VIVA-Tech International Journal for Research and Innovation Volume 1, Issue 9 (2026)
ISSN(Online): 2581-7280 PP 01-05

__ ®™8  VIVA-TECH INTERNATIONAL JOURNAL
VIVA-TECH IJRI  FOR RESEARCH AND INNOVATION

ANNUAL RESEARCH JOURNAL

\J' ANNUAL RESEARCH JOURNAL
ISSN(ONLINE): 2581-7280

Waste Heat Recovery Using Thermoelectric Materials

Shubham Chavan?, Rishikesh Rajagopal?, Atul Pawar®, Swapnil Vartak 4
}(Mechanical Engineering, Viva Institute Of Technology, India)
2(Mechanical Engineering, Viva Institute Of Technology, India)
3(Mechanical Engineering, Viva Institute Of Technology, India)
*(Mechanical Engineering, Viva Institute Of Technology, India)

Abstract :. The current advancements in thermoelectric materials and their significant applications are covered
in this review study. It focuses on several materials that can directly transform waste heat into electrical energy,
including silicon, ceramics, metals, polymers, and nanoparticles. Innovations in synthesis, doping, and
nanostructuring techniques that have greatly enhanced thermoelectric performance are highlighted in the study.
In order to assess material efficiency, important factors such as electrical conductivity, Seebeck coefficient, and
thermal conductivity are briefly described. Emerging uses of thermoelectric materials in wearable electronics,
automotive systems, aerospace technologies, and industrial waste heat recovery are also included in the review.
Overall, the study highlights the expanding use of thermoelectric materials in effective heat management systems,
sustainable energy solutions, and energy harvesting.
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I. INTRODUCTION

The increasing need for effective thermal management and sustainable energy solutions has drawn a lot of
attention to thermoelectric devices in recent years. The capacity of thermoelectric materials to immediately
transform waste heat into usable electrical energy makes them very appealing. The performance and cost-
effectiveness of devices have been enhanced by recent advancements in materials science, including
nanostructured, organic, and hybrid thermoelectric materials, as well as sophisticated manufacturing processes.
Enhancing the thermoelectric figure of merit (ZT) and creating scalable production techniques for widespread
application are the main goals of ongoing research. Thermoelectric devices have great promise for use in industrial
processes, wearable electronics, aerospace systems, and automotive waste heat recovery. Additionally, they can
help lower greenhouse gas emissions and increase overall energy efficiency when integrated with renewable
energy systems.
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Fig. 1 Schematic representation of thermoelectrical material
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II. LITERATURE REVIEW

Various configurations and strategies to improve power generation efficiency are highlighted in a review of waste
heat recovery methods using thermoelectric devices [1]. Their suitability for industrial systems and large-scale
energy recovery is covered in a thorough study on thermoelectric generators in a variety of thermal energy-
consuming processes [2]. The goal of recent developments in thermoelectric materials is to increase conversion
efficiency via performance optimization and material engineering [3]. Thermoelectric material sustainability
issues, such as resource availability and environmental impact, have been thoroughly examined [4]. The
development of advanced materials and wider application areas for thermoelectric systems are highlighted by
emerging trends and future perspectives [5]. Improved electrical output and system integration are demonstrated
by innovative thermoelectric generator designs for automotive waste heat recovery [6]..

1. METHODOLOGY

3.1 Industrial waste heat generation

The distribution of waste heat generation across industrial sectors is depicted in the diagram. It demonstrates that,
at roughly 72%, thermal processes are the main source of waste heat, meaning that boilers, furnaces, and other
heating operations release a substantial quantity of wasted energy. About 13% of waste heat comes from motors,
and 9% comes from other systems. Lighting accounts for 1%, refrigeration for 2%, and compressed air systems
for 3% of the total. Waste heat is further categorised in the lower section based on applications and temperature
levels. 31% comes from low-temperature processes, and 18% comes from high-temperature processes. Eleven
percent comes from space heating, and twelve percent comes from drying and separation procedures. In order to
improve industrial energy efficiency and sustainability, the diagram highlights the necessity of efficient waste
heat recovery systems.
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Fig.2 Source of industrial waste heat generation
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3.2 Determining the Sources of Waste Heat

(A) Energy Conversion and Waste Heat Sources Several waste heat sources are shown in the diagram's upper
section. Thermal energy generated during mechanical or industrial processes that is not used and is released into
the environment is referred to as waste heat. The diagram's primary sources consist of: Manufacturing facilities,
boilers, and furnaces are examples of industrial processes. Systems of transportation (car engines) Heat from the
human body Sources of geothermal energy Solar cells It is possible to capture and use this heat rather than letting
it escape into the atmosphere. A thermoelectric module, which directly transforms temperature variations into
electrical energy, can receive waste heat, as the diagram illustrates. This procedure increases overall energy
efficiency and makes it possible to recover energy that would otherwise be lost.

(B) Waste Heat Contribution from the Industrial Sector A pie chart illustrating the percentage contributions of
different industries to the overall generation of waste heat is displayed in the diagram's lower section. The principal
contributors are: Steel Sector: 22%, Industry of Chemicals and Petrochemicals: 22%, Mineral (Glass) Non-
Metallic Industry: 14%, Print, Pulp, and Paper: 13%, Unspecified/Other Industries: 13%, Tobacco & Food: 9%,
Leather and Textiles: 3%, Wood and Wood Products: 2%, According to the data, the biggest producers of waste
heat are the steel and chemical industries.
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Fig.3 Schematic Illustration of Industrial Waste Heat Sources and Sector-wise Recovery Distribution
3.3 Selection of Thermoelectric Materials

Thermoelectric materials are selected based on their ability to efficiently convert thermal energy into electrical
energy. The key selection criteria include a high Seebeck coefficient, high electrical conductivity, and low thermal
conductivity. These properties collectively influence the dimensionless figure of merit (ZT). Bismuth telluride
(BizTes) is selected for low-temperature waste heat recovery, while lead telluride (PbTe) and silicon—germanium
(Si-Ge) alloys are considered for medium- and high-temperature applications. Material availability, thermal
stability, and cost are also considered during the selection process.
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3.4 Experimental Setup and Working Principle

The experimental setup consists of thermoelectric modules positioned between a heat source and a heat sink to
maintain a temperature gradient. The hot side of the thermoelectric module is exposed directly to the waste heat
source, while the cold side is maintained at a lower temperature using air or water cooling methods. Thermal
interface materials are used to reduce contact resistance and improve heat transfer. When a temperature difference
is established across the module, charge carriers move from the hot side to the cold side, generating an electrical
potential due to the Seebeck effect.

3.4 Performance Evaluation

The performance of the thermoelectric waste heat recovery system is evaluated by measuring output voltage,
current, and electrical power under different temperature conditions. The temperature difference across the
thermoelectric module is varied to study its effect on power output. System efficiency is calculated by comparing
the electrical output power with the thermal energy input. The figure of merit (ZT) is used to assess the
effectiveness of the selected thermoelectric materials. The experimental results are analyzed to determine the

overall feasibility and performance of the system.

TABLE 1. OVERVIEW OF DIFFERENT THERMOELECTRIC MATERIALS

This table provides a structured overview of different materials are synthesized, their controlled properties, key
observations, underlying principles, and typical applications in the field of thermoelectric materials.

Synthesis Controlled
Materials | parameters properties Key observations |Principles Device design | Performance | Applications
Gels Sol-gel Temperature, |Nanostructured |Nanoscale |Scaffold Controlled Thermoelectric
method pH, morphology, chemistry, |structures for release devices, sensors
aging time film thickness thin film tissue rates,
deposition | engineering mechanical
integrity
Ceramics |Solid-state Temperature, |Grain Crystal Thin films for  [High High-
reaction atmosphere, boundaries, growth, electronics, dielectric temperature
doping crystalline phase porous strength, applications
elements structure control structures bio-
for implants compatibility
Metals Arc melting, |Temperature, |Band structure, Metallurgy, |Conductive High Energy
alloying atmosphere, |electron mobility |solid-state | wires, conductivity, |harvesting,
doping physics structural tensile cooling
elements frameworks strength
Nano- Chemical Temperature, |Size effects, Quantum Nanoscale drug |Enhanced Catalysis,
particles |reduction, surfactants, surface mechanics, |carriers, sensor |reactivity, nanocomposites
solvo-thermal |precursors chemistry, surface elements target
stability science specificity
Silicon Czochralski  |Crystal Defect Semi- Microchips, High Electronics,
method, ion  |growth engineering, conductor | photovoltaic | efficiency, energy
implantation | rate, doping |carrier mobility ~ |physics, cells low power conversion
concentration crystallogra consumption
phy
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Polymers |Solution solvent Mechanical Polymer Flexible flms, |Durability, Flexible
casting, choice, flexibility, chemistry, |adhesive layers |flexibility, electronics,
Electro- processing molecular material bio- wearables
spinning temperature | alignment science compatibility

IV. CONCLUSION

A sustainable way to increase overall energy efficiency and transform waste thermal energy into electrical power
is through waste heat recovery utilizing thermoelectric materials. Solid-state operation, little maintenance, silent
operation, and great dependability are some of the benefits of thermoelectric generators, which rely on the Seebeck
effect. These qualities make them appropriate for use in power production units, automobile exhaust systems, and
industrial waste heat recovery. The figure of merit (ZT) has significantly improved as a result of recent
developments in thermoelectric materials, nanostructuring, and performance optimization. Large-scale
commercialization is currently hampered by issues such comparatively low conversion efficiency, expensive
materials, and restrictions on thermal stability. To optimize energy recovery, future research should concentrate
on creating high-performing, reasonably priced thermoelectric materials and enhancing system integration.
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