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Abstract: This research presents the design, fabrication, and experimental evaluation of a solar-thermal energy 

conversion system developed at Aleppo university, Aleppo, Syria. The system aims to address the growing energy 

crisis in the region, where electricity shortages and high energy costs pose significant challenges to daily life and 

industrial development. The proposed system utilizes a parabolic dish to concentrate solar radiation onto a thermal 

chamber located at the focal point. Within this chamber, thermoelectric materials based on bismuth telluride 

(Bi₂Te₃) are strategically positioned to convert the absorbed heat into electrical energy through the Seebeck effect. 

This effect describes the generation of a voltage across a thermoelectric material when a temperature gradient is 

applied between its two ends. In this setup, the hot side of the module is exposed to intense solar heat, while the 

cold side is thermally insulated or cooled, creating a substantial temperature differential. This gradient drives 

charge carriers through the material, resulting in a measurable and usable electric current. The system was 

meticulously engineered to enhance thermal conductivity, reduce heat losses, and ensure efficient energy transfer 

to the thermoelectric elements. A series of experimental tests were conducted under varying solar irradiance 

conditions to assess voltage output, current stability, and overall conversion efficiency. The results demonstrated 

consistent and reliable power generation, with relatively high efficiency compared to conventional passive 

systems. This project offers a practical and scalable solution for decentralized electricity generation using clean 

energy sources. It highlights the potential of integrating solar concentration technologies with thermoelectric 

materials to meet local energy demands, particularly in regions that suffer from limited access to affordable 

electricity.  
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INTRODUCTION  

The global demand for sustainable and clean energy sources has intensified in recent decades, driven 

by escalating environmental concerns and the depletion of fossil fuel reserves. Among the various renewable 

energy technologies, solar energy stands out due to its abundance, accessibility, and potential to meet long-

term energy needs. While photovoltaic systems have dominated the solar energy landscape, alternative 

approaches such as solar thermal conversion offer promising avenues for efficient energy harvesting, 

particularly in regions with high solar irradiance [1][2]. climates—such as Syria and other parts of the Middle 

East—possess significant untapped solar potential. However, the integration of advanced solar thermal 

technologies into practical energy systems remains limited, often due to cost, complexity, or lack of localized 

research. This gap highlights the need for innovative, scalable solutions that can harness concentrated solar 

energy and convert it into usable electricity with minimal infrastructure [3] [4]. Thermoelectric materials, 

which convert heat directly into electricity via the Seebeck effect, present a compelling solution for such 

applications. Despite their theoretical promise, practical implementations of thermoelectric solar systems are 

still in early stages, with limited experimental validation and optimization in real-world conditions [5[[6]. 

This research aims to bridge that gap by designing and evaluating a solar concentrator system that utilizes.
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thermoelectric materials to convert focused thermal energy into electrical power [7]. The study 

combines theoretical modeling with experimental testing to assess system performance, identify key design 

parameters, and explore the feasibility of deploying such systems in solar-rich environments. The remainder 

of this paper is organized as follows: Section 2 reviews relevant literature, Section 3 outlines the theoretical 

framework, Section 4 details the system design, Section 5 presents the experimental methodology, Section 6 

discusses results and analysis, and Section 7 concludes with findings and future recommendations 

2- Literature Review 

Recent advancements in solar energy research have explored the integration of thermoelectric 

generators (TEGs) with solar concentrator systems as a promising alternative to conventional photovoltaic 

technologies. One notable study by Munir et al. investigated the use of fixed-focus Scheffler dishes combined 

with TEGs, demonstrating the feasibility of medium-temperature applications and highlighting the 

scalability of hybrid systems for decentralized energy production While the design proved effective in 

capturing solar heat, the study lacked detailed optimization of the thermoelectric module arrangement and 

did not address long-term thermal stability [8]. Another significant contribution by Ravi and Reddy focused 

on enhancing power generation efficiency by integrating TEGs with parabolic dish concentrators (PDCs) 

under high-temperature conditions. Their findings confirmed the potential of such systems to deliver stable 

electrical output, especially when solar tracking mechanisms are employed. However, the complexity of the 

tracking system and the cost of implementation were identified as limiting factors for widespread adoption 

[9]. In another study intravised and colleagues developed a hybrid solar energy system that integrates 

thermoelectric generators (TEGs) with a solar tracking parabolic dish concentrator. Their experimental setup 

compared a stationary dish with a multifaceted tracking system. The results demonstrated that solar tracking 

significantly enhances thermal concentration and electrical output. The study also explored the use of hybrid 

nanofluids to improve heat transfer efficiency. This work highlights the potential of combining passive 

thermoelectric conversion with active solar tracking to optimize renewable energy systems in high-

irradiance regions [10]. Mouaici et al, investigates the performance boundaries of hybrid photovoltaic-

thermoelectric systems using parabolic solar concentrators and ternary nanofluids (Cu–Al₂O₃–

MWCNT/water). Simulations conducted under Algerian meteorological conditions revealed that using a 2% 

volume fraction of nanoparticles enhanced thermal output by 14.5%, electrical yield by 11.2%, and 

thermoelectric production by 22.6%. The authors developed predictive models to optimize system design 

based on concentration ratio and fluid flow rate [11]. Ahmed et al. (2022) investigated the integration of a 

concentrator photovoltaic (CPV) cell with a thermoelectric generator (TEG) to enhance energy conversion 

efficiency and utilize waste heat. Their study demonstrated that the hybrid CPV/TEG system could operate 

under solar concentration levels up to 37.6 suns, compared to 18.25 suns for the uncooled system. This 

integration led to an increase in electrical power output from 0.7 to 1.433 W/cm². The findings highlight the 

potential of TEGs not only as passive cooling devices but also as contributors to additional power generation, 

supporting the development of more efficient thermoelectric systems [12]. Abbas, W. N., Aljibory, M. W., & 

Hashim, H. T. (2023) conducted an experimental investigation on a hybrid photovoltaic–thermoelectric 

generator (PV–TEG) system. Their research aimed to optimize the performance of a PV–TEG setup under 

controlled indoor conditions. The results revealed that the hybrid system, consisting of 50 TEG units, 

achieved a 31.66% and 16.5% increase in electrical power output compared to traditional PV-only and PV/T 

systems, respectively. The electrical output reached 20.21 W with an efficiency of 5.83%, demonstrating the 

potential of TEGs to significantly enhance solar energy harvesting by utilizing waste heat [13] 

 

3- Theoretical Framework 

Seebeck Effect and Thermoelectric Conversion: 

The foundation of thermoelectric energy conversion lies in the Seebeck effect, discovered by Thomas 

Johann Seebeck in 1821. When a temperature gradient is applied across a thermoelectric material, charge 

carriers (electrons or holes) migrate from the hot side to the cold side, generating a voltage difference. This 

phenomenon enables the direct conversion of thermal energy into electrical energy without moving parts, 

making it ideal for solar-thermal applications [14]. Recent studies have explored enhanced Seebeck 

coefficients in organic semiconductors, achieving values exceeding 0.1 V/K near room temperature, which 

opens new possibilities for flexible and lightweight thermoelectric generators [15]. To evaluate the 

performance of thermoelectric systems, several key equations are used: 

V = S . ΔT       (1) 

V: Generated voltage 
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S: Seebeck coefficient (V/K) 

ΔT: Temperature difference across the material. 

Thermoelectric Figure of Merit (ZT) 

To evaluate the efficiency of thermoelectric materials, the dimensionless figure of merit ZT is used. It 

combines electrical and thermal properties to quantify how effectively a material converts heat into 

electricity. This coefficient can be expressed by the following equation: 

ZT=S2⋅σ⋅T/κ 

Where: 

S: Seebeck coefficient (V/K) 

σ: Electrical conductivity (S/m) 

T: Absolute temperature (K) 

κ: Thermal conductivity (W/m·K) 

A higher ZT value indicates better thermoelectric performance. Ideal materials exhibit a high Seebeck 

coefficient, high electrical conductivity, and low thermal conductivity [16]. 

Properties of Selected Thermoelectric Materials 

Bismuth Telluride (Bi₂Te₃): 

Bismuth telluride has the following unique properties: Seebeck coefficient: ~200 µV/K, Thermal 

conductivity: ~1.5 W/m·K, Optimal operating range: 300–500 K, Widely used in commercial thermoelectric 

devices for low to moderate temperature applications 

Lead Telluride (PbTe): 

While lead telluride has the following properties: Seebeck coefficient: ~150–250 µV/K, Thermal 

conductivity: ~2 W/m·K, Effective in medium to high temperature ranges (500–800 K), Commonly used in 

industrial waste heat recovery and space power systems 

Doped Graphene: 

Seebeck coefficient: Tunable via chemical doping, Electrical conductivity: Extremely high, Thermal 

conductivity: Naturally high, but can be reduced through nanostructuring, Promising candidate in advanced 

research for enhancing ZT through nanoscale engineering 

This theoretical foundation supports the design and implementation of the proposed solar-

thermoelectric system, which aims to convert concentrated solar heat into electrical energy using high-

performance thermoelectric materials [17]. 

4. System Design 

Geometric Description of the Parabolic Solar Reflector 

The solar concentrator used in this system is a parabolic dish reflector, designed to focus incident solar 

radiation onto a single focal point. The parabolic geometry ensures that all parallel rays of sunlight are 

reflected toward the focus, maximizing thermal concentration. Important parameters in a parabolic dish: 

Diameter of the dish: Typically ranges from 1 to 2 meters for small-scale applications. 

Focal length (f): Determined by the equation of a parabola: 

y2=4f(x) 

where f is the distance from the vertex to the focus. 

Reflective surface: Made of polished aluminum coated glass to ensure high reflectivity (>90%). This 

design allows for efficient solar energy collection, especially when combined with a solar tracking 

mechanism to maintain alignment with the sun throughout the day. The figure (1) shows the parabolic dish 

used in the system. 
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The figure (1): parabolic dish 

Thermal Chamber Design 

At the focal point of the parabolic dish, a thermal chamber is placed to absorb concentrated solar heat. 

This chamber is constructed using high-temperature resistant materials such as Aluminum. The thermal 

chamber is designed according to the following specifications: Insulated walls: To minimize heat loss and 

maintain a high temperature gradient. Internal heat absorber: A blackbody-coated surface to enhance 

thermal absorption. Temperature range: Designed to operate between 100°C and 400°C depending on the 

material used. The figure (2) shows the geometric design using the computer simulation program Solid 

Program for the thermal chamber 

 

Figure (2): The thermal chamber 

While the figure (3) shows the thermal chamber after manufacturing. 
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Figure (3): thermal chamber after manufacturing 

Thermoelectric Material Distribution 

Inside the thermal chamber, thermoelectric modules are strategically placed to maximize exposure to 

the temperature gradient. Hot side, In direct contact with the inner wall of the thermal chamber. While Cold 

side, Connected to a heat sink or ambient air to maintain a lower temperature. The thermoelectric materials 

were placed so that the inner surface of the thermal chamber was the hot end while the outer end of the 

thermal chamber was the cold end, and the thermoelectric materials were fixed between these two ends. 

Modules are arranged in alternating n-type and p-type legs, connected electrically in series and thermally in 

parallel, forming a complete thermoelectric generator (TEG). The figure (4) provides a detailed overview of 

the geometric structure of the thermoelectric material samples used in this project. 

 

Figure (4): the geometric structure of the thermoelectric material 

5. Methodology 

Experimental Procedure 

The experimental setup involves constructing a solar-thermoelectric conversion system composed of 

a parabolic dish reflector, a thermal chamber, and thermoelectric modules. The steps are as follows: 

Assembly of the parabolic reflector using a polished aluminum surface with a calculated focal length 
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to concentrate solar radiation. 

Installation of the thermal chamber at the focal point, designed to absorb and retain heat efficiently. 

Placement of thermoelectric modules (Bi₂Te₃) inside the chamber, ensuring proper thermal contact 

and electrical connections. 

Integration of heat sinks on the cold side of the modules to maintain a temperature gradient. 

Connection to a data acquisition system to monitor voltage, current, and temperature in real time. 

Operation under direct sunlight, with measurements taken at regular intervals throughout the day. 

The figure (5) shows the thermoelectric system in its final form. The figure shows the thermoelectric 

system in its final form. 

 

The figure (5): the thermoelectric system 

6. Measurement and Results: 

Data collection focuses on evaluating the electrical output and thermal performance of the system. 

The 

following parameters are recorded: 

Temperature difference (ΔT) across each thermoelectric module using thermocouples, Generated 

voltage (V) and current (I) using a multimeter, Solar irradiance (W/m²) using a pyranometer and Ambient 

temperature and wind speed to account for environmental effects. Measurements are taken every 15 minutes 

during peak sunlight hours (10:00–14:00), and data is logged for later analysis. The electrical power output 

is calculated using: 

P = V⋅ I 

And the efficiency was estimated by comparing the electrical output to the incident solar energy.  The 

following graph shows the potential difference resulting from the temperature difference between the hot 

and cold ends: 

 

Ethical and Safety Considerations 

While the experiment does not involve human or animal subjects, several safety measures are 
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implemented: 

Protective eyewear and gloves are used during reflector alignment and module handling. 

Thermal insulation is applied to prevent accidental burns from high-temperature surfaces. 

Electrical safety protocols are followed to avoid short circuits or equipment damage. 

Environmental impact is minimal, as the system relies solely on renewable solar energy. 

7. Conclusion and recommendations: 

In this project, a solar system was successfully designed and implemented using a parabolic reflector 

to concentrate sunlight at its focal point. A thermal chamber was placed at the focus, containing 

thermoelectric materials arranged between inner and outer layers. Upon exposure to solar radiation, the 

system generated a significant temperature gradient across the thermoelectric materials, resulting in the 

production of electrical energy. A voltage output of 25 volts was recorded, confirming the effectiveness of 

the thermoelectric conversion process. This system represents a promising step toward sustainable and clean 

electricity generation, especially in regions with high solar irradiance such as northwest Syria. The use of 

low-cost materials like Bismuth Telluride, with potential performance enhancement through copper or nickel 

additives, further supports the economic and technical viability of the design. The success of this project 

opens new opportunities for developing decentralized energy solutions in rural or off-grid areas. To develop 

this project, we recommend improving the thermoelectric materials by experimenting with new or composite 

materials such as PbTe, or introducing elements such as copper or nickel to improve the Seebeck coefficient 

and electrical conductivity. Increasing the number of thermoelectric pairs to generate higher voltages and 

expand production capacity. In addition, Using effective cooling techniques for the cold end, such as heat 

sinks or water cooling, to maintain a large temperature difference. Integrating the system with energy storage 

units, such as batteries or supercapacitors, to store the generated electricity 
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