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Abstract: Thermoelectric generators (TEGs) represent a critical technology for 

direct conversion of thermal energy into electrical energy through the Seebeck effect, 

offering substantial potential for waste heat recovery and sustainable energy 

generation. This comprehensive review examines the fundamental physics of 

thermoelectric effects, materials science advances, structural design principles, and 

diverse applications spanning automotive waste heat recovery to deep space 

exploration. Recent developments in nanostructured materials have achieved 

dimensionless figure of merit (ZT) values exceeding 2.4, while segmented TEG 

modules demonstrate conversion efficiencies up to 12%. Modern research 

emphasizes novel alloys, nanostructured composites, and flexible materials to 

enhance energy conversion efficiency across diverse environments. Applications in 

automotive systems show fuel savings of 3-5%, and radioisotope thermoelectric 

generators continue enabling multi-decade space missions. This review synthesizes 

current knowledge on TEG technology, identifies key challenges, and projects future 

research trajectories for next-generation thermoelectric systems. 
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1. INTRODUCTION 

Global energy consumption analysis reveals that approximately 60-70% of 

primary energy is dissipated as waste heat, representing an enormous untapped 

resource for power generation. Thermoelectric generators offer a compelling solution 

by converting temperature gradients directly into electricity through solid-state 

mechanisms, with no moving parts, silent operation, and exceptional reliability. 

Unlike conventional thermal engines requiring complex mechanical systems, TEGs 

provide maintenance-free operation suitable for applications ranging from 

microelectronics to industrial processes. 

The fundamental operating principle relies on the Seebeck effect, discovered in 

1821, wherein charge carriers diffuse from hot to cold regions in a conductor, 

establishing an electric potential proportional to the temperature gradient. Modern 

TEG systems achieve this conversion through carefully engineered semiconductor 

couples, sophisticated thermal management, and optimized electrical interfaces. 

With the expanding literature on thermoelectric applications, these devices show 

particular promise for powering autonomous sensors in Internet of Things 
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ecosystems. Contemporary research focuses on three primary objectives: developing 

higher-performance thermoelectric materials, optimizing device architecture for 

specific applications, and reducing manufacturing costs to enable widespread 

deployment. This article provides a comprehensive examination of TEG technology, 

from fundamental physics through practical implementation, addressing both 

achievements and remaining challenges in this rapidly evolving field. 

 

2. THERMOELECTRIC PHYSICS AND FUNDAMENTAL PRINCIPLES 

2.1 The Seebeck Effect 

The Seebeck coefficient (α) quantifies the voltage response to a temperature 

gradient in a material: 

α = -ΔV / ΔT 

where ΔV represents the induced voltage and ΔT the temperature difference. 

High-performance thermoelectric materials exhibit Seebeck coefficients of 100-300 

μV/K. For bismuth telluride, n-type materials demonstrate α ≈ -287 μV/K at 54°C. 

2.2 Figure of Merit (ZT) 

The dimensionless thermoelectric figure of merit comprehensively characterizes 

material performance: 

ZT = (α² × σ × T) / κ 

where α is the Seebeck coefficient, σ the electrical conductivity, T the absolute 

temperature, and κ the thermal conductivity. Commercial viability typically requires 

ZT > 1, with state-of-the-art materials achieving ZT = 2.4 through nanostructuring 

approaches. 

2.3 Peltier and Thomson Effects 

The Peltier effect describes heat absorption or generation at junctions between 

dissimilar materials when current flows, characterized by the Peltier coefficient π = 

αT. The Thomson effect accounts for reversible heat exchange in a single conductor 

experiencing simultaneous current flow and temperature gradient, described by the 

Thomson coefficient τ = T(dα/dT). 

 

3. THERMOELECTRIC MATERIALS 

3.1 Bismuth Telluride System 

Bismuth telluride (Bi₂Te₃) and its alloys dominate near-room-temperature 

applications (200-300°C), offering ZT ≈ 1.0 with excellent reproducibility. Key alloy 

systems include: 

 Bi₂Te₃-Sb₂Te₃: p-type materials, ZT ≈ 1.1 at 300 K 

 Bi₂Te₃-Bi₂Se₃: n-type materials, ZT ≈ 0.9 at 300 K 

 Nanostructured Bi₂Te₃: Superlattice structures achieving ZT ≈ 2.4 
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Recent advances demonstrate that bismuth telluride remains the mainstream 

material for thermoelectric applications, though researchers continue exploring 

alternatives. 

3.2 Mid-Temperature Materials 

Lead Telluride (PbTe): Operating at 400-800 K, sodium-doped PbTe₁₋ₓSeₓ 

achieves ZT = 1.8 at 850 K. Thallium additions yield ZT = 1.5 at 773 K. 

Skutterudites: CoSb₃-based compounds with void-filling dopants demonstrate 

ZT = 1.4-1.7 at 800 K. Indium-filled skutterudites reach ZT = 1.43, representing 

significant improvements over unfilled compositions. 

3.3 High-Temperature Materials 

Silicon-Germanium (SiGe): For applications exceeding 1000 K, SiGe alloys 

provide exceptional stability. Voyager spacecraft employ 312 SiGe thermocouples 

operating with hot-side temperatures of 1273 K, demonstrating multi-decade 

reliability. 

Half-Heusler Alloys: These compounds offer mechanical robustness with 

thermal expansion coefficients ~11 × 10⁻⁶ K⁻¹, suitable for applications requiring 

mechanical integrity at elevated temperatures. 

3.4 Emerging Materials and Nanostructuring 

Recent decades have witnessed impressive efficiency improvements through 

synthesis, design, and integration of flexible thermoelectric generators. 

Nanostructuring strategies reduce lattice thermal conductivity through phonon 

scattering at grain boundaries while maintaining electronic transport. Quantum 

confinement effects in low-dimensional structures enhance the Seebeck coefficient, 

contributing to record ZT values. 

 

4. DEVICE STRUCTURE AND DESIGN 

4.1 Basic TEG Architecture 

A standard thermoelectric module comprises: 

1. Thermocouple Pairs: Alternating p-type and n-type semiconductor legs 

electrically connected in series, thermally in parallel 

2. Ceramic Substrates: Electrically insulating, thermally conductive 

plates (typically Al₂O₃ or AlN) providing mechanical support 

3. Metallic Interconnects: Low-resistance copper contacts with diffusion 

barrier layers 

4. Thermal Interfaces: Heat exchangers optimized for minimal thermal 

resistance 

Commercial modules contain 126-256 thermocouple pairs with leg dimensions 

of 1-5 mm length and 1-2 mm cross-section, assembled into 40×40 mm footprints 

generating 1-10 W under typical operating conditions. 
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4.2 Advanced Geometries 

Innovations including segmented, variable-geometry, asymmetrical, and 

multistage architectures demonstrate significant impacts on power output and 

efficiency. Segmented designs combine materials optimized for different temperature 

ranges, achieving conversion efficiencies approaching 12% across 541°C temperature 

differentials. 

Tubular configurations provide advantages for exhaust applications, with full-

ring thermoelectric elements offering reduced internal resistance and enhanced 

current capacity compared to planar designs. 

5. AUTOMOTIVE APPLICATIONS 

5.1 Waste Heat Characteristics 

Internal combustion engines convert only 35-40% of fuel energy into mechanical 

work. Exhaust gases carry 30-33% of fuel energy at temperatures of 800-900°C, 

presenting an ideal heat source for thermoelectric conversion. Coolant systems reject 

an additional 20-25% as lower-grade heat. 

5.2 Automotive TEG Systems (ATEG) 

Modern ATEG architectures integrate heat exchangers with thermoelectric 

modules and cooling systems. Design variations examine multiple heat exchanger 

geometries: 

 Wall-to-wall lattice: Maximum heat transfer, 161 W power generation 

 Pyramidal structures: Moderate performance with reduced pressure drop 

 Hexagonal patterns: Optimized for minimal flow restriction 

Processing technologies for automotive applications increasingly focus on 

scalable production methods, essential for commercial viability. 

5.3 Performance Metrics 

Laboratory testing demonstrates: 

 Maximum electrical output: 36.4 W 

 Pressure drop: 36-50 Pa 

 Heat capture efficiency: 46.5% 

 Thermoelectric conversion: 2.88% 

 Overall system efficiency: 1.21% 

Real-world implementations achieve 100-500 W power generation depending 

on engine size and driving conditions, translating to 3-5% fuel consumption 

reduction. Segmented modules combining Bi₂Te₃ and CoSb₃ operating across 200-

600°C temperature ranges demonstrate 12% conversion efficiency with power 

densities of 0.51 W/cm². 

5.4 Implementation Challenges 

Technical obstacles include exhaust backpressure increase, additional system 

mass (~15-20 kg), cooling system integration complexity, and manufacturing costs. 

Intermediate fluid thermoelectric generators represent structural modifications that 
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utilize boiling-condensation heat transfer, demonstrating output power increases of 

171-283% compared to conventional designs. 

6. SPACE EXPLORATION APPLICATIONS 

6.1 Radioisotope Thermoelectric Generators 

Radioisotope Thermoelectric Generators possess irreplaceable advantages 

including technological maturity, high reliability, and extended operational lifespan. 

RTGs enable missions to regions where solar power proves impractical—outer 

planets, polar craters, and deep space environments. 

6.2 Voyager Mission Success 

Launched in 1977, each Voyager spacecraft carries three Multi-Hundred Watt 

RTGs (MHW-RTG) containing 4.5 kg of plutonium-238 oxide per unit. Initial 

electrical output of 157 W per RTG (470 W total) has declined predictably due to 

radioisotope decay, reaching approximately 220 W by 2022. The 312 silicon-

germanium thermocouples operating between 1273 K (hot junction) and 573 K (cold 

junction) continue enabling communication from beyond the heliopause after 45+ 

years of operation. 

6.3 Mars Surface Operations 

The Multi-Mission RTG (MMRTG) powers Curiosity and Perseverance rovers, 

providing reliable energy throughout Martian sols and seasons. Each MMRTG 

contains eight General Purpose Heat Source modules generating 2000 W thermal 

power, converted to 110-120 W electrical output with a 14-year minimum operational 

lifetime. This capability enables long-distance traverses, intensive scientific 

instrumentation, and operation through dust storms that disable solar-powered 

systems. 

6.4 Future Space Applications 

The enhanced Multi-Mission Radioisotope Thermoelectric Generator 

(eMMRTG) has reached technical maturity, while Next-Generation RTG programs 

continue development. Proposed lunar and Martian habitats may employ kilowatt-

scale RTG arrays for continuous baseload power, complementing solar installations 

for mission-critical systems. 

7. EMERGING APPLICATIONS AND FUTURE DIRECTIONS 

7.1 Industrial Waste Heat Recovery 

Recent interest in thermoelectric generators for waste heat recovery and 

geothermal energy has grown significantly due to their ability to convert low-grade 

thermal energy into electricity. Steel production, cement manufacturing, chemical 

processing, and power generation facilities offer abundant waste heat streams at 300-

600°C. Field tests have been conducted with TEG devices using waste heat at 

temperatures around 80°C, representing some of the lowest temperature 

implementations. 
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7.2 Wearable Electronics and IoT 

Flexible thermoelectric materials and devices have gained increasing attention 

due to flexibility and lightness for low-temperature waste heat collection. Body-worn 

TEGs harvesting metabolic heat gradients enable self-powered health monitoring, 

environmental sensors, and communication devices. Power density for wearable 

applications typically remains below 100 μW/cm², sufficient for ultra-low-power 

electronics. 

7.3 Advanced Materials Development 

Current research emphasizes several strategies: 

1. Nanostructuring: Quantum dots, superlattices, and nanocomposites 

reducing thermal conductivity while maintaining electrical transport 

2. Novel Compositions: Topological insulators, Ruddlesden-Popper 

phases, and complex skutterudites 

3. Flexible Substrates: Polymer-inorganic hybrid systems for conformable 

geometries 

4. Additive Manufacturing: 3D printing enabling optimized geometries 

and reduced production costs 

7.4 Intelligent Systems Integration 

The integration of artificial intelligence, computational fluid dynamics, and 

nanomaterials in predictive modeling and real-time optimization is advancing. 

Machine learning algorithms optimize TEG configurations for maximum efficiency 

under varying operating conditions, while maximum power point tracking (MPPT) 

controllers adapt to transient thermal inputs. 

7.5 Hybrid Energy Systems 

Combined approaches integrating TEGs with: 

 Organic Rankine Cycles (ORC): Cascaded systems capturing multiple 

temperature ranges 

 Phase Change Materials (PCM): Thermal buffering for intermittent heat 

sources 

 Photovoltaic Systems: Utilization of waste heat from PV panels 

 Heat Pipes: Enhanced thermal transport for improved temperature differentials 

8. CHALLENGES AND RESEARCH NEEDS 

Despite significant progress, several challenges impede widespread TEG 

adoption: 

Materials Science: ZT values require further improvement, particularly at 

elevated temperatures. Material stability under thermal cycling, chemical 

compatibility, and mechanical properties need simultaneous optimization. 

Manufacturing: Cost reduction through economies of scale, automated 

assembly, and advanced manufacturing techniques remains essential. Current TEG 

costs (~$100-300/W) must decrease to ~$10-20/W for mass-market viability. 
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System Integration: Thermal interface optimization, power conditioning 

electronics, and packaging for harsh environments require continued development. 

Heat exchanger designs must balance effectiveness against pressure drop penalties. 

Theoretical Understanding: Multi-scale modeling from atomic to device level 

remains computationally intensive. Predictive tools for material discovery and device 

optimization require refinement. 

 

9. CONCLUSIONS 

Thermoelectric generators represent a mature yet rapidly advancing technology 

for direct thermal-to-electrical energy conversion. Recent materials science 

achievements delivering ZT > 2 in laboratory settings, combined with sophisticated 

device designs achieving 12% conversion efficiency, demonstrate substantial 

progress toward commercial viability. Successful deployment in space exploration 

missions validates long-term reliability under extreme conditions, while automotive 

applications show clear pathways to fuel efficiency improvements. 

The convergence of nanostructured materials, additive manufacturing, artificial 

intelligence optimization, and systems integration creates unprecedented 

opportunities for TEG deployment across waste heat recovery, distributed power 

generation, and autonomous sensing applications. The potential applications span a 

wide spectrum, from automotive sectors offering waste heat recovery to aerospace 

applications and wearable electronics. 

Future research must prioritize: (1) materials with ZT > 3 across broad 

temperature ranges; (2) manufacturing processes enabling costs below $20/W; (3) 

hybrid systems maximizing energy extraction efficiency; and (4) intelligent control 

systems adapting to variable operating conditions. With global emphasis on energy 

efficiency and carbon reduction, thermoelectric technology stands positioned to 

contribute meaningfully to sustainable energy portfolios. 

The technology's scalability from microwatts to kilowatts, absence of moving 

parts ensuring reliability, and ability to utilize previously wasted thermal energy align 

with critical global priorities. Continued interdisciplinary research combining 

materials science, thermal engineering, and power electronics will enable next-

generation thermoelectric systems transforming waste heat into valuable electrical 

power across diverse applications. 

 

REFERENCES 

1. Tran, D.D., Nguyen, V.D., Nguyen, T.T., et al. A comprehensive review of 

advances in thermoelectric generators: Novel materials and enhanced applications 

for sustainable transportation. International Journal of Thermofluids, 2025, 25: 

100996. 

https://openresearch-hub.com/index.php/wsrj/


World scientific research journal 

 

https://openresearch-hub.com/index.php/wsrj/                    Volume-46_Issue-1_December-2025 31 

2. Gasulla, M., Reverter, F. Principle and applications of thermoelectric generators: 

A review. Sensors, 2025, 25(8): 2484. 

3. Chen, J., Zhou, G. A review on high-performance flexible thermoelectrics: 

Material, device, and applications. Microstructures, 2025, 56. 

4. Kumar, S., Singh, R. Recent trends and future perspectives of thermoelectric 

materials and their applications. PMC, 2024. 

5. Wang, L., Zhang, X. Advances in the applications of thermoelectric generators. 

Applied Thermal Engineering, 2023, 231: 120928. 

6. Yang, S., Chen, H., Luo, D. A comprehensive review of thermoelectric generators 

from micropower supply to kilowatt system. Green Energy and Fuel Research, 

2025, 2(2): 93-108. 

7. Zhu, N., Zhao, R. Power generation at low temperatures using thermoelectric 

generators and cost analysis. International Journal of Energy Research, 2024, 48: 

8728700. 

8. Chen, W., Liu, H. The progress of foreign radioisotope thermoelectric generator 

research and development. Tactical Weapon Systems, 2024. 

9. Snyder, G.J., Toberer, E.S. Complex thermoelectric materials. Nature Materials, 

2008, 7: 105-114. 

10. Li, X., Wang, Y. A review of next-generation thermoelectric generators: 

Advanced geometric and nanomaterial optimization. Energy Reports, 2025, 12: 

3538. 

 

 

 

https://openresearch-hub.com/index.php/wsrj/

