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ABSTRACT 

The depletion of non-renewable energy sources and negative effects towards the environment push research 

towards the widespread adoption of renewable energy sources such as solar energy. The main drawback of 

solar panels is that temperatures above 27°C will result in an efficiency drop of 0.1-0.5%/°C. In previous 

studies, usage of photovoltaic thermal (PVT) systems was mainly for the purpose of heating water, warming 

buildings, and drying crops. This research will focus on the usage of a standalone PVT and thermoelectric 

generator (TEG) system whereby it uses heat extracted from the PVT system for thermoelectric generation. 

A passive standalone PVT-TEG system design with microencapsulated paraffin wax as a phase change 

material (PCM) as a heat storage medium was created. The heat stored in the PCM is used as a heat source 

for thermoelectric generation. To extract the heat from the PV panel, an aluminum heatsink underneath the 

PV panel is used as a heat absorber to passively extract heat without external power sources. This setup 

reduces the surface temperature by 22.7°C. Transient thermal analysis and thermoelectric simulation of the 

system was conducted through Computational Fluid Dynamics (CFD) using ANSYS 2019 software. The error 

recorded between the experimental and simulation results was 4.2%. This proposed system panel 

successfully increased the electrical efficiency of the PV panel by approximately 12.8%, where the overall 

electrical power produced shows a significant increase from 7.7W to 17.7W. 
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1. Introduction 

With the push towards research into renewable energy, solar energy in particular has been widely 

studied and researched as it has one of the highest potentials to be used as an energy source in 

multiple functions. This has resulted in the development of photovoltaic (PV) panels which harness 

sunlight to be converted into energy. Currently, the main drawback of photovoltaic energy is its 

efficiency. Current commercially available PV panels have an efficiency of approximately 24%, and 

the efficiency of the panel further degrades during its operation. The efficiency loss of PV panels 

during its operation can be divided into two: electrical loss, which is related to the material of the PV 

panel, and optical loss, which can be further divided into 3 sections: shadow, reflection and 

unabsorbed radiation [1]. This paper will focus on energy loss due to unabsorbed radiation. The 

unabsorbed radiation on the PV panel is converted to heat. When the PV panel temperature increases 

above 27°C, the efficiency of the PV panel drops by 0.1% to 0.5% per 1°C increment in temperature 

[2].  

There are two ways to improve the efficiency of the PV panel from unabsorbed radiation. The first 

method is to extract the excessive heat from the PV panel using water or air. Extracting heat from the 

PV panel lowers the operating temperature of the panel, which helps to increase the efficiency of the 

PV panel. This type of system is called a photovoltaic thermal (PVT) system. Secondly, the excessive 

heat from the PV panel is converted to electricity using thermo-electric process. This type of system 

is called a photovoltaic thermoelectric generator system (PVT-TEG). 

A PVT system comprises of several components: a PV panel, channel for cooling, and coolant 

(air/water). The heat stored in a PVT system is used to dry out agricultural production, keeping a 

room warm, and in water heaters [3]. Researchers have classified PVT systems into 2 different cooling 

systems: passive cooling (natural) and active cooling (forced) [4]. The easiest and most cost-effective 

cooling system is passive airflow, but it is less efficient in regions where the ambient temperature 

reaches 20°C or greater [5]. A PVT system consists of three different types, namely: PVT-air system, 

PVT-water system, and PVT-hybrid system. The PVT-hybrid system selected for this study is the 

PVT-TEG system [6]. A thermoelectric generator (TEG) is a solid-state device which converts thermal 

energy into electrical energy in a process called the Seebeck effect. In order for the Seebeck effect to 

occur, there must be a temperature gradient between both the hot and cold sides of the TEG [7]. 

Similar to PVT system PVT-TEG systems are classified into two sub-systems, which are: active and 

passive systems.  

An active PVT-TEG system requires additional power to extract heat, such as from a heat 

exchanger. An study was conducted by Wu et al. [8] which analyzed the performance of a PVT-TEG 

system with a glazed PV panel and nanofluid as coolant. The results from the analysis show that 

glazed PV panel (11% efficiency) performed slightly better compared to unglazed PV panel (10.6% 

efficiency). The use nanofluid as coolant helps to increase the efficiency by 0.28% and 0.48% for 

unglazed and glazed PV panel respectively. Kilkis [9] proposed a multi-layered composite PVT 

module which consists of several small PVT cartridges, each fitted with PV cells, TEG modules, PCM 

layer, and a flat plate solar collector. Pilot scale tests have shown that the total power generation 

efficiency of this system is improved by up to 30% with the TEG. Combined usage of cobalt oxide 

(Co3O4) nanofluid and a paraffin wax phase change material as a cooling method on the performance 

of a PVT-TEG system was studied by Rajaee et al. [10]. The study concluded that by using both the 

PCM and 1% of Co3O4 nanofluid, the overall electrical efficiency of the system was improved by 

12.28% compared to the water-cooling method. In addition, a simulation was conducted by Kolahan 

et al. [11] on a PVT-TEG system with aluminum oxide (Al2O3) nanofluid used as the working fluid, 

as it is found to improve the working performance of the system. From the simulation, it is shown 
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that the combined PVT-TEG system with nanofluid has an improved overall electrical efficiency of 

2.5%-4% over the base PVT system. Research by Soltani et al. [12] was conducted an indoor 

experiment to test the efficacy of a PVT-TEG system with several different types of coolants, which 

were water, air, and two types of nanofluids: silicon dioxide (SiO2-water), and iron oxide (Fe3O4-

water). Energy, exergy, and environmental analysis was done with each coolant to investigate its 

performance on the PVT-TEG system. Based on the results from each setup, the setup with the SiO2-

water as a nanofluid provided the maximum exergy efficiency at a fixed rate of irradiation of 

900W/m2, thus indicating that the usage of nanofluids as a coolant will increase exergy efficiency. 

Despite the advantages of active PVT-TEG systems, the drawback with active systems lies in the 

difficulty of large-scale solar implementation. This is due to the high-power demand for active heat 

extraction methods and its complexity due to the high number of additional components for heat 

extraction.  

In contrast, passive PVT-TEG systems rely on natural cooling to extract heat to power the TEG in 

the system. Performance analysis of a thermal interface material on a PVT-TEG system was done by 

Zhang et al. [13], and found that the power generated by the PV cells increased by at least 14%, 

whereas the power generated by the TEG had at least a 60% increase due to the lower thermal contact 

resistance. Analysis was done by Adham et al. [14] on the performance on PV-TEG system using heat 

pipe using nemerical method. The heat from the PV panel is extracted using a copper heatpipe. From 

the analysis, it was concluded that as the irradiance increases, the PV panel efficiency also increases, 

as more solar energy is available at the collector per unit area for electricity generation, in addition to 

increased TEG conversion efficiency as higher radiation permits higher temperature difference across 

the TEG module plate. Bjork and Nielsen [15] pointed out that the degradation of PV performance 

with temperature is shown to dominate the increase in power produced by the TEG due to the low 

efficiency of the TEG. For c-Si, CIGS and CdTe PV cells the combined system produces a lower power 

and has a lower efficiency than the PV alone, whereas for an a-Si cell the total system performance 

may be slightly increased by the TEG. An experiment on PVT-TEG was done by Dallan et al. [16] 

which analyzed the viability of series connected TEG to the PV panel. The results show that the power 

output of PV-TEG is 39% higher compared to PV panel alone. The theoretical performance of a hybrid 

PVT-TEG system with multi-crystalline silicone was analyzed by Challa et at. [17]. At the end of the 

research, it was concluded that the overall efficiency of the system is 6% higher compared to 

standalone PV. Research conducted by Du et al. [18] analyzed the performance of the PVT-TEG 

system combined with PCM. The results from the experiment shows that with the help of the PCM, 

the electrical efficiency of the system increased by 9.5%. A comparison was made between the 

performance of a hybrid PVT-TEG system with a conventional one by Li et al. [19] on a summer day 

in China, where results show that the hybrid system has an efficiency higher than 14.3%, and having 

a higher electrical output than a conventional system. An experiment was conducted by Xuan and 

Zhang [20] which replaced the flat structure on the conventional PVT-TEG system to a V-type shaped 

structure. Experiments show that the V-shape groove is proven to be a superior method to increase 

the absorption of solar energy which will lead to an increase in the efficiency of the PVT-TEG system 

by 20%. For passive PVT-TEG systems most authors used TEG as a thermal absorber by placing the 

TEG directly underneath the PV panel or used a solar concentrator to increase the surface temperature 

of the PV and TEG which will increase the degradation of both the PV panel and TEG. Most of the 

thermal recovery from previous research is mainly used to lower the operating temperature of the 

PV panel and water heater.  

This research aims to design a passive PVT system for thermoelectric generation which will help 

to lower the operating temperature of the PV panel. Heat is extracted by using an aluminum heatsink 

which acts as a heat absorber, where it is stored in a PCM. The heat stored in the PCM is then 
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redistributed to the TEG which produces electricity. This will help to increase the electrical efficiency 

of the system.  

2. Research Methodology 

This research is divided into 4 sections. An indoor experiment is first conducted to determine the 

temperature of each layers in the PVT system. Using the data from the experiment, a thermal analysis 

of the PVT system was conducted using ANSYS transient thermal analysis, followed by an error 

analysis between the experiment and the simulation is done to validate the experiment. Using the 

data from the simulation, a transient thermal analysis of a single TEG is conducted to determine the 

temperature gradient between the hot and cold sides of the TEG module. The temperature gradient 

of the TEG module is then used to predict the output power of the TEG module. At the end of the 

research, by using the experimental data and the simulation data, the overall output power and 

efficiency of the PVT-TEG can then be determined. The flowchart to compute the overall efficiency is 

illustrated in Figure 1. 

 
Figure 1. Flowchart of computing the overall efficiency of the system using data from experiment and 

simulation 

2.1. Design of proposed photovoltaic-thermoelectric generator system 

The objective of this research is to analyze the thermal efficiency of the proposed PVT system 

using Computational Fluid Dynamics (CFD). Figure 2 illustrates the exploded view of the internal 

components. The proposed designed consists of 7 different components layered on top of one 

another. The PV panel consists of 4 different layers which are glass, ethylene vinyl acetate (EVA), 

silicon cell and tedlar. However, in this simulation, the PV panel is only considered as a single layer 

of glass in order to simplify the computational time. The heat from the PV panel is extracted from an 

aluminum heatsink which is submerged into water. Water is used to evenly distribute heat around 

the PCM. The PCM will slowly heat up the aluminum container of the TEG and the cold side of the 

TEG produces thermoelectricity when there is no adequate amount of sunlight to produce electricity 

from the PV panel. The main drawback of PCM is its low thermal conductivity, to overcome this issue 

microencapsulated PCM was used in this research to enhance the thermal conductivity of the PCM 

The proposed design consists of 70 TEGs which are connected in series around the container. 

Experiment 
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Figure 2. Exploded view of the proposed design. 

2.2. Geometric modelling and thermal properties of PVT system 

The PVT system and the TEG was modelled separately to reduce complexity of the simulation. A 

2D model of the PVT system and TEG was drawn using SolidWorks 2019. A TEG consists of 8 rows 

on p-n junctions connected in series. As the model was drawn in 2D, only one row of p-n junction 

was analyzed. The resulting geometry is presented in Figure 3. The design uses a glazed PV panel, 

therefore it was assumed that the PV layer is to be made from glass. In the simulation, it was assumed 

that there is no air gap between each layer. The thermal properties of the PVT system is listed in Table 

1.  

 
Figure 3. 2-Dimensional view of the proposed system. 

Table 1. Thermal properties of PVT system. 

Layers 
Thermal conductivity 

W/m˚C 

Specific heat 

capacity 

J/kg˚C 

Density 

Kg/m3 

Seebeck 

coefficient 

(V/K) 

Glass (PV) 1.8 500 3000 - 

Aluminium 204 996 2707 - 

Water 0.6 4200 1000 - 

Bi2Te3 1.6 154.4 7740 ± 200x10-6 
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Copper 350 385 8920 6.5x10-6 

Phase change material 

Microencapsulated PCM  Paraffin wax 

Viscosity (Kg/ms) @ 50% microcapsule 1.9 

Density (Kg/m3) 900 

Thermal conductivity (W/m˚C) @ 50% 

microcapsule content. 
0.35 

Specify heat capacity (J/kg˚C) @ 50% 

microcapsule content. 
2900 

Melting point (˚C) 25 

 

2.3. Meshing methods for simulation 

A mesh test was performed with four different methods of meshing, which are: quadrilateral 

meshing, quadrilateral refinement meshing at contact region, triangular meshing, and triangular 

refinement meshing at contact region, with different mesh sizes ranging from 1mm to 10mm. The 

refinement was conducted at each contact area between each layer, this helps to increase the accuracy 

of the of the computational value when the heat is transferred from one layer to another. Based on 

the different mesh sizes, its effect on the temperature of the PCM is observed and compared with 

experimented data. The different method used during the mesh is illustrated in Figure 4. 

 
Figure 4. Type of mesh used for simulation 

2.4. Boundary condition of photovoltaic thermal system 

The simulation was divided into 3 parts to reduce the computational time, which are: transient 

thermal analysis of the PVT to predict the thermal performance of PVT, transient thermal analysis of 

the TEG to predict the thermal performance of TEG, and steady state thermoelectric analysis of the 

TEG to predict the thermoelectric performance of the TEG.  

Apart from that, it was assumed that the heat transfer through each layer only occurs through 

conduction whereas heat loss through radiation is ignored. As for convection, the simulation was 
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conducted in a controlled environment with the wind velocity at 0 m/s and the outer layer of the PVT 

system is covered by the TEG, therefore it was assumed that there is no energy loss due to convection. 

2.5. Boundary condition of thermoelectric generator 

The TEG is simulated in an outdoor environment condition as there is no wind in an indoor 

environment condition, therefore heat loss due to convection is assumed to be 0m/s. Without 

convection, the temperature difference between the hot and cold sides of the TEG is very small, thus 

the TEG is simulated in an outdoor environment where the average wind velocity in Malaysia is 

approximately 3 m/s [21]. The convective heat transfer of air for 3m/s is approximately 20 W/m2K. 

The heat transfer coefficient is applied to the cold side of the TEG [22]. The temperature of the hot 

side of the TEG is from the outer wall temperature from the PVT thermal analysis which was 

previously discussed. 

The thermoelectric simulation was conducted on a steady state thermal analysis, therefore the 

temperature on the hot and cold sides are kept constant. The temperature difference between both 

sides gradually increases from 20˚C to 100˚C, following the temperature difference given by the 

manufacturer. To measure the output current from the TEG, the potential difference between the P-

type and N-type legs is kept at 0V. To measure the voltage, only the P-type leg is kept at 0V, this will 

enable us to measure the potential difference between the p-type and n-type legs. 

 

Figure 5. Boundary condition for thermoelectric generation 

2.6. Experimental setup  

The primary objective of this experiment is to evaluate the electrical and thermal performance of 

the proposed PVT system. For this experiment, the thermal performance of the organic PCM was 

analyzed. Microencapsulated organic paraffin with a melting temperature of 25˚C was used as the 

PCM in this experiment. 

The system is evaluated in an indoor controlled environment with parameters such as ambient 

temperature, irradiance, and wind speed being kept constant in the experiments. The ambient 

temperature is set to room temperature at 24°C. The irradiance from the artificial light source is kept 
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constant at approximately 800 W/m2. Wind speed is set to 0 m/s. A rheostat with a resistance of 33Ω 

is used as a load for the PV panel. The temperature of each layer is set at room temperature at the 

beginning of the experiment. 

As mentioned above, the PVT system is divided into four different layers: the PV panel, aluminum 

heatsink, water, and PCM. The PVT system consists of a glazed flat plate polycrystalline silicon solar 

panel, and a heatsink was attached under the PV panels to extract excess heat from the PV panel as 

well as to improve the thermal performance of the system. The heatsink is submerged under the water 

to distribute the heat around the PCM evenly. The setup for the experiment is shown in Figure 6. A 

pyranometer was used to record the irradiance of light, and a thermocouple was used to record the 

temperature of each layer of the PVT system. 

 
Figure 6. Experimental setup 

3. Results and Discussion 

The experiment was conducted to measure the surface temperature of the PV module and the 

effects of different heat removal elements from the PV module under various conditions in a 

controlled environment. The surface temperature of the PV panel was recorded every second for a 

period of 1 hour. The irradiance from the artificial light was set at approximately 800W/m2 and the 

room temperature was kept constant at 27˚C. 

The temperature of the surface of the PV panel was recorded using a data logger at every second. 

Results from the experiment is shown in Figure 7, where it can be seen that the temperature of the PV 

panel increases to 70˚C when it is exposed to 800 W/m2 irradiance. Thus, an assumption is made for 

the simulation where the surface temperature of the PV panel was kept at a temperature of 70˚C for 

1 hour.  
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Figure 7. Surface temperature of photovoltaic panel when exposed to irradiance of 800W/m2 for one hour 

3.1 Relationship between PV temperature and output power 

A PV panel is similar to semiconductor devices in the sense that they are both sensitive to 

temperature. The increase or decrease in temperature affects the output power of the system. Figure 

8 represents the relationship between the operating temperature and the output power of the PV 

panel. At the beginning of the experiment, the output power from the PV panel was 12.02W at 27 ˚C 

with an electrical efficiency of 12.3%. After exposing the PV panel to an irradiance of 800W/m2 for 1 

hour, the output power from the PV panel drops to 7.46W at 66.7˚C with an electrical efficiency of 

7.6%. This indicates a 4.7% drop in efficiency with a temperature increment of 39.7˚C, thus showing 

an efficiency drop of 0.12% per 1˚C increment. 

ηPV =  
PPV

S x A
 x 100            (1) 

Where: 

PPV = Output power from PV panel (W) 

S = Irradiance (W/m2) 

A = Area of PV panel (m2) 

ηPV =  
12.02

800 x 0.14
 x 100  

ηPV =  12.3%  

 
Figure 8. Output power of the photovoltaic panel VS temperature of the PV panel 
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The experiment was conducted in three different setups, which consisted of the PV panel alone, 

PV panel along with heatsink, and lastly PV panel with PCM. When the heatsink is submerged inside 

the water, the surface temperature of the PV panel reduces drastically. Table 2 summarizes the 

temperature of the PV panel after 1 hour. By looking at Figure 9, it can be seen that after 1 hour, the 

final temperature of the PV panel is 89.3 ˚C, and with the addition of the heatsink, the temperature of 

the PV panel drops to 76.7˚C and with water and PCM the temperature of the PV panel drops further 

to 66.7˚C. Therefore, by simply submerging the heatsink to the water the temperature of the PV panel 

drops by 22.6˚C, which will help to increase the electrical efficiency of the PV panel. This shows that 

the setup helps to cool down the PV panel by 22.6˚C, which gives an electrical improvement of 2.7% 

compared to PV panel alone. 

 
Figure 9. Surface temperature of the PV panel with different setup. 

Table 2. Final temperature of PV after 1-hour indoor experiment. 

Setup Temperature of PV panel after 1 hour (˚C) 

PV panel alone (PV) 89.3 

PV panel with heatsink (PV_HS) 76.7 

PV panel with heatsink, water, and 

PCM (PV_HS_WT_PCM) 

66.6 

3.2 Results from meshing test for the simulation 

As previously mentioned, four different types of meshing was tested during the simulation. The 

results of the meshing from both the quadrilateral and triangular refinements were compared with 

the experimental value. The experimental temperature of the PCM was 58.7˚C. By comparing the two 

refinement methods, it is found that quadrilateral refinement gives the closest value to the 

experimental results at a mesh sizing of 4mm, and triangular refinement method similarly gives a 

value closest to the experimental value at 4mm mesh size, however, it has a higher number of 

elements. Therefore, in comparison, quadrilateral refinement is most suitable to be used as it requires 

less computational time due to the lower number of elements. The results from the meshing is shown 

in Table 3. 
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Table 3. Mesh test results for different mesh method and different mesh size. 

Size Tri Tri_ref Quad Quad_ref 

mm Elements Temp Elements Temp Elements Temp Elements Temp 

10 1921 50.6 7564 52.5 1006 52.0 3891 `53.4 

9 2234 51.1 8760 53.0 1146 52.4 4414 53.6 

8 2422 53.2 9436 54.4 1200 53.6 4693 54.3 

7 2865 52.3 11139 52.0 1470 52.7 5667 52.0 

6 3532 53.9 13099 53.4 1791 54.1 6593 53.4 

5 5760 52.6 19154 53.2 2343 53.8 7987 53.5 

4 8891 54.1 29103 55.3 3936 54.2 12803 55.2 

3 14091 53.4 41563 52.8 6688 53.5 20242 52.9 

2 29341 52.6 79327 52.0 15400 52.7 42754 52.2 

3.3 Errors analysis of simulation 

An assumption was made during the simulation where it was assumed that the heat was only 

applied from the surface of the PV panel and the ambient speed was 0m/s. Apart from that, during 

the experiment, the temperature was recorded at a particular point in each layer, whereas in the 

simulation, only the average temperature of each layer was able to be computed. These assumptions 

resulted in errors in comparing the experimental and simulation results. 

Figure 10 represents the PCM temperature trend between the experiment and simulation. From 

the figure, it can be seen that both the experimental and simulation results display a similar trend. At 

the end of the heating process the experimental PCM temperature was 58.7˚C and simulated PCM 

temperature was 56.0˚C. This gives an error of approximately 4.60%.  

Error = (58.7 - 56)/56 x 100  

Error = 4.60 % 

 
Figure 10. Experimental and simulation results of paraffin wax temperature 

Table 4 shows the current from the simulation at different temperatures. Error analysis between 

the readings of the simulation and the data sheet can be determined by comparing the differences 

between the two readings. The error analysis can be calculated using the formula shown below: 

𝐸𝑟𝑟𝑜𝑟𝐶𝑢𝑟𝑟𝑒𝑛𝑡 =  
Isimulation−IActual

IActual
 X 100          (2) 
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For 20°C: 

𝐸𝑟𝑟𝑜𝑟𝐶𝑢𝑟𝑟𝑒𝑛𝑡 =  
233.6−225

225
 X 100  

𝐸𝑟𝑟𝑜𝑟𝐶𝑢𝑟𝑟𝑒𝑛𝑡 = 5.4%  

𝐸𝑟𝑟𝑜𝑟𝑉𝑜𝑙𝑡𝑎𝑔𝑒 =  
0.967−0.97

0.97
 X 100  

𝐸𝑟𝑟𝑜𝑟𝑉𝑜𝑙𝑡𝑎𝑔𝑒 = 0.28%    

 
Table 4. Error analysis of thermoelectric generator. 

Current of 1 TEG Voltage of 1 TEG 

Temp diff I_Sim I_Actual I_Error V_sim V_Actual V_Error 

˚C mA mA % V V % 

20 212.9 225 5.37 0.967 0.97 0.28 

40 425.0 368 15.48 1.935 1.8 7.48 

60 636.1 469 35.63 2.902 2.4 20.91 

80 846.4 558 51.69 3.869 3.6 7.48 

100 1055.9 669 57.84 4.836 4.8 0.76 

**I_Sim – Output current of the teg from simulation, V_Sim – Output voltage of the from simulation, 

I_Actual - Output current of the teg from datasheet, V_Actual - Output Voltage of the teg from 

datasheet 

Figure 11 represents the simulation error with respect to the differences in temperature between 

the hot and cold sides of the TEG. Based on the figure, it is observed that an increase in temperature 

will result in an increase in the experimental error. In the simulation, the thermal conductivity is kept 

constant but in reality, the thermal conductivity of a specific material is highly dependent on several 

factors. These include the temperature gradient. Apart from that, thermal conductivity is proportional 

to electrical conductivity, therefore the error at higher temperature gradient is higher. Thermal 

conductivity has an insignificant effect on voltage therefore the error in voltage is low. Based on the 

figure, the observed error for temperatures below 20°C is less than 5.4% for current and 0.28% for 

voltage. In the simulation, it was observed that the temperature differences between the hot and cold 

sides did not exceed 20°C, thus, the error from the simulation is below 5.4% for current and 0.28% for 

voltage. 

 
Figure 11. Error in the simulation Vs temperature of thermoelectric generator 

 

3.4. TEG cooling 

In order for better thermoelectric generation, the temperature difference between the hot and cold 

sides of the TEG has to be greater. The higher the temperature difference, the higher the 

thermoelectric generation. The performance of passive cooling with and without heatsink were tested 
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and compared during the simulation. It is observed that the setup of the TEG equipped with a 

heatsink has a higher temperature difference as compared to the setup with the TEG alone as shown 

in Figure 12.  

 
Figure 12. Temperature difference between TEG with and without heatsink 

3.5 Relationship between the thickness of the PCM and the temperature of the PCM 

The heat from the PV panel was extracted and stored in the PCM before being redistributed into 

the TEG. The amount of PCM determines the maximum temperature of heat which it can store.  

Figure 13 represents the relationship between the thickness and temperature of the PCM. From the 

graph, it can be seen that as the thickness of the PCM increases, the temperature of the PCM decreases. 

This is due to the increase in mass. When thickness is increased, more energy is required to increase 

the temperature as the mass is increased. Therefore, to store more heat, the thickness of the PCM 

should be smaller depending on the PCM melting temperature.  

 
Figure 13. Relationship between PCM thickness and temperature of PCM 

3.6 Electrical performance of the system 

Figure 14 represents the output power of the system. The proposed design has 70 TEGs connected 

in series. From the figure, it can be seen that as time increases, the electrical power of the PV panel 

reduces whereas the electrical power of the TEG increases. This shows that excess heat from the PV 

panel is converted to thermoelectricity with the help of the TEG which results in a higher overall 

electrical output from the PVT system. 
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Figure 14. Electrical power of the system with and without thermoelectric generator 

Figure 15 illustrates the electrical efficiency and the overall efficiency of the PV-TEG system.  At 

the end of 1 hour, it can be seen that the electrical efficiency of the PV panel was 7.6%, indicating a 

drop of 4.7% compared to the initial electrical efficiency. With the use of the TEG, the overall electrical 

efficiency of the PV-TEG system after 1 hour increased to 17.7%, proving that the excess heat from 

the PV panel is converted to electricity with the help of the TEG. Thus, it can be concluded that the 

TEG system has an improvement of 10.1% compared to PV panel alone. The method to calculate 

overall efficiency is shown in equation 4. 

ηoverall =  
Total electrical power from the system

S X A
 X 100        (4) 

 

Figure 15. Electrical efficiency of the system. 

As previously mentioned in Figure 10, the proposed system has managed to cool down the PV 

panel by 22.6˚C, which gives an electrical improvement of 2.7% compared to PV panel alone. 

Therefore, the proposed system has a total of 12.8% improvement compared to the standard PV panel 

setup.  
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4. Conclusion 

Using a passive cooling system with multiple layers helps to cool the PV panel down without any 

additional equipment such as a heat pipe or fan which will help to minimize the efficiency drop from 

the additional cooling components. From Table 4, it can be seen that the temperature of the PV panel 

with multiple layers is approximately 23˚C cooler compared to the PV panel alone. This is due to 

increasing the thermal conductivity of the system by adding multiple layers whereas for PV panel 

alone, heat can only escape through air. From Figure 15, it can be seen that as time increases, the 

efficiency of the PV panel decreases. The final temperature of the PV panel was approximately 66.6˚C, 

and the initial temperature was approximately 27˚C, which shows a temperature increase of 39.6˚C. 

This shows that the efficiency of the PV panel drops approximately 0.1% for every 1˚C increment. In 

contrast, the electrical efficiency of the PVT-TEG system increases as time increases, proving that the 

excess heat from the PV panel is converted to electricity with the help of the TEG. The PCM helps to 

store the heat from the PV panel and redistribute it for thermoelectric conversion while at the same 

time helping to lower the operating temperature of PV panel. After 1 hour of heating, it can be seen 

that the electrical efficiency of the PVT-TEG system is 17.7%, an additional of 2.7% improvement due 

to heat extraction. This gives an improvement of 12.8% compared to PV panel alone. 
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