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Abstract -Thermionic Energy Conversion (TEC) is 

emerging as a transformative technology for improving 

energy efficiency in Hybrid Electric Vehicles (HEVs) by 

converting high-temperature waste heat into electricity. This 

review explores the evolution of TEC systems, focusing on 

recent advancements in materials like tungsten, molybdenum, 

and graphene. It delves into design considerations, challenges 

of thermal stress management, and integration strategies 

within automotive exhaust systems. Key research gaps and 

future opportunities, such as real-world validations and 

innovative material coatings, are discussed to foster further 

adoption in sustainable automotive solutions. 
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1.INTRODUCTION  
With increasing concerns about fossil fuel emissions and 

global warming, the automotive industry is pivoting toward 

sustainable technologies. Hybrid Electric Vehicles (HEVs) 

have become integral to this shift, combining internal 

combustion engines with electric motors to reduce emissions 

and fuel consumption [1]. Despite their efficiency, a significant 

portion of energy is lost as heat, particularly through exhaust 

systems, which can reach temperatures exceeding 950°C. 

Harnessing this waste heat offers an opportunity to improve 

overall vehicle efficiency. 

Thermionic Energy Conversion (TEC) presents a 

direct method for converting high-temperature heat into 

electricity. TEC systems leverage thermionic emission, where 

electrons are released from a heated material (emitter) and 

captured by a cooler material (collector) across a vacuum or 

minimal gap [2]. The generated current can power auxiliary 

systems or recharge batteries, making TEC a valuable addition 

to HEVs. 

 

 

Fig – 1: Energy Conversion Method 

 

The diagram illustrates the basic working principle of a 

Thermionic Energy Converter (TEC), a device designed to 

convert heat into electrical energy using the process of 

thermionic emission. The main components of this system 

include the emitter (cathode), collector (anode), a vacuum, 

and an external circuit. 

 

In this setup, the emitter is the central heated component. 

When it is exposed to high temperatures, such as waste heat 

from an exhaust system, the electrons within the emitter gain 

kinetic energy. As the temperature increases, these electrons 

become excited and eventually gain enough energy to 

overcome the electrostatic attraction that binds them to the 

atoms within the material. This process, known as thermionic 

emission, results in the liberation of electrons from the 

emitter's surface. 

 

Once liberated, the electrons move through the vacuum 

between the emitter and the collector. The vacuum is crucial 

in this process as it prevents the electrons from colliding with 

air molecules or other particles, allowing them to travel freely 

toward the collector. The collector, which is cooler than the 

emitter, serves to attract and collect the electrons. As these 

electrons arrive at the collector, their kinetic energy is 

transferred to the collector, increasing its potential. 

The movement of electrons from the emitter to the 

collector creates a potential difference (voltage) between the 

two components, and this voltage drives an electric current 

when the emitter and collector are connected via an external 

circuit. The flow of electrons through this external circuit 

generates usable electrical power, which can be harnessed for 

various applications, such as charging a battery or powering 

electrical devices. 

 However, the dynamic operating conditions of a 

vehicle present unique challenges for the integration of TEC 

systems. The exhaust temperature fluctuates significantly 

depending on engine load, vehicle speed, and environmental 

conditions. These fluctuations not only affect the performance 

of the TEC system but also induce thermal stresses in the 

exhaust components. The exhaust pipes are exposed to both 

vibrational and dynamic loads, which can lead to material 

fatigue and mechanical failure over time. Thus, it is crucial to 

understand the impact of these thermal stresses on the 
performance of the TEC system, particularly in terms of its 

long-term reliability and compatibility with automotive 

exhaust systems [4]. 

 

2. Thermionic Energy Conversion Technology 

2.1 Principles of TECs 
Thermionic Energy Conversion (TEC) relies on the 

principle of thermionic emission, a process where electrons 
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are emitted from a material's surface when it is exposed to 

high temperatures. This phenomenon occurs because the 

thermal energy supplied to the material excites the electrons, 

enabling them to overcome the material's work function (the 

minimum energy required to liberate an electron from the 

material's surface). 

The liberated electrons travel across a vacuum or a low-

pressure gap to a cooler collector. This movement creates a 

potential difference, which, when connected to an external 

circuit, drives an electric current. This current can be 

harnessed for various applications, including charging 

batteries or powering auxiliary systems in Hybrid Electric 

Vehicles (HEVs) [3]. 

• Key Components of a TEC System 

1. Emitter (Cathode): 

o Made of materials with high thermal resistance and 

low work function to facilitate efficient electron 

emission. 

o It is positioned in high-temperature zones, such as 

automotive exhaust systems, where heat energy is 

abundant. 

2. Collector (Anode): 

o Located opposite the emitter and operates at a cooler 

temperature. 

o Designed to efficiently capture emitted electrons 

and transfer their energy into the external circuit. 

3. Vacuum or Inter-Electrode Gap: 

o Prevents electron collisions with air molecules, 

ensuring unhindered travel from the emitter to the 

collector. 

o Enhances the efficiency of the electron transfer 

process. 

4. External Circuit: 

o Connects the emitter and collector, allowing the 

generated current to power external devices. 

 

• Factors Influencing TEC Efficiency 

1. Work Function of Emitter Material 

The work function is a critical property that determines the 

minimum energy needed for electrons to escape the material's 

surface. Lower work function materials, such as coated 

graphene or cesium, allow thermionic emission to occur at 

lower temperatures, improving efficiency. Recent advances in 

material science have focused on: 

o Low Work Function Materials: Innovations include 

using nanostructures like carbon nanotubes and graphene 

coatings to reduce energy barriers for electron emission. 

o Surface Engineering: Techniques such as doping with 

alkali metals or using multi-layered coatings to optimize 

the surface for thermionic emission. 

 

2. Temperature Difference between Emitter and 

Collector 
The efficiency of a TEC system is directly proportional to the 

temperature difference (ΔT\Delta TΔT) between the emitter 

and collector. Larger ΔT\Delta TΔT enables more electrons to 

be emitted and creates a stronger potential difference. 

Automotive exhaust systems, where temperatures range 

between 600°C and 950°C, provide ideal conditions for TECs. 

However, maintaining a significant ΔT\Delta TΔT requires: 

• Effective cooling mechanisms for the collector to 

prevent heat saturation. 

• Advanced insulation materials to minimize heat losses 

between the emitter and collector. 

3. Vacuum Quality or Inter-Electrode Gap 

A high-quality vacuum or a minimal gap between the emitter 

and collector is essential to reduce energy losses caused by 

electron scattering. This is achieved by: 

• High-Precision Manufacturing: Ensuring that the 

inter-electrode gap remains consistent and minimal 

(often in the micrometer range). 

• Vacuum Sealing: Maintaining low pressures (<10⁻⁶ 

torr) to prevent collisions with residual gas molecules. 

4. Material Thermal Conductivity 

Efficient heat transfer is vital for the TEC system to achieve 

high performance. Materials with high thermal conductivity, 

such as tungsten (167.36 W/mK) and graphene (2000 

W/mK), enable the rapid absorption and transfer of heat 

energy, enhancing electron emission rates. 

 

5. Space Charge Effects 

Accumulation of emitted electrons between the emitter and 

collector can create a repulsive electric field, reducing the 

flow of additional electrons. Addressing this requires: 

• Nanostructured materials or electrodes to minimize space 

charge effects. 

• Designs that include potential barriers or counter 

electrodes to accelerate electron movement. 

 

6. Durability and Thermal Stability 

Automotive applications demand materials capable of 

withstanding fluctuating temperatures, vibrations, and thermal 

cycling. Materials like tungsten and molybdenum are 

commonly used due to their high melting points and 

mechanical stability under dynamic loads. 

7. Evolution and Design of TEC Systems 

TEC technology was initially developed for space 

applications, where high-temperature environments favored 

its efficiency. Recent advancements have enabled its 

adaptation for terrestrial uses, particularly in automotive 

systems. A typical TEC system consists of: 

• Emitter (Cathode): A high-temperature material that 

releases electrons. 

• Collector (Anode): A cooler material that captures 

electrons. 

• Vacuum Chamber: Prevents collisions between 

electrons and air molecules, ensuring efficient 

electron flow [5]. 

For automotive applications, the design must consider 

fluctuating exhaust temperatures, vibrations, and 

compact integration into existing systems. Cylindrical 

designs have emerged as effective configurations, 

ensured smooth exhaust flow while optimized heat 

transfer to the emitter [6]. 
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3. Advancements in TEC Materials 
3.1 High-Performance Materials 

• Tungsten: Known for its high melting point (3410°C) 

and thermal stability, tungsten is widely used as an 

emitter material. Its durability under extreme 

temperatures ensures consistent performance in TEC 

systems [7]. 

• Molybdenum: Offers excellent thermal and electrical 

conductivity. With a melting point of 2623°C, it is 

suitable for both emitters and collectors, especially in 

environments with dynamic thermal loads [8]. 

• Graphene Coatings: Graphene's exceptional thermal 

conductivity (2000 W/mK) and low work function 

(1.1 eV) make it an ideal candidate for TEC 

applications. However, challenges remain in applying 

graphene coatings to high-temperature emitters 

without degradation [9]. 

 

3.2 Innovations in Nanostructures 
Nanostructured materials, such as carbon nanotubes, are being 

explored to enhance electron mobility and reduce space 

charge effects, which limit TEC efficiency. These materials 

also improve thermal stability, making them suitable for 

dynamic automotive environments [10]. 

 

The objective of this study is to analyze the performance of 

TEC systems in HEV exhaust systems by examining the heat 

transfer rates, energy conversion efficiencies, and the thermal 

stresses induced under fluctuating temperature conditions. The 

chapters that follow will elaborate on the literature review, 

research methodology, and analysis conducted to evaluate the 

feasibility of using TEC systems as waste heat recovery 

devices in automotive applications [11, 12, 13, and 14]. 

 

4. Literature Review 

4.1 Overview of Related Work 
Thermionic Energy Conversion (TEC) is a well-established 

technology that has traditionally been used in space 

applications, where extreme temperatures make heat-to-

electricity conversion highly efficient. Recent advancements 

in material science have paved the way for TEC’s application 

in terrestrial environments, particularly in automotive 

systems. The ability to recover waste heat from exhaust gases 

and convert it into electricity presents an excellent opportunity 

to improve the energy efficiency of Hybrid Electric Vehicles 

(HEVs). 

 Kim et al. (2000) conducted an in-depth study on 

Heat Recovery Steam Generators (HRSGs), focusing on the 

transient characteristics during startup. Their research aimed 

to reduce peak thermal stress in the steam drum, a critical 

component that is highly susceptible to stress-induced damage 

due to the rapid temperature changes during startup 

operations. Kim et al. modeled different startup procedures, 

including steady gas turbine operation with and without gas 

bypass, and startup of the gas turbine itself. The simulation 

results revealed that optimizing gas flow, especially by 

implementing gas bypass procedures, could significantly 

reduce thermal stress, ultimately enhancing the durability and 

operational efficiency of HRSG systems [15]. This study is 

relevant to TEC integration in automotive systems because it 

addresses thermal stress challenges, which are also 

encountered in TEC systems when recovering high-

temperature exhaust heat. 

 Kanazaki and Morikawa (2003) developed a novel 

multi-objective design optimization system for car engine 

exhaust manifolds using the Divided Range Multi-Objective 

Genetic Algorithm (DRMOGA). Their research aimed to 

balance engine performance with environmental emissions. 

By using DRMOGA, they identified Pareto optimal solutions 

that optimize both engine power and emissions reduction. 

This approach to optimization is particularly useful in 

complex systems like car engines, where increasing power 

often leads to higher emissions. Their research is directly 

applicable to TEC systems, as integrating a TEC into the 

exhaust manifold requires balancing the heat recovery process 

with engine performance and emission constraints [16].

 Sadowski et al. (2012) examined the limitations in 

aero-engine performance, focusing on turbine blade protection 

in high-temperature environments. They explored the use of 

thermal barrier coatings (TBCs) and internal cooling 

mechanisms to protect turbine blades from thermal shock 

during rapid temperature changes. Their research utilized 3D 

numerical studies in ABAQUS and was complemented by 

CFD analysis to simulate combustion gas temperatures. The 

study found that TBCs and internal cooling significantly 

improved the durability and performance of turbine blades, 

making this research highly relevant for understanding how 

TEC systems could be designed to withstand the thermal 

cycling encountered in automotive exhaust systems [17]. This 

research highlights the importance of protecting TEC 

components from thermal fatigue, an issue that is also critical 

for automotive applications. 

 Bibin et al. (2012) explored various methods for 

recovering waste heat from internal combustion engines, 

focusing particularly on turbocharging and thermoelectric 

generation. The study assessed how turbocharging can be 

combined with thermoelectric generators (TEGs) to capture 

waste heat from exhaust gases and convert it into electrical 

energy. Bibin et al. proposed a hybrid approach for vehicles 

where the high heat from the exhaust could be used to 

generate both electrical energy and compressed air for various 

automotive auxiliary systems. This study provided valuable 

insights into how a TEC system could similarly harness 

exhaust heat and convert it into electricity, thus improving 

overall energy efficiency in vehicles [18]. 

 Jeon et al. (2013) conducted a comprehensive study 

on the time-dependent response of fiber-reinforced polymer 

(FRP) composites subjected to heat conduction and 

mechanical loading. The research developed a 

micromechanical model to analyze how thermal stresses and 

mechanical loading impact composite materials, focusing on 

mismatches in thermal expansion coefficients between the 

fiber and matrix. This research is particularly relevant to TEC 

systems, as TEC components may need to operate under 

combined thermal and mechanical stresses, especially in 

dynamic environments like automotive exhaust systems. Their 

findings offer insights into how TEC materials could be 

designed to withstand both heat and mechanical stresses in 

automotive applications [19]. 

 Spitsov et al. (2013) developed a one-dimensional 

MATLAB model to simulate heat transfer in internal 

combustion engines, comparing their results with 

experimental data. Their research combined computational 

fluid dynamics (CFD) and heat transfer modeling to analyze 

http://www.ijsrem.com/


          International Journal of Scientific Research in Engineering and Management (IJSREM) 

                        Volume: 09 Issue: 02 | Feb - 2025                           SJIF Rating: 8.448                                     ISSN: 2582-3930                                                                                                                                               

 

© 2025, IJSREM      | www.ijsrem.com                                 DOI: 10.55041/IJSREM41685                                              |        Page 4 
 

the heat dissipation process in passenger vehicles. Spitsov et 

al. also employed the Lattice-Boltzmann method for flow field 

modeling and used Power Stream software to predict surface 

temperatures and heat transfer rates through radiation, 

conduction, and convection. Their study highlighted the 

challenges in designing TEC systems for automotive exhausts, 

particularly in terms of managing thermal failure and ensuring 

the durability of materials under cyclic thermal loads [13]. 

 Xin and Qianfan (2013) studied the design 

constraints of diesel engine exhaust manifolds, focusing on 

how exhaust pressure, gas flow rates, and manifold volume 

influence the durability of the exhaust system. Using finite 

element analysis (FEA), they evaluated the loading conditions 

that impact system reliability, especially when the exhaust 

manifold is retrofitted with energy recovery systems like 

TECs. Their findings revealed that excessive exhaust pressure 

can lead to premature failure of the exhaust system, which is a 

critical consideration when integrating TECs. Proper design of 

the exhaust manifold is necessary to ensure that both the TEC 

system and the exhaust components function reliably under 

high-temperature conditions [15]. 

 Khalid et al. (2016) revisited vacuum-based 

thermionic energy converters (TECs), highlighting recent 

advancements in manufacturing technology that have 

revitalized interest in TECs for terrestrial applications. Their 

study reviewed the key challenges in developing efficient 

TEC systems, including issues related to material selection, 

space charge limitations, and high operating temperatures. 

Khalid et al. emphasized the renewed potential of TECs as 

highly efficient energy conversion devices, particularly in 

sectors like automotive, where waste heat recovery is critical. 

This study underscores the importance of addressing space 

charge limitations and optimizing material choices to enhance 

TEC performance [8]. 

 Kodihal and Sagar (2019) investigated the potential 

of TECs for improving energy efficiency in HEVs. Their 

study focused on designing small-scale thermionic generators 

using low work function materials to improve thermionic 

emission rates. The researchers also explored space charge 

limitations, which often reduce the efficiency of TECs by 

impeding electron flow between the emitter and collector. By 

addressing these limitations, Kodihal and Sagar contributed to 

the ongoing development of more efficient TEC systems for 

use in hybrid vehicles, particularly in terms of recovering 

waste heat from the exhaust [18]. 

 In a subsequent study, Kodihal and Sagar (2019) 

examined various hybrid electric vehicle (HEV) technologies, 

comparing the efficiency of micro, mild, full, and plug-in 

hybrids. They highlighted the potential of thermionic energy 

conversion as the most promising method for waste heat 

recovery and battery charging in HEVs, arguing that direct 

heat-to-electricity conversion is more efficient than alternative 

methods like thermoelectric conversion. This study provided a 

roadmap for implementing TECs in different hybrid vehicle 

configurations, emphasizing the importance of designing 

systems that can harness exhaust heat to enhance vehicle 

performance [20]. 

 Additionally, Kodihal and Sagar (2019) explored the 

use of nanostructured materials, such as graphene, to optimize 

the performance of thermionic converters. Their study focused 

on mitigating space charge limitations by accelerating electron 

flow, which can significantly improve the efficiency of TEC 

systems. By leveraging advancements in material science, 

particularly in low work function nanostructures, the 

researchers provided valuable insights into improving the 

performance and applicability of TECs in automotive systems 

[20]. 

 De and Olawole (2019) examined the suitability of 

advanced materials like graphene and carbon nanotubes for 

TEC systems. Their research focused on improving the 

accuracy of models used to predict thermionic emission 

current density, which is crucial for optimizing TEC 

performance. De and Olawole presented a three-dimensional 

model that better fits experimental data than existing models, 

making it a valuable tool for researchers working on TEC 

systems that use graphene and carbon nanotubes. This study is 

highly relevant for designing TECs with advanced materials, 

offering significant improvements in energy conversion 

efficiency [21]. 

 Jouhara et al. (2018) reviewed various waste heat 

recovery technologies used in industries such as steel, iron, 

food, and ceramics. Their study emphasized the role of direct 

heat-to-power conversion technologies like thermoelectric, 

thermionic, and thermo-photovoltaic systems in reducing 

energy waste. Jouhara et al. provided a detailed evaluation of 

the advantages and disadvantages of these technologies, 

concluding that TECs have great potential for recovering 

waste heat in industrial processes and automotive applications 

[22]. 

 Ozceyhan et al. (2005) focused on heat transfer in 

pipe flow, specifically in heat exchangers used in automotive 

and process industries. They discussed the importance of 

enhancing surface designs to improve heat transfer efficiency, 

a crucial consideration for TEC systems, which rely on 

efficient heat dissipation to maximize electricity generation. 

Ozceyhan et al.’s findings are applicable to the integration of 

TECs in automotive exhaust systems, where heat transfer 

efficiency plays a critical role in determining overall system 

performance [23]. 

 Vizitiu et al. (2021) designed and experimentally 

investigated a novel waste heat recovery system that captures 

thermal energy from cooling liquids used in industrial 

processes. The system employed heat pipes to transfer energy 

from the evaporator zone to cold water in the condenser zone, 

recovering up to 76.7% of waste thermal energy. This 

research is applicable to automotive systems, where heat pipes 

could be used alongside TECs to improve the overall 

efficiency of waste heat recovery from vehicle exhausts [24]. 

 Shittu et al. (2019) introduced a segmented annular 

thermoelectric generator (SATEG) to overcome thermal 

contact resistance issues that commonly affect flat-plate 

thermoelectric generators. Their study found that SATEGs 

outperformed traditional bismuth telluride thermoelectric 

generators at temperature differences exceeding 100 K. Shittu 

et al.’s work offers valuable insights into how TECs could be 

optimized for higher efficiency in automotive applications, 

where temperature differences between the exhaust and 

ambient air are significant [25]. 

 Vaferi and Nekahi (2019) conducted numerical 

simulations to evaluate the performance of TiB2 as a material 

for gas turbine stator blades exposed to high-temperature 

combustion gases. Their findings indicated that TiB2 

significantly reduced thermal stresses compared to traditional 
alloys, providing a new material option for improving the 

durability of turbine components. This research is relevant to 

http://www.ijsrem.com/


          International Journal of Scientific Research in Engineering and Management (IJSREM) 

                        Volume: 09 Issue: 02 | Feb - 2025                           SJIF Rating: 8.448                                     ISSN: 2582-3930                                                                                                                                               

 

© 2025, IJSREM      | www.ijsrem.com                                 DOI: 10.55041/IJSREM41685                                              |        Page 5 
 

TEC systems, where materials must withstand continuous 

exposure to high temperatures without degrading [26]. 

 Zaferani et al. (2021) emphasized the need for 

integrating solid-state energy converters, such as 

thermoelectric generators (TEGs), to reduce greenhouse gas 

emissions. Their study reviewed advancements in 

thermoelectric materials and their applications in industries 

ranging from human body heat harvesting to high-temperature 

processes like cement kilns. The researchers highlighted how 

TEGs could complement TEC systems in recovering waste 

heat across a wide range of industries [27]. 

 Wang et al. (2021) discussed the use of supercritical 

CO2 (S-CO2) as a heat transfer fluid in parabolic trough 

receivers (PTRs). Their study analyzed the thermal and 

mechanical challenges of using S-CO2, particularly under 

non-uniform solar flux distributions. By proposing the use of 

a secondary reflector, they demonstrated a significant 

reduction in thermal stress, which is critical for improving the 

durability of heat transfer systems. This research is relevant 

for TEC systems, where thermal stress is a major concern 

when recovering heat from high-temperature sources [28]. 

Jose et al. (2023) explored the role of heat pipes in modern 

thermal management systems, focusing on their application in 

electronic cooling, solar systems, and waste heat recovery. 

The study reviewed advancements in working fluids, 

including nanofluids and phase change materials, offering 

insights into how heat pipes can improve the efficiency of 

waste heat recovery systems, particularly in automotive 

applications where compact and efficient designs are critical 

[29]. 

 Jobin Jose et al. (2023) discussed the efficiency of 

heat pipes in short- and long-distance energy transfer, 

focusing on their high heat transfer rates achieved through 

continuous evaporation and condensation. The study 

highlighted the potential for integrating advanced materials 

like nanofluids and metal foams to further enhance heat pipe 

performance. This research offers valuable insights for 

automotive applications, where waste heat recovery systems 

need to be both compact and highly efficient to be viable [29]. 

 The study by Yan et al. (2024) introduces a novel 

hybrid system combining a solid oxide fuel cell (SOFC) with 

a two-stage thermoelectric generator (TTEG) for waste heat 

recovery, achieving a 2.73-fold increase in output power. This 

optimization highlights the potential for integrating advanced 

thermoelectric materials and designs to enhance energy 

efficiency, aligning with the goals of Thermionic Energy 

Conversion (TEC) in automotive waste heat recovery. Such 

hybrid systems could significantly improve energy recovery in 

hybrid electric vehicles (HEVs) and other industrial 

applications [30]. 

 

5. Applications in Automotive Systems 
5.1 Integration in Exhaust Systems 

Automotive exhaust systems provide an ideal environment for 

TEC systems due to their high temperatures. The optimal 

placement for TECs is near the catalytic converter, where 

exhaust gases reach their peak thermal energy. Integrating 

TECs into exhaust systems requires minimizing back pressure 

to avoid affecting engine performance. Cylindrical designs 

ensure smooth gas flow while maintaining efficient heat 

transfer to the emitter. 

 

5.2 Modeling and Simulation 

Simulation tools, such as COMSOL Multiphysics and 

LabVIEW, are used to model heat transfer and thermal 

stresses in TEC systems. These tools provide insights into 

material behavior under fluctuating temperatures and help 

optimize designs for maximum efficiency. 

 

6. Challenges and Research Gaps 

• Thermal Failure and Durability: Limited studies on 

TEC thermal failure, material degradation, and long-term 

stability in exhaust environments. 

• Design and Heat Transfer Optimization: Insufficient 

research on aligning TEC design with exhaust system 

requirements, thermal management, and heat transfer 

efficiency. 

• Lifespan Prediction: Lack of integrated thermal stress 

and heat transfer analysis for accurate TEC durability 

assessment. 

• Retrofitting Challenges: Limited studies on seamless 

TEC integration into exhaust systems while ensuring 

efficiency and longevity. 

• Bridging Theory and Application: Research is needed 

to transition TECs from theoretical designs to practical 

exhaust system applications. 

 

 

7. Conclusion 

 
TEC systems offer significant potential for waste heat 

recovery in HEVs, leveraging advancements in material 

science and innovative designs. Addressing challenges such as 

thermal stress management and material durability will be 

critical for their adoption. With continued research and 

experimental validation, TECs could become a cornerstone of 

sustainable automotive technology. 

 

8. Future Directions 
Investigation of advanced materials for efficient direct heat-

to-electricity conversion using thermoelectric and thermionic 

principles, focusing on high-temperature stability, durability, 

and reliability for practical applications. 
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