The figure of merit, which measures
thermoelectric conversion efficiency, has improved dramatically in recent years due to
thermoelectric material system advances. These advances allow TEGs to provide microwatts for
small devices and several watts for industrial applications. For widespread use and expansion,
wearable Internet of Things devices need tiny, inexpensive, and continuous power sources.
Large-scale industrial systems can improve sustainability by efficiently recovering waste heat
and transforming it into electricity. This study examines materials and designs for small
electronics, high-level industrial applications, waste heat recovery systems, and renewable
energy solutions. TEGs will help achieve energy efficiency and sustainability across sectors by
blending modern thermoelectric materials with novel engineering.
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INTRODUCTION

Sustainable energy solutions are needed due to rising global energy consumption, fossil resource finiteness, and
environmental effect [1]. Thermoelectric generators, which directly transform heat energy into electricity without
intermediate processes or moving parts, are promising [2]. Thermoelectricity relies on the Seebeck phenomenon,
which creates an electric potential difference when a temperature gradient is applied.

TEGs have various advantages over conventional power plants. As they do not use combustion or mechanical
components, they are environmentally benign and reduce maintenance and operational costs. TEGs can also be tiny,
position-independent, and used in an array of applications, from small electronics to big industrial waste heat
recovery systems [3].

By providing reliable, efficient, and environmentally friendly power generation, TEGs could revolutionise the energy
landscape. Their capacity to use waste heat from traditional energy sources makes them a promising energy efficiency
choice. Thermal energy can be transformed into electrical energy from industrial processes, automotive exhaust, and
body heat [4].

Recent advances in thermoelectric materials, notably nanostructured ones, have considerably improved TEG
conversion efficiency. These materials have improved thermoelectric properties, including a greater figure of merit,
which affects thermoelectric device efficiency. Advanced engineering and materials allow TEGs to be employed in
wearable electronics and industrial waste heat recovery systems [5][6][7]1[8].

Solid-state energy conversion, without moving parts or fluids, is reliable, maintainable, and long-lasting. Historically,
TEG efficiency was limited by thermoelectric materials' figure of merit [9][10][3]. Latest materials science advances,
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such as nanostructured materials and innovative compositions, have improved ZT values, reviving TEG technology.
This revival has enabled several uses, from powering wearable IoT gadgets to recovering waste heat in industry

[10][11].

This study reviews thermoelectric generator technology, highlighting recent material, design, and application
advances that demonstrate its growing importance as a sustainable power source. TEG technology can improve
energy sustainability across sectors, it says. This breakthrough technology is covered in detail in the article, including
its necessity, electrical conductivity, energy conversion efficiency, performance evaluation, and future possibilities.

1.1 Thermoelectric Materials and Efficiency Enhancement

TEG performance is mostly dependent on thermoelectric material quality. A material's Seebeck coefficient, thermal
conductivity, and electrical conductivity make up dimensionless ZT. High-quality thermoelectric materials have
improved conversion efficiency in recent decades. This field has advanced with nanostructured materials, which
reduce thermal conductivity while keeping electrical qualities [12][13][10].

Nanostructures like quantum dots, superlattices, and hierarchical structures can disrupt phonons, the major heat
carriers, while maintaining or improving electron transport, which is responsible for electrical conductivity. This
method has produced innovative thermoelectric materials that outperform bulk materials [14][15][16]. In addition
to nanostructuring, novel material compositions and doping methods have improved thermoelectric performance
[15] [17][18]. Doping existing materials, such as SnSe with Ge, has improved Seebeck coefficient and thermoelectric
performance [19]

1.2 Thermoelectric Generator Design and Applications

Design improves TEG performance and application. There are p- and n-type thermoelectric couplings in TEGs. They
efficiently convert heat into electricity by connecting electrically in series and thermally in parallel [20].

The design of TEGs must address heat source characteristics, thermal management, electrical configurations, and
target application integration. Modern TEG design improves thermal interfaces, heat transport, and electrical
connectivity to maximise energy conversion efficiency [21]. Thermoelectric generators are used in anything from
energy harvesting for wearable devices to industrial waste heat recovery systems [13][22].

TEG designs that can be customised are compact and high-performance thanks to advanced engineering.
Nanostructured materials in TEG modules have made lightweight, flexible, high-power-density devices for wearable
electronics and small-scale power generation [2]. These systems transform massive volumes of heat energy from
industrial processes into clean, reliable electricity. Thermoelectric generators can boost industrial energy efficiency
by harvesting waste heat, improving sustainability and cost savings [23]. Thermoelectric generators power car
systems by converting engine exhaust and coolant heat [24]. TEGs are also used in remote and off-grid power
generation, especially in spacecraft, satellites, and remote sensing stations.

1.3 Challenges and Future Prospects as Research Gap

Despite promising thermoelectric technology advances, numerous significant constraints prevent its mainstream use
and transformational potential [25]. Although nanostructured materials and unique generator designs have greatly
improved thermoelectric generator efficiency and performance, unresolved challenges still demand further research
and innovation [26][27].

The low conversion efficiency of TEGs compared to other power generation technologies is a major issue. Improved
thermoelectric materials have raised the figure of merit (ZT), but more optimisation is needed to compete with
normal energy conversion methods. Scalable and cost-effective thermoelectric material and device manufacturing is
difficult. Successfully commercialising TEG technology requires large-scale, low-cost, and environmentally friendly
production processes [28].

In addition, engineering thermoelectric generator integration into complex systems like industrial processes and
transportation applications is difficult. Systems that improve TEG efficiency and performance require considerable
analysis and system-level optimisation research [2].

While ongoing research in materials science, device engineering, and system integration shows potential, there is a
need for continued innovation to improve efficiency, cost-effectiveness, and the range of applications for
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thermoelectric generators [27] [2] [29] [30]. Identifying practical solutions to these challenges will pave the way for
the broader adoption of TEGs and their contribution to a sustainable, energy-efficient future [29] [277] [2] [30]. These
gaps in knowledge and technology represent opportunities for future research to address the barriers to
thermoelectric technology’s scalability and efficiency, ultimately unlocking its full potential as a sustainable power
generation solution.

LITERATURE REVIEW

The energy was employed a lot in mechanized manufacturing. Energy demand has increased due to technology.
Global warming and environmental problems have become major concerns with increased energy consumption. As
energy consumption surged during this period, the unsustainable nature of fossil fuels became increasingly evident.
Many innovative alternative energy technologies have been developed to address this challenge and the depletion of
fossil resources. Thermal power generation and waste heat recovery are sustainable with thermoelectric technology
[2][31]. Nanostructuring reduces heat conductivity while keeping electrical characteristics, improving thermoelectric
performance [12] [2].

Integrated nanostructured materials into compact and flexible modules have expanded the applications of
thermoelectric generators. Thermal generators are used in industrial waste heat recovery, automotive, and remote
power generating [27] [12] [2]. However, significant thermoelectric technology adoption is still difficult.
Thermoelectric generators must improve their conversion efficiency to compete with other power generation
methods [12][27][29][2]. For thermoelectric device commercialisation, manufacturing procedures must be scalable
and cost-effective. Advanced thermoelectric technology is expected from materials science, device engineering, and
system integration research.

Historically, the coupling of two dissimilar metals under a temperature differential was observed to create a magnetic
field. Thermoelectric devices were widely used in cooling heat pumps. Though thermoelectric cells could be employed
in small-scale designs where cooling was prioritized over system efficiency, this technology became less prominent
by the mid-20th century as semiconductors with lower band gaps outperformed the two-metal approach. However,
renewed interest in thermoelectric power generation emerged around this time, as established thermoelectric
materials were found to have relatively low figures of merit, limiting their power output efficiency compared to
combustion heat engines[32][33].

The integration of these advanced thermoelectric materials into compact and flexible generator modules has
expanded the potential applications of thermoelectric technology. Automotive, industrial waste heat recovery, and
distant power generation have used thermoelectric generators successfully [27]. However, some key challenges
remain to be addressed for the widespread adoption of thermoelectric generators.

Many thermoelectric materials were evaluated but failed to exceed a figure of merit of 1. This lowered research
interest in thermoelectrics, casting doubt on their fossil fuel replacement potential. Researchers' interest in
thermoelectrics returned in the 1990s as they sought a competitive figure of merit with conventional heat engines
using new methods and materials. Bismuth chalcogenides like Bi-Te; and Bi.Se; are excellent thermoelectric
materials with 0.8—1.0 figure of merit. Thorium-doped lead telluride has a 1.5 figure of merit at 773 K. Similar to
bismuth chalcogenide, magnesium compounds are thermoelectric. Skutterudites and clathrates also show promise
with 1.0 as the figure of merit value. Developing high-performance thermoelectric materials with better merits has
made thermoelectric generator technology more feasible and competitive [9][29].

Researchers are studying the thermoelectric characteristics of skutterudite, a nickel-iron cobalt arsenide mineral.
These materials enable multistage thermoelectric devices with figures of merit larger than 1. Oxide thermoelectrics
can be used at 1000 K. Oxide thermoelectric materials include strontium titanate and oxide. At 1000 K, oxide
thermoelectric materials have a lower merit of 0.34. Good high-temperature thermoelectric materials are half
Heusler alloys, notably n-types [341[351[36].

Bismuth chalcogenide nanostructuring raised the p-type material's GMR to 2.4. The figure of merit of lead selenide
and telluride quantum dot superlattices has risen to 1.5, surpassing bulk thermoelectric materials. Novel materials
and nanostructured thermoelectrics research have expanded small-to-medium thermal power generating
thermoelectric device options. Due to space oxygen shortages, radioisotope thermoelectric power systems are only
for spacecraft. Using renewable or sustainable energy heat sources, non-isotope thermoelectric devices have been
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extensively studied for small to medium-scale power generation. Then, this study evaluates non-isotope
thermoelectric power generating methods that could become mainstream in small to medium-sized stand-alone or
grid-integrated systems (Figure 1).[6][37]
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Figure 1. Classification of small-to-medium power production non-isotopic thermal sources and technologies [38]
(Date A.,et al., (2014) ; Adopted from Renewable and Sustainable Energy Reviews Journal).

Though thermoelectric generators have made significant technological progress, improving their conversion
efficiency remains a key challenge.

Thermoelectric generator (TEG) systems for waste heat recovery have gained popularity recently due to their unique
benefits: Thermoelectric generators convert thermal energy into electricity without turbines, saving maintenance and
replacement expenses. In small contexts, TEGs can produce kilowatts or microgeneration without economies of scale.
Without sound pollution, TEGs are environmentally friendly. In contrast, thermoelectric generators require a
consistent heat source and have low energy conversion efficiency.

Research in advanced materials and gadget design tries to overcome these limits. Some promising methods include:

e Exploring novel thermoelectric materials with higher figures of merit, like skutterudites, half-Heusler alloys, and
chalcogenides [39][22][13] [22] [12] [39] [13]

e Developing nanostructured thermoelectric materials to reduce thermal conductivity and enhance electrical
properties

e By integrating thermoelectric generators into combined heat and power systems, waste heat can be captured more
efficiently [40][13][22][39] [13] [22]

Thermoelectric generators can generate power and recover waste heat sustainably by improving technology. Making
materials more thermoelectric through nanostructuring and doping Thermoelectric module operation depends on
N- and p-type materials. Effective implementation requires equal Figures of Merit for n- and p-type legs, but stiff
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materials make next-generation TEG models difficult. Flexible contacts could help. Materials research and
nanotechnology have increased dimensionless worth in recent decades [41].

Thus, methodology advancement masks TE component output reduction. However, well-designed solutions can
improve performance and save money or the environment. Manufacturers could mass-produce combined heat and
power systems with new low-cost materials and TE module production[3] (Jouhara et al., (2021)). Figure 2(a) shows
a thermoelectric power generation (TEG) system as a heat engine that employs electrons. An automotive waste heat
recovery 400-module thermoelectric generator (TEG) system with 28 half-Heusler-based thermoelectric uncouplers
is shown in Figure 2(b). Power from diesel engine exhaust waste heat was 1 kW. System efficiency is affected by TEG
component integration with heat source and heat sink heat dissipation (air or water cooling).
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Figure 2. Thermoelectric power generating. (a) The thermodynamic operating theory, (b) functional
thermoelectric generator for automotive waste heat recovery[42] (Liu, W, Bai, S (2019): Adopted from Journal of
Materiomics Journal).

Minimise TEG conversion phonon thermal energy loss. Nanograins, nanoinclusions, and nanoparticles improve ZT
and lower lattice thermal conductivity phonon mean free path. In summary, recent advancements in thermoelectric
generators enable promising pathways for sustainable power generation and waste heat recovery. Continued progress
in materials engineering, module design, and system integration will drive further improvements in energy
conversion efficiency and expanduniquely benefits [43] [44] [3] [10].
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Figure 3. Nanotechnology method involving to improve ZT and lattice thermal conductivity (Liu et al., (2015):
Adopted from Acta Materialia Journal)[45].
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Figure 3 compares the ZTs of ball milled and hot pressed thermoelectric materials (SiGe, half-Heusler alloys, Bi2Te3).
This powder metallurgy technique produces a nanocomposite with a broad grain size distribution from hundreds to
several nanometers, compositional nanoinclusions, and secondary-phase nanoparticles at grain boundaries. Smaller
particle size increases total grain boundaries, which inhibits phonon propagation most. All three material systems
for p- and n-type materials show a 30—40% increase in ZT due to lower lattice thermal conductivity. Optimization of
carrier mobility requires a THP/Tm ratio of 0.8—0.9. Many materials struggle to decrease grainification without
compromising carrier mobility. Heat conductivity decreases as nanoinclusions melt and quench.[46][47]

In summary, thermoelectric materials research has progressed. Materials science, nanostructuring, and integration
have made thermoelectric generators more feasible and competitive for waste heat recovery and power generation
[48] [2] [13] [19]. Recent research demonstrated that melting, quenching, ball milling, and hot pressing lower PbTe
with SrTe thermal conductivity to 0.5, raising ZT above 2.0[49]. These materials have low lattice thermal conductivity
and little room for development (Figure. 4). Lead-free chalcogenides, like SnSe, show great promise, with zT greater
than 2.5 nearing the theoretical limit [19] [48].

Matrix Encapsulation Nucleation/Growth Eutectic Decomposition Spinodal Decomposition
a) (c) (g) 7
]
PbTe PbS

Figure 4. Making nanostructures by melting/casting includes: (a) matrix encapsulation, (b) nucleation and
growth, (c¢) eutectic decomposition, and (d) spinodal decomposition (Liu et al., (2015) : Adopted from Acta
Materialia Journal)[50].

In today’s world, where energy powers almost every aspect of our lives, finding reliable and efficient ways to generate
and utilize energy is more important than ever. One exciting possibility lies in harnessing waste heat—energy that
would otherwise go unused. TEGs are stepping into the spotlight as a promising technology for this purpose thanks
to their unique and practical advantages[51].

TEGs work by taking advantage of a simple but powerful phenomenon called the Seebeck effect. Since TEGs have no
moving components or liquids, they are reliable and low-maintenance. Their simplicity and efficiency make them
appealing for many power generation applications [51][52].

Despite this, TEGs confront obstacles. Efficiency and power production of these materials are important challenges.
To become sustainable energy game-changers, they must overcome this challenge. Their many benefits make
thermoelectric generators a good power source:

1 Lack of Moving Parts and Fluids: TEGs contain no moving parts or fluids, reducing maintenance and operational
costs. This simplicity improves reliability and durability [11].

2 Longevity with Constant Heat Sources: With reliable heat sources like industrial waste heat or specific combustion
systems, TEGs can operate for long periods. This ensures reliable power generation throughout the system's
lifespan [53].

3 Silent Operation: TEGs are ideal for remote or residential applications that require noise-free operation [3].

4 Versatility and Portability: TEGs are tiny and self-contained, making them suitable for use in remote off-grid sites
and embedded systems with limited space and weight [2].
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Due to their longevity, TEGs powered most space probes for years without these features. However, its inefficiency
and high cost have hampered uptake [9][54] (Champier D (2017)).

METHODOLOGY

This comprehensive overview examines thermoelectric generator technological advances and limitations. The review
covers peer-reviewed scientific, technical, and industry literature. Recent thermoelectric materials, device design,
and system integration advances and their potential impact on energy sustainability are highlighted [22][32].

The analysis focuses on several key aspects of TEG technology:

3.1 Material Advancements: Nanostructured thermoelectric materials, new compositions, and figure of merit
enhancement are included in the review. This includes assessing these materials' thermal stability, mechanical
strength, and electrical contact qualities, especially at high temperatures [28].

3.2 Device Design and Optimization: The study examines in-plane and out-of-plane TEG topologies and their
appropriateness for diverse applications. Design characteristics like fill factor, thermoelectric leg height, and device
area affect performance metrics including output voltage, power density, and conversion efficiency [55].

3.3 System Integration and Applications: Wearable IoT devices, industrial waste heat recovery systems, and
renewable energy systems are reviewed for TEG integration. This analyses system-level integration difficulties and
opportunities such temperature management, power conditioning, and cost optimisation [56].

3.4 Performance Evaluation: The study analyses TEGs based on ZT, power density, conversion efficiency, and
cost-effectiveness. This compares TEG technologies and their appropriateness for particular applications [57].

3.5 Future Aspects: Material development, device design, system integration, and cost reduction techniques are
identified as TEG technology research priorities in the evaluation. This includes assessing TEGs' ability to promote
sustainable energy [57].

The technique used in this offers a thorough and organised way to examine the present level of TEG technology, find
important obstacles and possibilities, and describe where the field could go from here in terms of research.

RESULTS AND DISCUSSION
4.1 Thermoelectric Materials: Low Power Generation

Bismuth tellurides and selenides are thermoelectric materials when the ZT value is high at 100-250 °C. Thus, these
materials are ubiquitous in thermoelectric generators. Thermoelectric elements in Bi-Te; thermoelectric generators
are usually connected using stripes of copper or silver. An important finding from a recent study is that self-assembled
3-mercaptopropyl-trimethoxysilane can improve the connections between the Bi-Te; thermoelectric elements by
covalently linking the Ni layer to their ends [58][59][60].

The contact resistance (qc) of p- and n-type thermoelements was 1 pQ cm?2 after adjustment. Ni powder vacuum hot
pressing at p-type Bi-Te; terminals reduces qc [61][62]. Organic material-based low-temperature TEGs are being
developed alongside bismuth tellurides and selenides. The statistics show that these devices extract little current due
to the organic components' high resistivity[63][64]1[57].

4.2 Electrical Conductivity and Thermal Stability

Enhancing electrical conductivity of thermoelectric materials while preserving low thermal conductivity is a key
challenge. Interfacial engineering has proven effective, such as doping with scandium in Mg2Si[65]. Scandium
doping improves electrical conductivity by 30% without increasing thermal conductivity. To maintain thermal
stability, materials like CoSb3 skutterudites and Zn4Sb3 Zintl phases are being investigated[66][67][68].

Electrochemical or chemical doping is a common process for polymers. The term "doping" can be misleading in this
context, as it refers to the formation of ionic complexes through redox reactions between polymeric cations or anions
and reduced or oxidized chemicals. Polymers with t-bonded unsaturated bonds are ideal for these reactions, as their
mi-electrons can be easily delocalized without compromising the integrity of the sigma bonds[69][70].
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Doping in this manner increases the electrical conductivity of organic thermoelectric materials like polypyrrole,
polyaniline, and polythiophene by several orders of magnitude, from being insulators to semiconductors[71].

Bipolarons are thermodynamically more stable than two independent polarons, so higher doping levels increase their
formation. The schematic in Figure 5 illustrates how the doping levels in conducting polymers create polarons,
bipolarons, and bipolaron bands. Low doping concentrations yield spin 2 polarons, which recombine to become
spinless bipolarons as further doping increases. Bipolaron levels combine into continuous bands as doping increases.
Bipolaron bands/states at the conduction and valence bands increase the band gap, as shown in Figure 5a [72].
Doping improves organic materials' thermoelectric performance by increasing electrical conductivity. Although
polythiophenes and polyparaphenylene behave similarly, doped polypyrrole has characterised the bipolaron model
and band gap widening (Figure 5 b)[73].
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Figure 5. Schematic illustrating (a) Doping in conducting polymers creates polarons, bipolarons, and bipolaron
bands; (b) at high doping levels (¢) Conducting polymers' HOMO and LUMO orbitals[5]. (Siddique et al., (2017):
Adopted from Renewable and Sustainable Energy Reviews Journal).

Polyacetylene, a conjugated polymer with a degenerate ground state, exhibits a distinct conduction mechanism.
Along with polarons, solitons also carry charges. With the nearby electron, the soliton can travel the chain
unobstructed. Doping generates larger solitons compared to bond alteration defects in conduction systems.

The degeneracy of charge carrier polymers allows doping to weakly bond and separate the charges that form
bipolarons. In a pure trans-polyacetylene neutral soliton, there is an unpaired electron and an odd number of
conjugated carbons. Adding unpaired electrons creates negatively charged solitons, while removing them leads to
positively charged solitons[74][75].

Thermoelectric generators are increasingly being used to power biomedical devices by harnessing body heat.
Compared to motion energy harvesters, TEGs offer higher power densities, typically around 10 pW/cm3 during



927 J INFORM SYSTEMS ENG, 10(32s)

activities like ambulation and jogging[5][76]. Studies have explored the use of implantable medical devices powered
by thermoelectric generators. These investigations examined environmental and physical factors affecting a patient's
thermal conditions, finding that power harvesting is most effective near the skin. Furthermore, research has proposed
utilizing a TEG to power a hearing aid[77][78][11][79][80].

A power management circuit and battery provided backup power. At low body temperatures, resonance and voltage
configuration methods were used to increase the efficiency of TEG power harvesting. When thermal coupling was
low, a unique parameter ZE, dependent on material parameters, boosted the power output of the TEG. The addition
of a heat sink, as depicted in Figure 6, further enhanced TEG performance[52].

Heatsink

wo thermoelectric

ydules stacked

(a) (b)

Figure 6. A hearing aid utilizing a thermoelectric generator (TEG). (b) To harvest hand energy, the fin was
attached to the cold module (two TEG modules in sequence)[5] (Siddique et al., (2017): Adopted from Renewable
and Sustainable Energy Reviews Journal).

To test bismuth telluride, their prototype generator used Nio.oMoo.1 for the n-type and Lao.o35ST0.965Ti05 for the p-type.
Between the n- and p-type components was Yo.03Zro.9;02 insulation. It was a multilayer co-fired ceramic generator.
In Figure 7(a), the prototype activated the radio transmitter with 100 uW at a temperature differential of 10 °C. Figure
7(b) shows 4.18 V from TEG heat sinks below 5 mm (Siddique et al., (2017)).
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Figure 7. A monolithic thermoelectric generator (TEG) using MLCC technology. A thermoelectric generator-
integrated DC-DC converter. A heat spreader managed thermal energy in the TEG[5] (Siddique et al., (2017)
Adopted from Renewable and Sustainable Energy Reviews Journal).

The ideal fill factor for f-TEG power density in wearables is often below 3%. However, the story becomes more
complex when considering the role of the Power Management Integrated Circuit. All energy harvesters, including
thermoelectric devices, require a PMIC to condition the generated power and drive electronic devices. The
conventional PMIC power transfer efficiency curve versus input voltage is shown in Figure 8a[78].
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For high-impedance thermoelectric generators with a fixed hot-side temperature, the optimal load voltage is often
high, over 3V, to maximize the power transfer efficiency[81].

Statistical data indicates that when the TEG output voltage, which is the PMIC input voltage, is around 100 mV, only
30% of the generated power is usable. In wearable applications with small temperature differentials, both the output
voltage and power of a thermoelectric generator are equally crucial. This can lead the PMIC to waste a significant
portion of the produced power due to its inefficiency at low input voltage. Integrating the PMIC into the same package
as the f-TEG is a potential solution, as shown in Figure 7 [11][82][83].
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Figure 8. (a) Typical commercial PMIC power transfer efficiency curve. (b) Fill factor vs. output voltage. In this
case, the device area is 100cm2. (¢, d) Effect of fill factor on energy harvesting system PMIC efficiency and output
power. (e, f) Contour plot of PMIC efficiency and system output power vs. fill factor and device area[84] (Kim C et

al., (2018): Adopted from Applied Energy Journal).

As a function of fill factor, Figures 8a and 8b determine power management integrated circuit efficiency. For a 100
cm?2 flexible thermoelectric generator (f~-TEG) with 2.5 mm leg height and forced convection, a fill factor below 10%
is associated with rapid output voltage growth before plateauing (Figure 8b). Efficient f-TEG conversion is 47.2% at
50% fill factor, while PMIC is useless below 4.4% [85]1[86]1[871[881[89].

The PMIC efficiency for a wearable f-TEG under forced convection was determined based on the fill factor. The results
show that device area and fill factor boost PMIC efficiency. A 200 cm2 device area yields a maximum PMIC efficiency
of 71.2% with a 50% fill factor. Using the data in Figure 8¢, we can reevaluate the output power in Figure 8f. Based
on device area, the ideal fill factor ranges from 3.8% to 39.0%, while without the PMIC it is 2% to
5%[90]1[91][92][88][93]. Finally, thermoelectric generators are a promising sustainable power generating and waste
heat recovery technology with energy efficiency, low maintenance, and extended lifespans.

4.3 Thermoelectric Materials: High Power Generation

Nanostructuring has enhanced the material value of thermoelectric generators, making them attractive. ZT
advancements have improved nanostructured materials for waste heat recovery, but they still lack thermal stability,
mechanical strength at high temperatures, and dependable electrical contacts with low contact resistances [94].

There are two main ways to adapt thermoelectric generators. The initial method uses adaptable thermoelectric (TE)
materials and substrates to create thermoelectric generators (TEGs) with in-plane configurations using
thermoelectric films like conjugated organic polymers like P3HT and PDOT:PSS, very pliable semiconductors, and
thin-layered Bi.Te;-based materials. At ambient temperature, these TEGs have a power density of just n'W/cm?2. Used
TEGs age and lose reliability, making it hard to power wearable electronics and restricting their uses.
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The efficiency of f-TEG power output was tested at AT values between 10 and 50 K (Figure 9). The f-TEG generates
power and is flexible. The power generation test equipment maintains 0.156 MPa pressure and intimate contact with
the {-TEG with a spring knob (Figure 9a). The f-TEG was between two thermally conductive surfaces with fine
regulation (Figure gb). Figure 9c shows output voltage and power as current functions at different AT in a flat setup.
With an open-circuit voltage of 236 mV at AT = 50 K, the f-TEG generates over 4.19 mW of power 6.5 mm-bent f-
TEG output shown in Figure 9d. The open-circuit voltage was 189 mV at AT = 50 K, a 15% decrease from Voc under
flat circumstances. Bent blocks and f-TEG have stronger contact thermal resistance than flat. Bent f-TEGs output
over 2.2 mW. Figure ge displays the f-TEG's power density (3.4 mW/cm2) and power per unit weight (21.0 mW/g)
at AT = 50 Kin flat [95][96]1[97].
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Figure 9. A custom-built testing rig examined f-TEG power generation: (a) Testing apparatus diagram (b) Testing
equipment and test mold images (c) A flat configuration's output voltage and power throughout temperature
differentials (d) Power and output voltage in a bent shape at different temperatures[98] (You H., et al., (2022)
Adopted from Applied Thermal Engineering Journal).

The flexible -TEG devices demonstrated power densities over 1 W/cm2 with 50 K temperature difference, which is
suitable for powering many wearable electronics.

In conclusion, thermoelectric generators have shown significant progress in materials, design, and manufacturing,
enabling enhanced performance, efficiency, and sustainability.

CONCLUSION

Integration of thermoelectric generator modules remains a significant challenge, as they are often expensive, limiting
their broader adoption and use. Thus, this field necessitates the development of more reliable and versatile material
preparation methods to facilitate the expansion of TEG applications. Additionally, this hybrid system requires in-
depth cost optimization analyses to be successfully commercialized. Current research on cost analysis and system
performance is lacking, underscoring the urgent need for further study in this area. Specifically, a systematic design
framework for the hybrid TEG-PCM (phase change material) system is missing from the existing literature, which
would be useful for understanding the technology's prospective future uses.



930 J INFORM SYSTEMS ENG, 10(32s)

A notable property of thermoelectric generators is its capacity to produce electric current across a wide range of
temperatures, even from very small temperature differences. Because to this quality, they may still find static, eco-
friendly solutions to problems related to power generation and waste heat recovery, even in the most challenging of
environments. The intrinsic inefficiency of TEGs has prevented their broad adoption and expansion unless they can
surpass other technologies in particular areas. There has been a wide range of viewpoints and experiences with
thermoelectricity in both academic and industrial settings, with some uses being fruitful and others failing miserably.

The present status of thermoelectric generators, their ability to convert energy across a wide range of temperature
differentials, and the promising future advancements are summarised in this review paper in a simple yet incisive
manner. Thermoelectricity is a promising technology, but there are still a lot of obstacles to overcome before it can
be used in many commercial contexts. One of these is improving the figure of merit (zT). The field of thermoelectricity
has a promising future ahead of it, thanks to a mix of extensive and targeted research activities.
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